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Abstract

The possible involvement of pyrimidine sequences in the control
of DNA tramscription has been examined. The frequency of pyrimidine
dinucleotides (i.e. TpT, CpC, CpT and TpC) in the DNA template,
transcribed in vitro py E. coli RNA polymerase, has been determined,
by inference, from nearest-neighbor analysis of RNA transcripts of
T4, T5 and T7 phage DNA. These transcripts were found to be enriched
in purine dinucleotides (i.e. ApA, GpG, GpA and ApG) and the DNA
template transcribed is therefore enriched in pyrimidine dinucleotides.

For each phage DNA studied the purine enrichment in the native
DNA transcripts was determined by: 1. Comparing the dinucleotide
frequencies of the RNA transcribed from native and denatured DNA
templates; 2. Comparing the frequencies of the matching, complementary
dinucleotide pairs, ApA:UpU, GpG:CpC, ApG:CpU, GpA:UpC, ApC:GpU and
CpA:UpG; 3. Comparing the dinucleotide frequencies of the RNA
products with the values previously determined by nearest-neighbor
analysis of the phage DNAs (Josse et al., 1961; Swartz et al., 1962).

Comparing transcripts of native and denatured DNA, increased
frequencies were found in: 1. purine dinucleotides ApA, GpA and GpG
in the BNA transcripts of native T7 DNA: 2. GpA and ApG in the RNA
transcripts of native T4 DNA; 3. ApA and GpA in the RNA transcripts
of native T5 DNA, Asymmetry of the RNA tramscripts was evaluated
from the ratio of the nearest-neighbor frequencies of the complementary
dinucleotide pairs. The transcripts of native T7 and T4 DNA were found
to be asymmetric. The dinucleotide frequencies of complementary pairs
were not equal to each other. In the transcripts of T7 DNA, the

increased frequencies of the purine dinucleotides were accompanied
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by decreased frequencies of their complementary pyrimidine dinucleotides.
In the transcripts of T4 DNA, there was an increase in two purine
dinucleotides, and a decrease in their complementary and non-
complementary pyrimidine dinucleotides. The transcripts of T5 DNA
were less asymmetric than the T4 and T7 RNA products.

The dinucleotide frequencies of the RNA transcripts of both
native and denatured DNA templates were found to be non~-random.

This was determined by comparison with predicted random dinucleotide
frequencies, which were calculated from the known base composition
of each DNA studied.

It is concluded, from these studies, that short pyrimidine sequences
are transcribed by RNA polymerase in control regions of the DNA of
phages T4, T5 and T7. Short regular sequences of pyrimidines have
been shown to cause alterations of the DNA helix (Langridge, 1969).

It is therefore suggested that these pyrimidine sequences, in control
regions of the DNA, would constitute such regions of regular sequence,
and that they could cause local changes in the structure of the DNA
heiix. These structural changes can then serve as specific signals
for control of DNA transcription. These findings are consistent with
the proposal (Chan and Wells, 1974) that local alterations of the DNA
helix allow for the formation of unique structures, which can then
participate in highly specific protein-nucleic acid interactioms,

such as the binding of RNA polymerase to promoter sites or the

initation of RNA synthesis.
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Introduction

The transcription of DNA is a carefully controlled process,
involving initiation and termination of RNA synthesis at specific
sites on the DNA template. This selectivity of transcription is
currently believed to be determined, at least in part, by unique
DNA sequences. These sequences can be 'recognized' by the DNA-
dependent RNA polymerase in a highly specific interaction between the
enzyme and DNA. The structural features of such DNA sequences, and
the way in which RNA polymerase 'reads' them, is not known. 1In this
study, we wish to examine the proposal that pyrimidine-rich DNA
sequences are involved in the control of RNA synthesis (Szybalski
et al., 1966).

This proposal is based on two related observations, made in a
number of different laboratories. The first is that transcription
is an asymmetric process, in which only part of the two strands
of the DNA template is transcribed into RNA; this has been shown,
in bacterial and bacteriophage systems, in vivo (Tocchini-Valentini
et al., 1963; Geiduschek and Haselkorn, 1969; Margulies et al.,
1970, 1971) and in vitro (Geiduschek et al., 1964; Karkas et al.,
1968; Summers and Siegel, 1969; Sedat and Sinsheimer, 1970; Pispa
and Buchanan, 1971; Brody and Geiduschek, 1970). The second
observation is, that in many instances, the DNA strands which are
transcribed are pyrimidine-rich, and contain pyrimidine clusters
(Marmur and Greenmspan, 1963; Summers and Szybalski, 1968; Szybalski

et al., 1969; Karkas et al., 1970).
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Asymmetric transcription may inyolve exclusive transcription of
only one strand of the DNA duplex, or it may include both DNA strands,
switching from one strand to the other, at different times in the cell
cycle. For example, RNA is synthesized exclusively from one DNA
strand in coliphages T7 and f1, in B. subtilis phage SP8 and in phage
alpha of B. megaterium, where all the in vivo RNA transcripts are
found to hybridize to only one of the two éeparated DNA strands
(Marmur and Greenspan, 1963; Tocchini-Valentini et al., 1963). On
the other hand, in coliphages lambda, T4 and T5, and in animal virus
SV40, transcription switches from one strand to the other in going
from early to late mRNA synthesis (Cohen and Hurwitz, 1967; Guha
and Szybalski, 1968; Lanni and Szybalski, 1969; Sambrook et al.,

1972). Asymmetric transcription has also been found in eucaryotic

systems. In Xenopus laevis and in rat liver, for example, all,

or most, of the mitochondrial RNA hybridized with only one strand
of the mitochondrial DNA (Dawid and Chase, 1972; Borst and Aaij,
1969).

The chemical asymmetry involved in pyrimidine enrichment of
transcribing DNA strands may be limited to an unequal distribution
of cytosine and guanine, or it may also include unequal distribution
of thymine and cytosine, between the two strands of the duplex DNA
(Rudner et al., 1969). The in vivo RNA of phages alpha and SP8,
and in vitro RNA of phage alpha, hybridize exclusively to the DNA
strand which is pyrimidine-rich (Tocchini-Valentini. et al., 1963;
Geiduschek et al., 1964). Each strand of the denatured DNA of these
two phages has a different T + C (T: thymine; C: cytosine) content

and the strands can therefore be separated in a CsCl gradient, on
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the basis of their buoyant density (Marmur and Cordes, 1963).
In phage lambda, transcription switches from one strand to the other,
and the regions transcribed from both strands were found to be
pyrimidine-rich (Taylor et al., 1967). In the bacteria E. coli and
B. subtilis, most of the transcription is from the pyrimidine-rich
H strand of the DNA (Margulies et al., 1970, 1971). In B. subtilis,
all the rRNA and tRNA, as well as 904 of the mRNA, hybridizes to
the pyrimidine-rich H strand. The remaining 104 of the mRNA, however,
hybridizes to the purine-rich L strand of the bacterial DNA. In vitro
RNA transcripts of a variety of bacterial DNAs were also shown to be
transcribed from pyrimidine-rich DNA; the RNA transcripts were purine-
rich and had a base composition that closely resembled a complementary
copy of the pyrimidine-rich DNA strands of the bacterial DNA (Karkas
et al., 1970).

The transcribing strands of DNA, in a number of bacteriophages,
were found to contain cytosine=-rich and thymine-rich clusters
(Szybalski et al., 1966). The presence of these clusters was determined
by the ability of separated DNA strands to bind to poly (U,G), which
binds to cytosine-rich clusters, and to Poly (U), which binds to adenine~
rich clusters. Transcribing DNA strands of phages T4, T5, T7 and
lambda, for example, were found to bind to poly (U,G) (Guha and
Szybalski, 1968; Lanni and Szybalski, 1969; Summers and S8zybalski,
1968; Taylor et al., 1967). Adenine-rich clusters were found on
non~transcribing DNA strands of some phages, such as T4 and lambda,
from which the presence of thymine-rich clusters on the complementary
transcribing strands was inferred (Guha and Szybalski, 1968; Taylor

et al., 1967). The exclusive occurrence of these pyrimidine clusters,
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on the DNA strands found to hybridize with ‘in vivo RNAs,led to

the proposal that these clusters may play a role in initiation or
termination of RNA transcription, or in the selection of the strand
to be tramscribed (Szybalski et al., 1966).

The distribution of pyrimidine clusters (isostichs) has been
studied in bacteriophages T7 and lambda (Mushynski and Spencer,
1972a,b), and in the bacteria E. coli and B. subtilis (Rudner et al.,
1972; Rudner and LeDoux, 1974). Long pyrimidine isostichs were found
to occur predominantly on the transcribing heavy strand of the DNA.
In T7 the longest isostichs were found only on the poly (G) binding
strand. Twelve components, of chain length 12 or 13, were found in
T7, whiqh correlates directly with the same number of in vivo mRNA
species found by Summers (1969). In Lambda, the longest isostichs
are distributed on both strands, as is the poly (G) binding. These
poly (G) binding regions on the individual strands of lambda DNA,
which contain cytosine-rich clusters, are the regions predominantly
transcribed (Taylor et al., 1967). 1In both T7 and lambda phages,
long oligocytidylate chains, which would have been expected from
poly (G) binding data, were not found, the longest being only 6 or 7
in chain length, respectively. 1In the analysis of pyrimidine isostichs
derived from E._coli and B. subtilis DNA, an asymmetric distribution
of pyrimidine clusters was also found. The asymmetry was most marked
in B. subtilis, the longest isostichs being found exclusively in the
pyrimidine-rich H strand of the DNA. In E. coli, the longest
pyrimidine oligonucleotides were found predominantly in the H

strand. These differences can be correlated with the greater

asymmetry shown in the in vivo transcription pattern of B. subtilis
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DNA (Margulies et al., 1970, 1971).

The DNA strands which are preferentially transcribed in RNA
synthesis are pyrimidine-rich and contain unique pyrimidine isostichs.
It is not known, however, if these pyrimidine regions are actually
transcribed. The evidence suggests that they may have a role in
transcriptional control, but a role could easily be exclusive of ﬂ
actual transcription into an RNA product. The present studies were
concerned with determining whether the RNA asymmetrically synthesized
in vitro does preferentially incorporate purine sequences. Nearest-

neighbor frequency analysis (Josse et al., 1961) was used to determine

the dinucleotide frequencies and base compositions of in vitro RNA
transcripts of DNA from coliphages T4, T5 and T7. By inference, then,
the dinucleotide frequencies of the DNA template from which the RNA
had been transcribed were also deterﬁined (Weiss and Nakamoto, 1961;
Hurwitz et al., 1962; Grossman et al., 1971). A brief review of the
transcription patterns of these phages will be presented.

In the large virulent coliphage T4 (M.W. 100 x 106, Sinsheimer,
1968) both immediate early and delayed early RNAs hybridize almost
exclusively with one strand (1 strand) of T4 DNA (Guha et al., 1971)
while late T4 synthesis is principally copied from the other (r strand)
(Grasse and Buchanan, 1969). 1In T4, pyrimidine-rich clusters were
found to occur on both strands (Guha and Szybalski, 1968). In the
slightly smaller virulent coliphage T5 (83 x 106 daltons, Rubenstein,
1968) the transcriptional pattern, though quite distinctive, has many
similarities to that of T4. The DNA of T5 is unique; it consists of
one intact and one nicked strand, the single-strand breaks being at

genetically determined positions along the molecule. Denatured T5
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DNA therefore yields seven or more single-stranded fragments (Bujard
and Hendrickson, 1973; Hayward and Smith, 1973). Hybridization of
T5 in vivo mRNA with the major single-stranded fragments of T5 DNA
has shown that both strands are used as template, and that most
transcription occurs on the intact heavy strand and on one of the
largest fragments of the light strand (Bujard and Hendrickson, 1973;
Hayward and Smith, 1973). Hybridization was found to occur preferentially
to the single-stranded T5 DNA segments with the most poly (U,G)
binding capacity (Lanni and Szybalski, 1969).

In T7,the asymmetry is confined to the exclusive copying of
one DNA strand (Summers and Szybalski, 1968). Coliphage T7, smaller
than T5 and T4 (26 x 196 daltons, Richardson, 1966), is copied
exclusively from the r strand of the viral DNA in vivo. In vivo
RNA of phage T7 was found to hybridize exclusively to the cytosine-
rich heavy strand (Summers and Szybalski, 1968). In vitro T7
transcription was also found to be exclusively from the heavy strand
(Summers and Siegel, 1969).

In the experiments to be described here, in vitro RNA transcripts
of native and denatured DNA were compared. E. coli RNA polymerase,
containing the sigma subunit, was used to transcribe T4, T5 and T7
phage DNA. The native DNA of these phages is transcribed asymmetrically
by the RNA polymerase holoenzyme (Burgess et al., 1969; Pispa and
Buchanan, 1971; Summers and Siegel, 1970). Denatured DNA is trans-
cribed symmetrically, and the high selectivity of the holoenzyme
is lost (Chamberlin and Berg, 1964; Brody and Geiduschek, 1970).

The dinucleotide frequencies of the RNA transcripts of native and

denatured DNA of phages T4, T5 and T7 were determined and compared.
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It was assumed that denatured DNA was symmetrically transcribed and
that the dinucleotide frequencies of the RNA transcripts were therefore
the same as the dinucleotide frequencies of the phage genome. 1In
this way, it was possible to determine if the RNA transcribed from
the native DNA template was enriched in purines.

This analysis showed that there is an enrichment of purine
sequences in the RNA synthesized on the native DNA, as compared to the
RNA transcribed from the denatured template. The DNA template from
which the RNA is transcribed is thus not only enriched in pyrimidines,
but these pyrimidine-rich regions are transcribed. Specifically,
it was found that: 1. Transcripts of native DNA had higher frequencies
of purine dinucleotides (i.e. ApA, ApG, GpA and GpG) than the RNA
transcribed from the denatured template. In the T7 RNA transcripts,
there was an increase in dinucleotides ApA, GpA and GpG. In the T4
RNA transcripts, GpA and ApG were increased, and in the T5 RNA
transcripts, there was an increase in dinucleotides ApA and ApG;

2. By evaluating the ratio of the dinucleotide frequencies of the
complementary dinucleotide pairs (i.e. ApA:UpU, ApG:CpU, GbA:UpC,
GpG:CpC, ApC:GpU and CpA:UpG) it was found that transcription of T7
and T4 native DNA was asymmetric, denatured T7 DNA was transcribed
symmetrically, and transcription of native T5 DNA and denatured T&
and T5 DNAs was weakly asymmetric; 3. The dinucleotide frequencies
of the RNA tramscripts of both native and denatured DNA templates
were found to be non-random. This was determined by comparison with
predicted random frequencies, which were calculated from the known

base composition of each DNA studied.
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Materials and Methods

I. ©Preparation of Escherichia coli RNA polymerase

E. coli RNA polymerase was prepared by the method of Burgess
(1969) with some modifications. 100 g frozen E._coli/B 3/4 log
phase cells were mixed in a Waring blender with glass beads and 100 ml
of buffer G (0.05 M Tris-HCl pH 7.5, 0.01 M Mgclz, 0.2 MXCcl, 0.1 mM
dithiothreitel (DIT), 0.1 mM EDTA, 54 (v/v) glycerol). The cells
were blended, with cooling, for 12 minutes. The extract was treated
with DNase, washed with 200 ml of buffer G and decanted (Fraction I).
Fraction I was then fractionated by ammonium sulfate precipitation.
The RNA polymerase was recovered in the fractlon precipitated between
334 and 424, saturation. The precipitate was redissolved in 150 ml
of buffer A (0.01 M Tris-HCl pH 7.9, 0.01 M MgClz, 0.1 mM EDTA, 0.1
mM DIT, 5¢ (v/v) glycerol) (Fraction III) and applied to a DEAE~-
cellulose column. The column was washed with 50 ml of buffer A
and then 400 ml of buffer A+ 0.13 M KC1l. The RNA polymerase was
eluted with 300 ml of buffer A + 0.23 M KC1. The protein concentration
of the eluate, as determined by the method of Lowry et al., (1951) and
the activity of the RNA polymerase (Standard enzyme reaction, Materials
and Methods I1) are shown in Fig. 1. The peak fractions of the DEAE
column, containing the polymerase activity, were pooled (50 ml),
reprecipitated with 1.4 volumes of saturated ammonium sulfate, dissolved
in a minimal volume (10 ml) of buffer A and dialyzed 3X against 100
volumes of buffer A for 2 1/2 hours at 4°C. Low salt glycerol density

gradients (10% - 304 glycerol in buffer A) were run in a Spinco SW 25.1
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rotor (29 ml). Twenty five mg of the protein (1.5 ml volume) were
applied to each gradient. The gradients were centrifuged at 25,000
rpm for 23 hours at 4°C. Fractions were collected using an auto-Densi
Flow Buchler pump, starting from the top of the gradient. The protein
pattern of each gradient was followed, as previously, by the 0.D. at
280 mu and by Lowry protein determinations. The enzyme activity was
assayed by the standard enzyme reaction. Results from one gradient
are shown in Fig. 2. The peak polymerase fractions were pooled, and
the protein reprecipitated with 1.4 volumes of saturated ammonium
sulfate, redissolved in storage buffer (buffer A modified to contain
0.1 M KC1 and 50% (v/v) glycerol) and stored at =20°C. The protein
concentration of the stored enzyme preparation was 2.6 mg/ml. The
steps in the purification procedure are shown in Table 1.

According to Berg et al. (1971) poly dAT copolymer is not a
suitable template for assays during the early stages of purification,
due to its high sensitivity to E. coli nucleases. At later stages,
it is the most desirable template since rAU synthesis is largely
unaffected by the removal of sigma, and the specific activity obtained
for RNA polymerase depends primarily on the activity of the enzyme
present. TFor this reason, T4 DNA was used as a template during the
early steps of purification, and dAT was used for all the later
stages. The activity of the enzyme is therefore expressed in either
T4 or dAT units, where one standard unit of RNA polymerase enzyme
activity catalyzes the incorporation of 1 mmole of AMP into a RNA
product in 60 minutes at 37°C, using the standard enzyme reaction
(Materials and Methods IIL). In Table 1, therefore, a dAT or T4 unit

is equal to one standard enzyme unit of activity, using dAT copolymer
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or native T4 DNA, respectively, as template. The specific activity
of the final fraction was 390 T4 units/mg protein and 840 dAT units/
mg protein. This represents approximately a 400 fold purificationm,
based on T4 units. The presence of an active sigma factor was determined

by two different methods, as described in Results III.

II. Standard Enzyme Reaction

The standard enzyme reaction was carried out according to Grossman
et al. (1971), with some modifications. The standard reaction mixture,
to measure RNA polymerase enzyme activity, contained the following
components, in 250 ul:0.04 M Tris«=HCl pH 7.9, 0.01 M'Mgclz, 0.1 mM
EDTA, 0.1 mM DIT, 0.4 mM phosphate, 0.15 M KC1, labeled 140 or 32?,
and unlabeled ribonucleogide triphosphates, (50 nmoles each of ATP,
GTP, CTP and UTP), DNA template and RNA polymerase as indicated in
the text. Incubation was for 20 minutes at 37°C. At the completion
of the reaction, the tubes were placed on ice and 0.1 ml of 0.1 N
pyrophosphate, in 0.5 M KZHPO4 and 20 ul of bovine serum albumin
(5 mg/ml) were added. The product was precipitated with 3 ml of
cold 54 trichloroacetic acid (TCA). After 15 minutes at 0° G, the
tubes were centrifuged for 5 minutes at 6000 rpm, the supernatant
decanted, and the precipitate redissolved in 0.5 ml of 0,1 N NaOH
and immediately reprecipitated with another 3 ml of cold 5¢ TCA.

This NaOH and TCA step was carried out at 0°C and completed in about
15 seconds. It was introduced in order to reduce background radio-

activity in the TCA precipitate, due to non-specific binding of

substrate. The alkali step was not included in the reactions performed

ey
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for nearest-neighbor analysis. 1In these assays the TCA precipitate
was washed by resuspension in 5¢ cold TCA. Both of these methods of
washing the TCA precipitate reduced the background radiecactivity to
satisfactorily low levels (approximately 60 cpm as compared to 20 cpm
for a filter blank), with no loss of RNA product. After 30 minutes on
ice, the TCA precipitate was collected on glass fiber filters
(GF/C, Whatman), washed with 54 cold TCA, dried and counted in a
Packard Instrument Tri-Carb, by liquid scintillation, using a toluene

fluor (toluene containing PPO and dimethyl POPOP).

ITI. Nearest-neighbor analysis

Nearest-neighbor analysis was carried out according to Grossman

al. (1971), with some modifications. Four standard enzyme reaction

et
mixtures, in duplicate, were prepared for each DNA studied. Each
reaction mixture contained a different one of the alpha-labeled 32P-
ribonucleoside triphosphates and the other three ribonucleoside
triphosphates, unlabeled. (Specific activity of the labeled
substrates was 2 to 13 x 103 cpm/nmole.) Amounts of DNA template
and RNA polymerase are described in Results I, Table 2. The set

of eight reaction tubes (two tubes for each of the four labeled
substrates) were incubated, simultaneously, for 20 minutes at 37°C.
All results reported are average values for the duplicate reactions.
Each reaction mixture was precipitated and washed 1X with 5% cold
TCA, as described above in the standard enzyme reaction. The washed
TCA precipitate was dissolved in 1 ml of 0.3 M KOH, and hydrolyzed,

for 18 hours at 37°C, to 2'=~(3')-nucleoside monophosphates. Carrier
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2'-(3")-nucleoside monophosphates (13-20 mmoles of each of the four
bases, in 5 ul of water) was added to each hydrolysate. The 1 ml
hydrolysate was then desalted on small Dowex =- 50/H+ columns, by
elution with 10 ml of water. The samples were evaporated to dryness
and were redissolved in 150-200 ul of water. Two 75~100 ul portions of
each sample were spotted for two parallel electrophoretic separations
on Whatman 3MM paper. Paper electrophoresis was carried out in
citrate buffer (Q025 M pH 3.5) at 1500 V for 90 minutes in an
electrophoresis cell, using Ccl4 as coolant. The papers were oven-
dried and the UV absorbant nucleoside monophosphates identified by
examination under ultraviolet light. The four ribonucleotide spots

were cut from the paper and the 32P radioactivity determined.

IV. Specific activity of labeled ribonucleoside triphosphates

The specific activity of the 8~14C and alpha-labeled 32P
substrates was determined by paper electrophoresis. Each triphosphate
was spotted on Whatman 3MM paper and electrophoresis was carried out
in citrate buffer (Q25 M, pH 4,9) at 1500 V for 90 minutes. The
nucleoside triphosphate spot was identified under ultraviolet light,
cut and eluted in 3 ml of 0.05 N HCL. The molar concentration of
each triphosphate was determined by its optical density at peak wave=
length (pH 2.0) and the radioactivity was determined. The specific

14

activity was approximately 1 x 103 cpm/nmole for the ~ 'C labeled substrates

and from 2 to 13 x 103 cpm/nmole for the 32P labeled substrates.
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V. Analysis of tranmscription products

The RNA transcripts synthesized for nearest=-neighbor analysis were
analyzed by nuclease digestion, to determine the amount of single-
stranded RNA, RNA:DNA hybrid or double~-stranded RNA synthesized in
each reaction. The radioactive product remaining after digestion was
determined by acid precipitation and nitrocellulose membrane filtration.
140 transcripts were made with each DNA template, using the standard
enzyme reaction (reaction volume:500 ul). The DNA template and RNA
polymerase were at the same ratios and concentrations as were used
in the synthesis of the 32P-RNA for nearest-neighbor analysis
(Table 2). The first part of the reaction, i.e. incubation for 20
minutes at 37°C, was carried out in a single reaction mixture.

Following the initial incubation the sample was placed on ice and
immediately diluted with an equal volume of diluent containing 0.1 M

NaCl andO.OlMMgCl2 (Geiduschek and Grau, 1970). The final concentration
of the buffer was then: 0.02 M Tris-HCl pH 7.9, 0.05 mM DIT, 0.05

mM EDTA, 0.20 mM PO,, 0.75 m KCl and 0.05 M NaCl and 0.01 M.M'gCl2

X
(Geiduschek and Grau, 1970). 100: ul aliquots of the reaction
mixture were removed, and one of the following additions was made:
RNase Tl (1 ug/ml) and RNase A (2 ug/ml), DNase (30 ug/ml) or both
RNase and DNase (Geiduschek and Grau, 1970; Robertson, 1971). All
samples were incubated for an additional 30 minutes at 37° C. Under
these conditions, DNase digestion made E. coli native 32P-DNA 75%
acid soluble, and RNase digestion (RNase A and RNase T1) made 3H-RNA
of B. subtilis 100% acid soluble. After the second incubation, two

aliquots (45 ul each) were removed from each sample and treated as
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follows: one aliquot was diluted into 10 ml of 2X standard saline~
citrate (SSC, standard, 0.15 M NaCl, 0.015 N Na Citrate pH 7.0),
filtered on a nitrocellulose membrane filter (Schleicher and Schuell
Co., B6, 24 mm) using a Millipore filter apparatus, and washed with
30 ml of 2X SSC; the other aliquot was precipitéted with 5% cold

TCA. All samples were dried and the radioactivity determined.

VI. Preparation and denaturation of bacteriophage DNA

DNA was isolated from phage T4, according to tﬁe procedure of
Grossman et al. (1961). The phage was extracted three times with a
0.01 M potassium phosphate buffer (pH 7.0) - saturated phenol mixture.
The phenol was removed from the aqueous DNA layer by ether extraction.
The DNA was precipitated by addition of cold ethanol, and dissolved
in 1X SSC. DNA of phages T5 and T7, prepared by phenol extraction,
were kindly supplied by Dr. M. J. Bessman. Double-stranded RF DNA
of phage fl was kindly supplied by Dr. P. Modell.

All phage DNAs were denatured by alkali. The DNA (3-5 ml volume),
at a concentration of 80-100 ug/ml, in 0.1X SSC, was brought to a pH
of 12.5 by addition of 0.1 volume of 3 N NaOH. After stirring for
10 minutes at room temperature, the solution was neutralized with

3 N HC1l and then dialyzed against 1X SSC for 18 hours at 4°C.
VIIL. Materials
Superbrite 100 glass beads were purchased from 3M Company.

E. coli, 3/4 log phase frozen cells, grown on enriched medium at

37°C, were purchased from Grain Processing Corporation. Whatman
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microgranular_diethylamine cellulose (DEAE) DE-52 (1.0 mg/gm dry weight)
was purchased from Reeve Angel Company. Enzyme grade ammonium sulfate
was purchased from Mann Research Laboratories.

140 labeled ribonucleoside triphosphates, unlabeled ribonucleoside
triphosphates and 2'~(3')~nucleoside monophosphates were purchased from
Schwartz Bioresearch. Alpha-32P labeled ribonucleoside triphosphates
were purchased from New England Nuclear.

Copolymer poly (dA-dT) was purchased from PL Biochemicals, Inc.
E. coli 32P-DNA was kindly supplied by Dr. M. J. Bessman. B. subtilis
3H-RNA was kindly prepared by Dr. Y. Setoguchi, according to Margulies
et al., (1970). DNase I, RNase A and RNase Tl were purchased from

Worthington Biochemical Company.
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Results
I. Determination of optimum reaction conditions for transcription

of native and denatured phage DNA

In these studies, the dinucleotide frequencies of RNA transcribed
asymmetrically from native phage DNA were compared with the dinucleotide
frequencies of RNA transcribed from denatured phage DNA. The optimum
reaction conditions for these two types of RNA synthesis, for phages
T4, T5 and T7, had to be determined for each phage studied. The
optimum conditions for each type of synthesis, as will be explained
below, depends on the DNA:polymerase ratio at which the transcripts
are made.

In vitro transcription of phages T4, T5 and T7 native DNA, with
E. coli RNA polymerase, is an asymmetric process and is initiated at
specific sites on the genome. The E. coli RNA polymerase must contain
the sigma subunit and the template must be native DNA, for this
specificity to be retained in vitro (Burgess et al., 1969; Hinkle and
Chamberlin, 1972; Pispa and Buchanan, 1971). At low molar ratios of
DNA to enzyme it is possible, however, that some initiation may occur
at other than true promoter sites (Dause et al., 1972). It is assumed,
therefore, that at high DNA to enzyme ratios, all of the RNA polymerase
binds to true promoter sites and the selectivity of transcription is
retained. All RNA transcripts of native DNA were therefore synthesized
at high DNA to enzyme ratios, at which the DNA was present in
saturating amounts.

In vitro transcription of dematured DNA of phages T4, TS5 and T7,
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yields a different type of RNA product than the one just described.

In the denatured DNA there is an alteration of the DNA template structure
and a loss of much of the specificity of initiation. It is possible,

in this case, for almost all of the DNA to be transcribed (Chamberlin
and Berg, 1964). For the purposes of these studies, the RNA transcripts
of the denatured template are considered to be approximate coples of

the DNA duplex. The denatured DNA template, however, does retain some
degree of specificity, as has been shown with phage T4 DNA (Brody and
Geiduschek, 1970). It is assumed, however, that the initiation of

RNA synthesis at possible preferred sites, and transcription of selective
regions of the DNA, will be minimized if there is an excess of poly-
merase available. Therefore, all the RNA transcripts of denatured

DNA were made at low template to polymerase ratios, at which the enzyme
was present in saturating amounts.

Saturating amounts of DNA or enzyme were determined for each
native or denatured DNA template, respectively.. Saturation curves for
native and denatured T5 and T7 DNA templates are shown in Figure 3.
Similar curves were obtained for T4 DNA. RNA synthesis was measured at
varying DNA:enzyme ratios, in the standard enzyme reaction (Materials
and Methods II). At constant enzyme concentration, such titration
curves have an initial linear portion and ultimately reach a plateau
of synthesis, insensitive to further addition of DNA. In thsese studies,
enzyme saturation is defined by the linear portion of each curve, and
DNA saturation by the plateau. The optimum DNA:protein ratio chosen
for transcription of each type of DNA is shown (Fig. 3) by the arrow.
DNA saturation was achieved at a DNA:protein ratio of approximately

0.5 for the native DNA templates (Table 2). Native T7 and T5 DNA
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were transcribed at this minimum ratio. Native T4 DNA was transcribed
at the higher ratio of 1.0 (see Legend, Table 2, for explanation).
Denatured DNA was found to be a less efficient template for RNA
synthesis than native DNA. To compensate for this, the maximum
DNA:protein ratio, 0.15 to 0.20, on the linear portion of the curve,
was chosen for RNA synthesis with the denatured DNA templates. The
DNA:protein ratios, determined from the saturation curves, and the
amount of DNA template and RNA polymerase protein used in the present
studies are summarized in Table 2. The amount of RNA synthesized in
each reaction, and the percentage of the available template transcribed
by the RNA polymerase, are also shown.

The several DNA templates varied considerably in efficiency
(Table 2). The template efficiency (nmoles RNA) synthesized/ug protein)
of the native DNAs was consistently higher than that of the denatured
DNAs. Native T7 DNA had the highest efficiency (1.4 nmoles RNA
synthesized/ug protein). Native T4 and T5 DNA had lower efficiencies
(0.87 and 0.82 nmoles RNA synthesized/ug protein). The denatured
DNAs all had approximately one~tenth the template efficiencies of their
respective native DNAs, at the chosen ratios. The efficiencies of
the native and denmatured templates are not strictly comparable since
they have been determined under two different saturation conditions.
In Figure 3, the native template can also be seen to be more efficient,
when synthesis of both types of template is compared at DNA saturation
levels.

These results are in agreement with previous findings that
denatured DNA is a much poorer primer for RNA synthesis than native

DNA (Maitra and Hurwitz, 1965; Salvo et al., 1973). The basis for
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this difference in priming efficiency of native and denatured templates,
with E. coli RNA polymerase, is not known. It may be due to a reduced
rate of synthesis, premature termination or loss of in vivo initiation
sites, which require the double-stranded DNA structure. The E. coli
RNA polymerase may also bind to the denatured DNA template in several
different ways, and the enzyme may not necessarily be able to initiate
synthesis at all of these sites (Hinkle et al., 1972).

The amount of DNA and RNA polymerase used for each experiment,
at the chosen DNA:polymerase ratios, was selected with the purpose of
normalizing the amount of product made in each reaction. In order to
compensate for the lower efficiency of the denatured DNA templates,
the amount of enzyme used to transcribe the denatured DNA was always
much greater than the amount used with the native DNA templates. The
one exception to this was the experiment involving limited synthesis
with native T4 DNA, where the reaction mixture was incubated for 6
minutes at 23° C. For an explanation and discussion of this experiment

see Results IV.
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II. Analysis of products formed in transcription of native and

denatured DNA templates

The RNA transcripts of T4, T5 and T7 phage DNA, synthesized in
these studies, were analyzed to determine the specific RNA products
formed in our reaction system. The RNA products of in vitro trans-
cription of native and denatured DNA include single-stranded RNA,
DNA:RNA hybrids and possibly, a double-stranded RNA (Geiduschek et al.,
1961; Warner et al., 1963; Bishop, 1969; Robertson, 1971). Trans-
cription in vitro of native DNA produces a predominantly single-stranded
RNA product, readily separable from its DNA template in a CsCl demsity
gradient (Geiduschek et al., 1961). This RNA product is also very
sensitive to RNase digestion. For example, less than 5¢ of the RNA
transcripts of native T4 DNA are RNase resistant (Bishop, 1969).

In contrast, transcription in vitro of single-stranded DNA produces

an RNase resistant DNA:RNA hybrid (Warner et al., 1963). The formation
of DNA:RNA hybrids has been shown, with such templates as denatured

T4 DNA (Bishop, 1969), denatured calf thymus DNA (Warner gg{gl,, 1963)
and the single-stranded DNA of bacteriophage ¢X 174 (Chamberlin and
Berg, 1964). A double=-stranded RNA product was also reported with
denatured T4 DNA (Bishop, 1969) and single-stranded f1 DNA (Robertson,
1971) as templates for in vitro RNA synthesis. We wished to establish
whether similar products, especially RNA:RNA hybrids, were synthesized
in our system.

The RNA transcripts were analyzed by their susceptibility to
digestion by RNase, DNase or a combination of both enzymes. The

amount of single~stranded RNA, DNA:RNA hybrid or double-stranded
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RNA in each digest, was determined by the proportion of acid precipitable
RNA that was found to bind to nitrocellulose membranes. Briefly, the
types of RNA products present were determined as follows: 1. The membrane
bound RNA product is DNA:RNA hybrid ; 2. The amount of acid precipitable
RNA rendered acid soluble, after RNase digestion, is single-stranded
BRNA; 3. Double~stranded RNA is the only product remaining as non-
membrane bound, acid precipitable RNA after combined DNase and RNase
digestion. The results of these experiments (Table 3) showed differences
in the RNA products formed, in transcription of native and denatured
DNA templates, that were consistent, in part, with the published findings
already cited. The transcripts of native DNA were predominantely single-
stranded RNA. This was shown as follows: 1. 85-90% of the acid
precipitable RNA product was not retained by membrane filtrationm;
2. After RNase digestion, only 2-5% of the acid precipitable radio~-
activity remained; 3. The small amount of RNA remaining after RNase
digestion was also membrane bound and therefore, DNA:RNA hybrid.
The reduction of RNA product retained by the membrane, i.e., loss of
presumed DNA:RNA hybrid, after RNase digestion could have been due to
digestion of loose ends of RNA in the hybrid. It could also have been
due to loss of single-stranded RNA, that was membrane bound by the
enzyme, in an RNA-DNA-polymerase complex. In the latter case, more
than 959, of the RNA transcribed from native DNA would be single-
stranded RNA.

The transcripts of denatured DNA had a large proportion of
DNA:RNA hybrid product. This was shown as follows: 1. 90¢ (T4 DNA)
and 30% (T7 DNA) of the acid precipitable RNA products were membrane-

bound; 2. After RNase digestion, as much as 304 of the acid precipitable
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product was retained by the membrane. In contrast, only 2-5¢4 of the
native DNA transcripts were retained after RNase digestion; 3. All

of the denatured T4 DNA transcripts that were acid precipitable after
RNase digestion (i.e., 30%), were also retained by membrane filtration.
They were therefore predominantly DNA:RNA hybrid; 4. There was a
reduction in acid precipitable RNA product after RNase digestion,
suggesting that a significant proportion of membrane~bound product

may be single-stranded RNA, bound by the enzyme, in an RNA-DNA-polymerase
complex.

Digestion of the reaction products with DNase confirmed the results
found with RNase. After DNase digestion, the transcripts of native
DNA showed a greatly reduced amount of membrane-bound DNA:RNA hybrid.
Only about 1-5% of the acid precipitable RNA was still membrane-bound.
This suggests that most of the RNA, previously bound to the membrane,
may have been single=-stranded RNA, bound in an RNA-DNA-polymerase
complex. The DNase digests of the tramscripts of denmatured DNA
showed a significantly higher proportion of membrane~bound DNA:RNA
hybrid (20-30%). Combined digestion with DNase and RNase, indicated
that only 2-34, of the RNA transcripts of the denatured T4 and T7
DNAs could be double=-stranded RNA. The difference between the acid
precipitable and membrane-bound RNA, for these denatured DNAs, i.e.,
2.4% for T4 and 1.8% for T7, could be double~-stranded RNA.

In conclusion, based on this analysis, the transcription products
used here for nearest-neighbor analysis, were single-stranded RNA or
DNA:RNA hybrid, as was described by others (Geiduschek et al., 1961;
Chamberlin and Berg, 1964). There may be a very small amount of

double~stranded RNA present in the denatured DNA tramscripts, but this
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small amount should not affect the results obtained in the nearest=-

neighbor analysis.
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III. The selectivity of in vitro RNA synthesis:

.the presence of sigma

E. coli RNA polymerase must contain an active sigma subunit in
order to correctly initiate selective transcription on the native
DNA template. Two experiments were carried out, in order to establish
that the RNA polymerase, prepared for these studies, had an active
sigma factor. 1In the first experiment, the base composition of the
RNA product of transcription of £l replicative form (RF) DNA was
determined. In the second experiment, the efficiency of the enzyme,
in transcribing native T4 DNA and copolymer dAT, was compared.

The double-strained RF form of f1 DNA presents an ideal template
for determining the specificity of tramscription of E. coli RNA
polymerase. Correct transcription is confined exclusively to one
strand of the DNA and the base composition of the product is known.
The minus strand of the f1 RF DNA is the sole template for in vivo
transcription (Sedat and Sinsheimer; 1970). The E. coli RNA
polymerase holoenzyme, containing the sigma subunit, also transcribes
only the minus strand in vitro, whereas both strands are transcribed
by the core enzyme, which lacks sigma (Suguira et al., 1970). The
largest transcripts made by the holoenzyme, 26S, correspond roughly
to the length of the fl genome (Okamoto et al., 1969). The base
composition of correctly tramscribed in vitro RNA is complementary to
the minus strand and identical to that of the plus strand, whose
composition is: A: 0.245; G: 0.205; C: 0.202; T: 0.348 (Schaller
et al., 1969). The composition of the RNA product therefore provides

an excellent means for determining if the E. coli RNA polymerase has
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the required specificity.

An independent method for the determination of the base composition

of an RNA product is provided in the method of nearest-neighbor
analysis (Josse et al., 1961). It was therefore possible to determine
the base composition of the RNA product of fl transcription by the
same method as was to be used for the dinucleotide frequency analysis
of the RNA transcripts of T4, T5 and T7 phage DNA. Nearest=-neighbor
analysis was carried out on in vitro transcripts of f1 RF DNA (for
experimental details see Materials and Methods, III). The 32? content
and fraction of the total radioactivity transferred to each of the
four 2'-(3') ribonucleoside monophosphates were determined for each
substrate and the values are given in Table 4A. The nearest-neighbor
frequencies of the dinucleotide pairs and the base composition of the
RNA product were then calculated, according to the method outlined
in Appendix A. The base composition of the RNA product (Table 4B)
was found to be the same as that of the £f1 plus DNA strand (A =
0.242, G = 0.202, C = 0.205, U = 0.346), showing that the RNA poly-
merase was selectively copying only the minus strand of the template.
The dinucleotide frequencies calculated (Table 4C) will be discussed
below (Results IV) with the T phage results.

Using another method, the presence of sigma in the E. coli RNA
polymerase was established by the relative efficiency of the enzyme

in transcribing native T4 DNA and dAT copolymer. T4 native DNA is a

very efficient template for the sigma containing holoenzyme, but a very

poor one for the core enzyme (Burgess et al., 1969). Core enzyme makes
only 3-44 of the amount of RNA product synthesized with the holoenzyme.

For poly dAT, however, synthesis is largely unaffected by the removal

o
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of sigma (Berg et al., 1971). The dAT copolymer is approximately three

times more efficient than the T4 DNA, as a template for RNA synthesis
with the E. coli holoenzyme, but approximately fifty times more
efficient with the core enzyme. The relative amount of RNA made on
these two templates, therefore, indicates whether or not the RNA
polymerase being used contains sigma. The specific activity of the
polymerase with each template was determined, using the standard
enzyme reaction (Materials and Methods, II). The specific activity

of the enzyme was 390 units/mg protein with the native T4 DNA template
and 840 units/mg protein with the dAT template. (The unit of enzyme
activity, used here, is defined in Materials and Methods I). The
amount of product made with the dAT template was therefore approximately
twice as much as with the T4 DNA. This is the ratio that would be
expected for transcription with E. coli RNA polymerase containing the
sigma subunit.

The E. coli RNA polymerase prepared, as described in Materials
and Methods I, should contain an active sigma subunit. (There is no
step in the procedure which 1s believed to dissociate that subunit
from the rest of the enzyme.) The two experiments described here

confirm the presence of an active sigma subunit in the enzyme.
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IV. Nearest=-neighbor analysis of in vitro RNA transcripts of

native and denatured phage DNA

Nearest-neighbor analysis was carried out on in vitro RNA
transcripts of native and denatured DNA from bacteriophages T4, TS5 and
T7. The in vitro RNA product provides nearest-neighbor data for its
DNA template (Wéiss and Nakamoto, 1961; Hurwitz et al., 1962; Grossman
et al., 1971). As was discussed in the introduction, comparison of
the two types of RNA transcript provides a basis for determining if
an enrichment of specific dinucleotides exists in the DNA template
which is transcribed by RNA polymerase.

The nearest-neighbor frequencies of the sixteen possible di-~
nucleotide sequences of the RNA product were determined according to
Josse et al., (1961) (Materials and Methods, II). Radioactivity
measurements of 32P-label transferred from 5'-nucleotides to 2'~(3')-
mononucleotides, for the RNA tramscripts of T7, T4, T4-limited and
T5 DNAs, are given in Tables 5A, 6A, 7A and 8A, respectively. The
T4-limited experiment, which restricted synthesis to immediate early
message, is discussed fully later in this section. The calculation
of the dinucleotide frequencies of the RNA product is described in
Appendix A.

The asymmetry ratio of the RNA tramscripts. In the double-

stranded DNA structure, established by nearest-neighbor analysis of
enzymatically synthesized 32P-DNA, there are six pairs of matched,
complementary dinucleotides that have equivalent frequencies:
ApA=TpT, GpA=TpC, ApG=CpT, GpG=CpC, CpA=TpG and GpT=ApC. The ratio

of the nearest-neighbor frequencies of these matching dinucleotides is,
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therefore, equal to 1.0. This ratio can be used to determine how

closely the nearest-neighbor frequencies of the RNA tramnscripts resemble
the nearest=-neighbor frequencies of the DNA genome. The ratio of the
nearest-neighbor frequencies of a matching pair of dinucleotides

is defined, for these studies, as the asymmetry ratio. The asymmetry
ratio, of any one matching dinucleotide pair, may be: 1. Equal to 1.0: ﬂ
transcription of the pair is symmetric; 2. Not equal to 1.0: trans-
cription of the pair is asymmetric. In the latter case, the asymmetry
may involve: 1. An enrichment of purine dinucleotide frequencies,

e.g. ApA greater than UpU; 2. An enrichment of pyrimidine dinucleotide

frequencies, e.g. CpU greater than ApG; 3. An enrichment in purines

and pyrimidines, e.g. ApC greater than GpU. It is also possible for
asymmetric transcription to occur in such a way as to maintain the
equality of these paired dinucleotides, and an asymmetry ratio of

1.0. This could happen, for example, in the transcription of
palindromes. Palindromes contain complementary sequences which

are arranged on single-stranded DNA in such a way, that self-folding
of the DNA could form a double~-stranded DNA, leaving out only a few
unmatched bases (Sekiya and Khorana, 1974; Maniatis and Ptashne, 1974;
Wilson and Thomas, 1974).

The base composition and base ratios of the RNA transcripts.

Chemical asymmetry in the transcribed DNA template may be inferred from
the base composition and base ratios of the RNA tramnscripts. The
base composition of each RNA transcript was determined, as described

t ﬂ.

in Appendix A, from the nearest-neighbor data, according to Josse
(1961). The base compositions and base ratios for the RNA transcripts

of T7, T4, T4~limited and T5 DNAs are given in Tables 5B, 6B, 7B and 8B,
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respectively (selected values shown below). As described in the
introduction, transcribing DNA strands are pyrimidine-rich (Marmur

and Greenspan, 1963; Szybalski et al., 1969; Mushynski and Spencer,
1970a,b). RNA tramnscripts of these strands would be purine-rich 1f

the pyrimidine-rich regions are transcribed. In RNA transcripts,

in which both strands of the DNA are copied symmetrically, the base
complementarity of the duplex DNA would be maintained in the RNA product.
In these studies, the base composition of the RNA transcripts of

native DNA was found to be enriched in purines. The T7 DNA transcripts

were high in A. The T4, T4~limited and T5 DNA transcripts were high

in G.
Selected values from Tables 5B, 6B, /B and 8B
Phage Base or Ratio Mole 4 or Ratio
Native DNA Denatured DNA
T7 A: 0.279 0.262
Alu: 1.13 1.02
T4 G: 0.181 0.188
c: 0.161 0.157
G/c: 1.13 1.20
T4~1limited G: 0.185
C: 0.167
G/C: 1.11
TS5 G: 0.203 0.225
C: 0.188 0.183

G/c: 1.08 1.23
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The mole fraction of A, in the native T7 RNA transcripts, was higher
than the amount of A in the denatured T7 RNA transcripts, and the
amount of T in T7 phage DNA. The A/U ratio of the native T7 RNA
transcripts was 1.13 and the other base ratios (i.e., G/C, purine/
pyrimidine and 6~amino/6-~keto) were also greater than 1.0. The base
ratios of the denatured T7 RNA transcripts, however, were all close

to 1.0. These values show a chemical asymmetry, and purine enrichment,
in the RNA transcripts of the native T7 DNA. This asymmetry was not
present in the denatured T7 RNA transcripts. In the T4 and T4-limited
RNA transcripts, there was a relative rather than an absolute increase
in G, since the mole fraction of G was essentially unchanged, while the
mole fraction of G decreased. ‘In the T5 RNA transcripts, there was
some increase in G and also a decrease in C. These values were
compared to their complementary bases in the phage DNAs. The purine/
pyrimidine ratio remained close to 1.0 in this group of RNA transcripts.
In contrast to the results with the T7 DNA, where the base composition
and base ratios of native and denatured RNA transcripts followed a
pattern of asymmetric and symmetric transcription, the values for the
T4 and T5 RNA transcripts suggest that both the native and denatured
DNA templates were transcribed asymmetrically. The G/C values were
greater than 1.0 for both types of transcripts. The other base

ratios were similar to each other in both the native and denatured DNA
RNA transcripts.

Variance of the asymmetry ratio. The calculated nearest-neighbor

frequencies (NNF) of the in vitro RNA transcripts of T7, T4, T4-
limited and T5 phage DNA, shown in Tables 5C, 6C, 7C and 8C, respectively,

have been arranged so that the first four sequences in column NNF I
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are all purine dinucleotides (i.e. ApA, ApG, GpA and GpG) and the
matching sequences, in column NNF II, are pyrimidine dinucleotides
(i.e., UpU, CpU, UpC and CpC). An asymmetry ratio significantly
greater than 1.0, for these four dinucleotide pairs, indicates an
enrichment of purine sequences in the RNA product. An asymmetry
ratio significantly less than 1.0 indicates a decrease of purine
sequences in the RNA product. The other two matching pairs are
mixed purine-pyrimidine dinucleotides (i.e. CpA:UpG and GpU:ApC).
Asymmetry ratios significantly different from 1.0, for these two
pairs, indicate an enrichment of purines A or G, not purine sequences,
in the RNA product.

The nearest-neighbor frequencies of the six matched dinucleotide
pairs were evaluated for equivalence by the 't' test and the confidence
level, p, determined. In this analysis, the asymmetry ratio was
considered to be significantly different from 1.0, and the frequencies
NNF I and NNF II were determined to be unequal, when p was less than
or equal to 0.05. The asymmetry ratio was not considered to be
significantly different from 1.0, and the frequencies NNF I and NNF II -
were considered to be equal, when p was greater than 0.05.

The degree of asymmetry of transcription of each DNA template
was estimated from the variance* of each set of six asymmetry ratios.
The variance is a measure of the extent to which each asymmetry ratio
differs from the predicted value (1.0) for symmetric transcription.

Based on the variance of the asymmetry ratios, the degree of asymmetric

* See Appendix B for an explanation of the calculation of the variance.
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transcription of native and denatured templates was compared (Table
9). The variance is calculated from the deviation of each asymmetry
ratio from 1.0 (variance observed). The expected variance of the
predicted value (1.0), due to experimental error, must also be
determined (variance error). The ratio of these two variances, i.e.
variance observed/variance error, and the number of degrees of freedom
involved, determines the level of probability, P, at which the
observed variance is significantly greater than experimental error,
and is thereby different from the predicted value (Table for F test
for equality of variances: Snedocor). For values of P greater than
0.05, the variance of the asymmetry ratios was taken to be equal to
the experimental variance; the asymmetry ratios were considered to
the equal to 1.0, and transcription assumed to be symmetric. For
values of P less than 0.05, the observed wvariance was taken to be
significantly different from the experimental variance; the asymmetry
ratios were considered to be different from 1.0, and transcription
assumed to be asymmetric.

Analysis of nearest-neighbor frequencies of the RNA transcripts.

The asymmetry ratios of the six matching complementary dinucleotide
pairs in the RNA transcripts of T7 DNA were analyzed (Table 5C,
selected values shown below). In the transcripts of native DNA, an
enrichment of purine sequences was found for three of the first four
pairs; the asymmetry ratios were significantly greater than 1.0.

The ratios were significantly less than 1.0 for two of the pairs, and
in the sixth pair the frequencies were equal. In the RNA transcripts
of denatured T7 DNA, asymmetry ratios in four of the six pairs were

not significantly different from 1.0.
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Selected values from Table 5C.

Dinucleotide pair Asymmetry Ratios

Native (T7 _DNA template) Denatured

2 p

ApA:UpU 1.18 0.001 1.02 0.20
GpA:UpC 1.26 0.001 1.03 0.10
ApG:CpU 0.82 0.001 0.92 0.001
GpG:CpC 1.32 0.001 0.96 0.20
CpA:UpG 1.02 0.30 1.01 0.50
GpU:ApC 0.80 0.001 0.90 0.001

The variance of the asymmetry ratios for the native T7 RNA transcripts
(Table 9), for four and six dinucleotide pairs (7.8 and 5.5, respectively),
was found to be significantly greater than the variance calculated

for the experimental error (0.09 and 0.08, respectively), and the
asymmetry ratios were detemined to be significantly different from
1.0. For the denatured T7 RNA transcripts, the variances observed
were much smaller (0.31 and 0.39) and the asymmetry ratios were
determined to be not significantly different from 1.0. Following

the criteria proposed here, transcription of native T7 DNA was clearly
asymmetric, while transcription of denatured T7 DNA was symmetric.

The asymmetry ratios and the variance show that there was an enrichment
. of purine sequences in the RNA transcripts of native T7 DNA. This
finding is consistent with the observation that all T7 in vivo and

in vitro tramscription occurs on the r strand (Summers and Szybalski,
1968; Summers and Siegel, 1969), which also contains all the long

pyrimidine oligonucleotides that have been found in T7 DNA (Mushymski
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and Spencer, 1970a). The purine enrichment, found in the RNA trans-
cripts in the present studies, suggests that pyrimidine-rich regions
on the r strand of T7 DNA are transcribed into am RNA product.

The base composition of the RNA transcripts of T7 native DNA
was high in A, but not in G (Table 5B). However, when the individual
dinucleotide frequenciles of the native and denatured T7 RNA transcripts
were compared (Table 5D, selected values shown below), the frequencies
of six dinucleotides, containing both A and G, were higher in the
transcripts of native DNA.

Selected values from Table 5D.

Dinucleotide Frequency (RNA) Base change (in Native)
Sequence T7 DNA template t 222:::86
Native Denatured se

0 no change

ApA 0.0804 0.0668 + A

GpA 0.0734 0.0683 + G,A

UpC 0.0583 0.0664 -7 ~U,C

ApG 0.0599 0.0671 - 4,6

GpG 0.0545 0.0510 + G

CpC 0.0414 0.0532 -C

GpU 0.0590 0.0627 - G.U

ApC 0.0728 0.0696 + A,C

ApU 0.0588 0.0575 + A,U

GpC 0.0682 0.0556 + G,C

In the native T7 RNA transcripts, the frequencies of three purine
dinucleotides increased. TFor two of these, the frequencies of their
complementary pyrimidine dinucleotides decreased, thereby increasing
the asymmetric transcription of these two pairs. Increases in G

were found mostly in dinucleotides :such as GpA, that would contribute
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to an increase in purine sequences. The unchanged base composition
found for G, in this RNA product, is due to decreases in G in two
other dinucleotides.
The sixteen dinucleotides were divided into four groups of
similar sequence , as follows: 1. Purine dinucleotides: ApA,
ApG, GpA, GpG; 2. Pyrimidine dinucleotides: UpU, CpU, UpC, CpC;
3. Mixed, purine~-pyrimidine, complementary pairs: CpA:UpG, ApC:GpU;
4. Mixed, purine-pyrimidine, self~complementary dinucleotides: UpA,
ApU, CpG, GpC. The fraction found in each group, for the T7 RNA
transcripts, is shown in Table 5E. Compared to the denatured T7
RNA transcripts, the native T7 RNA transcripts showed an increase
in purine dinucleotides, a decrease in pyrimidine dinucleotides,
an unchanged fraction of mixed, complementary dinucleotides. The
ratio of purine/pyrimidine. dinucleotides was 1.1l for the native T7
RNA transcripts and 0.98 for the denatured T7 RNA transcripts.
In.contragt to the results found for T7 DNA trapnscription,,K analysis of
the dinucleotide frequencies of the RNA tramscripts of T4 DNA did
not show a unique purine enrichment in the transcripts of native
T4 DNA. The asymmetry ratios of the RNA transcripts of native
and denatured T4 DNA were similar to each other (Table 6C, selected
values shown below). Many of the complementary dinucleotide pairs,
of both the native and denatured T4 RNA transcripts had asymmetry
ratios significantly different from 1.0. In the transcripts of
native DNA only one pair showed an increase in purine sequences
(ratio: 1.26). One pair decreased (ratio: 0.93) and the other two

had matching frequencies of purine and pyrimidine sequences. In
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Selected values from Table 6C

Dinucleotide Asymmetry Ratios
pair (T4 DNA template )

Native (p). Denatured ®
ApA:UpU 0.93 0.001 1.08 0.001
GpA:UpC 1.10 0.10 1.20 0.001
ApG :CpU 0.88 0.10 1.00 0.50
GpG:CpC 1.26 0.001 1.44 0.001
CpA:UpG 0.72 0.001 0.73 0.001
GpU:ApC 1.17 0.10 1.22 0.001

the transcripts of denatured T4 DNA, three of these same four pairs
showed an increase in purine sequences. The fourth pair had equal
frequencies. Three of the mixed, complementary dinucleotide pairs

had asymmetry ratios that were significantly different from 1.0.

The variance of the asymmetry ratio, for both sets of tramscripts,

was much greater than the expected variance due to experimental

error (Table 9), and therefore the asymmetry ratios of both sets

of data were significantly different from 1.0. Transcription of both
native and denatured T4 DNA, by these criteria, is therefore considered
to be asymmetric.

The individual dinucleotide frequencies of the native and
denatured T4 RNA transcripts were compared (Table 6D, selected
values shown below). All the purine dinucleotides had lower
frequencies in the RNA transcripts of the native DNA than in those

of the denatured DNA. Many of the other dinucleotides had the same



Selected values from Table 6D

Dinucleotide Frequency (RNA) Base change (in Native)
Sequence
T4 DNA template + increase
-~ decrease
Native Denatured 0 no_ change
ApA 0.119 0.125 --A
GpA 0.0625 0.0673 - G,A
ApG 0.0506 0.0530 - A,G
GpG 0.0325 0.0344 -G
GpU 0.0498 0.0534 0
ApC 0.0426 0.0439 0
UpA 0.0858 0.0854 0
ApU 0.105 0.105 0

frequencies in both sets of RNA transcripts. When the dinucleotides
were divided into four groups of similar sequence (Table 6E), the
transcripts of native T4 DNA were found to have equal amounts of
purine and pyrimidine dinucleotides. The transcripts of the denatured
T4 DNA, however, had an increased purine, and a decreased pyrimidine
fraction.

In contrast to the results found for T7 DNA transcription, the
native T4 RNA transcripts are not enriched in purine sequences, and
the denatured T4 RNA transcripts are not symmetric. The observation that
“transcription of denatured T4 DNA appears to be asymmetric, is
consistent with the work of Brody and Geiduschek (1970), who have
shown that in vitro transcription of denatured T4 DNA retains some
of the specificity of transcription found for in vitro transcription
of the native template. They also showed that the RNA transcribed

from denatured T4 DNA was different from the RNA transcribed from
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native T4 DNA. The transcripts of denatured T4 DNA had a large
amount of self-~complementary RNA (i.e. they were more symmetric),

and they also had different hybridization-competition properties.

The difference between the results found for T4 and T7 DNA transcription
could be due, in part, to the different length of the DNA template
transcribed in vitro, in each phage system. The native T4 DNA
template transcribed in vitro has a length equivalent to approximately
22 x 10° daltons, (Brody et al., 1970). The T7 DNA template trans-
cribed in vitro is much smaller, being equivalent to approximately

2 x 106 daltons (Summers and Siegel, 1970). The ability to detect an
enrichment of purine dinucleotides in the RNA transcripts depends,

at least partly, on the relative length of the purine-rich regions.

A short unique purine-rich region, for example, might be detected

1f it were 25% of the length of the total RNA, but 'diluted' out

if it were only 5% of a much longer RNA transcript. Although no
assumptions are being made here about the relative lengths of
presumed pyrimidine-rich control regions of transcribing DNA strands,
it is possible that the much longer T4 RNA transcripts might lead to
a 'dilution' effect on purine-rich regions in the RNA. In order to
test this possibility, another experiment was carried out with

native T4 DNA, in which RNA synthesis was limited to a small region
of the DNA. The limited~synthesis reaction was incubated at a lower
temperature (23° C) and for a shorter time (6 minutes) than the
standard enzyme reaction (Materials and Methods II). RNA synthesized
under these conditions is the size of immediate early T4 message

(approximately 4300 nucleotides long), as described by Witmer (1971).
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Analysis of these limited-synthesis RNA transcripts showed that
they were more asymmetric than the RNA transcripts of both native
and denatured T4 DNA, discussed above, (Tables 6C, 7C, selected values
shown below). Although the base composition and base ratios of this
RNA did not differ noticeably from the two other T4 RNA transcripts
(Tables 6B, 7B, selected values shown below), there was a significant

enrichment of purine sequences in the limited synthesis RNA transcripts.

Selected values from Tables 6C, 7C, 6B and 7B

Dinucleotide Asymmetry Ratios
pair
T4 DNA template

Native p Denatured p Native P

limited standard
ApA:UpU 1.05 0.20 1.08 0.001 0.93 0.001
GpA:UpC 1.43 0.001 1.20 0.001 1.10 0.010
ApG:CpU 1.12 0.020 1.00 0.50 0.88 0.10
GpG:CpC 1.73 0.001 1.44 0.001 1.26 0.001
CpA:UpC 0.52 0.001 0.73 0.001 0.72 0.001
GpU:ApC 1.48 0.02 1.22 0.001 1.17 0.10
DNA Base Composition/Ratio

A G c U G/c

Native~limited 0.321 0.185 0.167 0.340 1.11
Denatured 0.328 0.188 0.157 0.328 1.20
Native 0.317 0.181 0.161 0.340 1.13

Compared to the standard native T4 RNA transcripts, there was a large
increase in the asymmetry ratio for five of the complementary

dinucleotide pairs. Purine sequences GpG and GpA were particularly
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enriched in the limited-synthesis RNA product. The variance of the
asymmetry ratios of this RNA (24 x 162) was much higher than the variance
of the denatured DNA transcripts (7.9 x 162) (Table 9). These transcripts
were, therefore, highly asymmetric and enriched in purine sequences.

The individual dinucleotide frequences of the limited-synthesis
transcripts were compared with the two other T4 RNA transcripts (Tables

6D, 7D, selected values shown below).

Selected values from Tables 6D, 7D

Dinucleotide Nearest-~neighbor Frequency (RNA)
sequence T4 DNA template
Native Denatured Native
(limited) (standard)
ApA 0.128 0.125 0.119
GpA 0.0731 0.0673 0.0625
UpC 0.0511 0.0558 0.0567
ApG 0.0588 0.0530 0.0506
GpG 0.0340 0.0344 0.0325
CpC 0.0197 0.0239 0.0258

Increases were found in the limited~synthesis RNA product for purine
dinucleotides ApA, GpA and ApG. A decrease in pyrimidine dinucleotide

CpC was also observed. The asymmetry ratio of the pair GpG:CpC,

therefore increased, and the purine dinucleotide GpG was 'relatively'
enriched in these transcripts. When the dinucleotides of the limited~
synthesis RNA transcripts were divided into four groups of similar
sequences, the purine dinucleotide fraction was high, and the pyrimidine
dinucleotide fraction was low (Table 7E). The dinucleotide distribution

was similar to the one found for the transcripts of denatured T4 DNA,
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except that the purine dinucleotide fraction was higher in the limited-
synthesis RNA product. It is concluded, from the analysis of the

RNA transcripts of T4 DNA, that: 1. In the standard synthesis reaction,
both native and denatured T4 DNA templates are transcribed asymmetri-
cally. The extent of the asymmetry is about the same in both types of
transcription; 2. The T4 native DNA template, transcribed in the
limited=synthesis transcripts, has a higher proportion of pyrimidine
dinucleotides than the native BNA transcribed in the standard raction.
Restricting transcription to a smaller region of the T4 DNA template
has made it possible to detect pyrimidine-rich regions in the template
that were not observable before; 3. Compared to the denatured T4

RNA transcripts, the higher asymmetyy ratios and the higher variance
of the limited-synthesis RNA transcripts, suggests that unique regions
of the selectively transcribed DNA template are pyrimidine~rich.

The dinucleotide frequencies of T4 DNA have previously been
determined by Josse et al. (196l). These values have been compared
with the dinucleotide frequencies of the RNA synthesized by trans-
cription of T4 DNA, determined in the present studies (Table 7D).

The nearest~neighbor frequencies of the RNA purine dinucleotides were
found, in most instances, to be higher than their complementary di-
nucleotides in the DNA. For example, ApA and GpA had higher frequencies
in all the RNA transcripts than TpT and TpC in the DNA. Most of the
pyrimidine dinucleotide frequencies were considerably lower in the

RNA than in their DNA complements. The distribution of purine and
pyrimidine dinucleotides in the T4 DNA and in the RNA transcripts of

T4 DNA was different CTaBles 6E, 7E). In the DNA the ratio of purilne

to pyrimidine dinucleotides was equal to 1.0, while in the RNA
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transcripts the values were as follows: native template: 0.99,
denatured template: 1,09, limited-synthesis, native template: 1.20.
This comparison of the dinucleotide frequencies of T4 DNA with the
frequencies found for the RNA tramscripts of T4 DNA confirms the earlier
conclusion that pyrimidine sequences are preferentially transcribed
in T4 RNA synthesis.

The results of analysis of the dinucleotide frequencies of
transcripts of T5 DNA were similar to those found with T4 DNA
(excluding the limited-synthesis product), in that the RNA products
of both native and denatured DNA transcripts were weakly asymmetric

(Table 8C, selected values shown below).

Selected values from Table 8C

Dinucleotide pair Asymmetry Ratios
Native (T5 DNA template) Denatured
p P

ApA:UpU 1.02 0.20 0.90 0.10
GpA:UpC 1.11 0.001 0.92 0.005
ApG:CpU 0.99 0.40 1.07 0.05
GpG:CpC 1.15 0.001 1.22 0.001
CpA:UpG 0.77 0.001 0.69 0.001
GpU:ApC 1.10 0.001 1.11 0.001

In the RNA product of denatured T5 DNA tramscription, the first four
matching dinucleotide pairs included two pairs with asymmetry ratios
greater than 1.0, one palr with a ratio less than 1.0, and one pair
with a ratio equal to 1.0. In the native T5 RNA transcripts, two pairs

had ratios greater than 1.0 and two had ratios equal to 1lk0. There was
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a relative enrichment of purines,predominantly G, in both sets of
transcripts, but the asymmetry was less marked in these tramscripts
than it had been in the T4 and T7 RNA transcripts. The two matching
pairs of mixed complementary dinucleotides had asymmetry ratios different
from 1.0, in both sets of T5 RNA transcripts. The observed variance
of both sets of asymmetry ratios, for the T5 transcripts, was found
to be lower than the values found for any of the asymmetric tramscripts.
The asymmetry ratios, however, were found to be different from 1.0,
and both types of transcripts, by this criterion, were considered
to be asymmetric.

The individual dinucleotide frequencies of both T5 RNA transcripts

were compared (Table 8D, selected values shown below).

Selected values from Table 8D

Dinucleotide Frequency (RNA) Base change (in Native)

sequence .
q + increase

T5 DNA template P
-~ decrease

Native Denatured
ApA 0.102 0.0950 + A
GpA 0.0606 '0.0524 + G,A
ApG 0.0632 0.0680 - A,G
GpG 0.0426 0.0455 -~ G
UpG 0.0644 0.0725 - G,U
ApU 0.0907 0.0864 + A,U

Two purine dinucleotides had higher frequencies in the native T5
transcripts, and the two others had lower frequencies. The pyrimidine
dinucleotides of both transcripts were similar to each other, but

almost all the mixed dinucleotides were different from one another.
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Comparing the distribution of RNA in purine, pyrimidine and mixed
dinucleotides (Table 8E), the purine and pyrimidine dinucleotides
were found to be equal to each other in the transcripts of denatured
DNA, In the transcripts of native T5 DNA, the purine fraction was
a little higher than the pyrimidine fraction. T5 DNA tramscription
appears to resemble T4 transcription. Based on the asymmetry ratios,
there is some specificity retained in the in vitro transcription of
the denatured template, as in T4 DNA tramscription. There is also
a limited enrichment of purines in the transcripts of native T5 DNA.
The nearest~-neighbor frequencies of T5 phage DNA have been
determined (Swartz et al. 1962), and the results found in these
studies, for the nearest-neighbor frequencies of RNA transcripts of
T5 DNA, were compared with them (Table 8D). Many of the RNA di-
nucleotide frequencies were different from those in the TS5 DNA.
However, there was no consistent pattern in the differences found.
Only one purine dinucleotide, GpG, had a higher frequency in both
types of RNA transcript than its DNA complement CpC. This is consistent
with the high G/C values found for the T5 RNA (Table 8B). The pyrimidine
dinucleotide CpU was also higher in the RNA tramscripts, than its
DNA complement ApG. When the dinucleotides were divided into four
groups of similar sequence, the distribution in the T5 DNA of the
purine, pyrimidine and mixed dinucleotides was different than that
found for the RNA products (Table 8E). The ratio of purine to
pyrimidine dinucleotides, which was 0.96 in the DNA, was 1.05 for the
transcripts of native DNA and 0.99 for the transcripts of denatured
T5 DNA. The mixed, self-complementary dinucleotides were lower in

the RNA than in the T5 DNA. Transcription of both native and
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denatured T5 DNA is selective to some extent, since the sequence
pattern of the transcripts is different from that of the T5 DNA.
There is only a suggestion in these results, however, that enriched
pyrimidine sequences in the DNA are transcribed.

The dinucleotide frequencies of RNA transcribed from f1 RF DNA
template were also determined, as part of the experiment to establish
the selectivity of the RNA polymerase used in these transcripts
(Results III). Phage fl was not studied in the same way as the T
phages, but the partial results are presented in Table 4C. These
transcripts were found to be extremely asymmetric, the direction of
the asymmetry being reversed, with low asymmetry ratios, such as 0.57
and 0.60. The DNA template here is very rich in purine sequences,
and this suggests that perhaps a different kind of transcriptional
control may be involved.

Non-random pnature of nearest-neighbor frequencies of the RNA

transcripts. The nearest-neighbor frequencles of the RNA transcripts,
determined in these studies, have been analyzed for deviation from the
nearest-neighbor frequencies predicted for random arrangement of the
mononucleotides in the RNA. In a randomly arranged RNA, the frequency
of any nearest-neilghbor pair should be predictable as the product

of the frequencies of its constituent mononucleotides; for example,

the frequency of UpA would be the same as the frequency of ApU, and
would be equal to the product of the frequencies (or mole %) of Up

and Ap. Using the known base composition of each DNA studied, the
random nearest-neighbor frequencies of all the dinucleotides were
calculated in this way, for the RNA transcripts of T7, T4 and T5

DNA (Tables 5D, 7D and 8D, respectively). The deviation of the
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dinucleotide frequencies from their ramdom values was analyzed in

three ways, as follows: 1. the sixteen dinucleotide frequencies of
each RNA synthesized were tested against their random values; 2. Each
dinucleotide sequence was tested against its random value for all the
RNA transcripts synthesized; 3. The frequency of each individual
dinucleotide sequence was compared to its random value.

The variance (Appendix B) of the observed dinucleotide frequencies
from the predicted (random) values was calculated for the sixteen
dinucleotide sequences of each RNA transcript (Table 10). The expected
variance of the predicted random frequencies was determined from the
experimental error of each experiment. The ratio of the two variances,
and the number of degrees of freedom, determine the level of probability,
P, at which the observed frequencies are significantly different from
the random frequencies. For the purposes of this study, if P is greater
than 0.05 the observed and random frequencies are taken to be the same.
If P is less than or equal to 0.05, the observed frequencies are
considered to be different from the random ones. The value of P was
found to be less than 0.05 for each RNA transcript, therefore the nearest-
neighbor frequencies were determined to be non-~random for all the RNA
transcripts.

In order to detect any similarity in the deviation from random
values of particular dinucleotides, the deviation of each dinucleotide
was determined for all the RNA transcripts (Table 1l1). The variance
(Appendix B) of the observed frequencies from the predicted values was
calculated for each dinucleotide. The variance expected in the pre-
dicted value, due to experimental error, was also calculated. The

level of probability, P, at which the observed frequencies are
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significantly different from the random values was determined, as
described above. All the sets of individual dinucleotide frequencies,
except GpU, were found to be different from the predicted random values.
The random finding for GpU is due to some unusually scattered data
values, which resulted in a relatively high value for the variance
due to experimental error. Dinucleotides with lower observed variances,
such as 0.27 x 10-4 for ApG, do not differ as much from random values
as others, such as ApA, for which the variance was 3.2 x 10-4. When
deviation of the individual dinucleotides was compared to this average
calculation, it was found (Table 11) that 41% of the dinucleotides
had values considered to be equal to the random values, and about 30%
were above or below random values.

The asymmetry previously described in analysis of the RNA
transcripts is reflected here in the way in which many of the
matching dinucleotide pairs varied from the random values. For
example, in the pair CpA/UpG the values of CpA were equal to or less
than the random values, while for UpG all the values were above the
random values. In the four purine dinucleotides, almost all the fre=-
quencies were equal to, or greater than the random values, while in
pyrimidine dinucleotides UpC and CpC the frequencies were equal to,
or less than random values. The non-random nature of the dinucleotide
frequencies of the RNA transcripts can also be seen in a comparison
of the frequencies of isomeric pairs, such as ApG-GpA and UpC-CpU.
The calculated random value of each member of the pair is the same,
since it is determined from the product of the mole % of each base
in the dinucleotide. The dinucleotide frequencies found experimentally

for many of these isomeric pairs, however, were quite different from
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each other. For example, in the denatured T4 RNA transcripts (Table 6C),
the frequency of ApG was 0.0530 while GpA was 0.0673. Similar
differences were found in all the RNA tramscripts studied. The dinuc~
leotide frequencies of several bacterial and viral DNAs have also been
shown to be non-random (Josse et al., 196l; Swartz et al., 1962).

The way in which the observed dinucleotide frequencies varied
from the predicted random values has been presented graphically,
according to the method of Kaiser and Baldwin (1962) in Figures 4-7.

On each graph the observed nearest-neighbor frequency of a specific
dinucleotide pair, for each DNA studied, was plotted against the value
predicted from a random distribution. If the observed and predicted
values were equal, then the points would fall on the straight 45 degree
line, drawn on each graph. The points plotted, therefore, fall above,
on, or below this line, as the obsexrved dinucleotide frequency is
greater than, equal to, or less than the predicted random value. For
phages T4 and T5 the nearest-neighbor frequencies of the DNA complements
have also been plotted on each graph.

For some of the dinucleotides the frequencies can be seen to be
very different from each other, corresponding to the AT/GC values of
the DNA of each phage (AT/GC = 1.86 for phage T4, 1.53 for phage T5 and
1.08 for phage T7; Wyatt and Cohen, 1953; Lunan and Sinsheimer, 1956).
For example, on the graphs of dinucleotides ApA and UpU, the points
are widely scattered. For other dinucleotides, such as GpA and UpC,
the frequencies were similar and the points are clustered on the graphs.
The DNA values generally fell closer to the random 45 degree line than

the RNA values.
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The dinucleotide frequencies of the pair ApA:UpU were considerably
higher than the random values, for the RNA transcripts of native DNA,
and for the DNA template as well. In phages T4 and T5, both high in
AT base composition, this pair, ApA:UpU, has the highest predicted
random frequency, and yet there was a large additional increase over
the random values, in both the DNA and RNA frequencies. The dinucleotide
pair GpG:CpC was quite different in both DNA and RNA dinucleétide
frequencies. The DNA frequencies were close to the random values
for both dinucleotides. 1In the RNA, GpG remained at random levels, but
CpC was found at lower than random frequencies. These observations are
in agreement with studies of the distribution of thymine and cytosine
oligonucleotides in bacterial and viral DNA (Mushynski and Spencer
1970a,b; Rudner et al., 1972). In B. subtilis DNA the distribution
of thymine oligonucleotides was found to be greater than expected from
a random distribution, while cytosine oligonucleotides followed the
expected random distribution (Rudner et al., 1972). In bacterial and
viral DNAs, long cytosine oligonucleotides, greater than 5 in chain
length, are quite rare, whereas long thymine oligonucleotides are
frequently found. In these studies, dinucleotide ApA, which is
complementary to thymine sequences, was found at higher than random
frequencies. Dinucleotide GpG, complementary go cytosine sequences, was

found to be randomly distributed.

The frequencies of the purine:pyrimidine dinucleotide pairs, ApG:
CpU and GpA:UpC, were somewhat similar to each other (Figure 5a-d).
Many of the dinucleotides in this group were at, or near, random

frequencies. In the RNA transcribed from native DNA, purine dinucleotide
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Discussion

In these studies, the proposal that pyrimidine-rich regions of
transcribing DNA strands are involved in transcriptional control has
been examined. These pyrimidine-rich regions would be 'recognition'
sites for specific interaction of the RNA polymerase and the DNA
template. The specificity of the interaction would be determined
by the DNA sequence, and could signal any step in the transcription
process. Such a control sequence would not necessarily have to be
transcribed into an RNA product. However, a sequence involved in
initiation control, for example, could be close to or within the
early region transcribed. It was proposed, therefore, in the present
studies, to determine if transcription of such pyrimidine-rich regions
could be detected in the RNA transcripts. Limited RNA synthesis,
confining transcription to very early mRNA, was also used, in one
instance.

In order to see if these pyrimidine-rich regions are transcribed
into the RNA product, the dinucleotide frequencies of RNA synthesized
in vitro on T4, T5 and T7 phage DNA templates were determined. It
was found that the RNA is enriched in purine dinucleotides and
therefore that pyrimidine-rich regions are preferentially transcribed.
The increased proportion of purine dinucleotides in the RNA product
was most pronounced in the RNA transcripts of T7 DNA and in the limited-
synthesis transcripts of T4 DNA. 1In the RNA transcripts of T5 DNA,
and for standard synthesis of T4 DNA, there was a limited enrichment

of purine sequences. ¥
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found (Hinkle et al., 1972).

It was assumed that the RNA transcripts of denatured DNA, in
these studies, would be quite symmetric in composition and matching
dinucleotide sequences. Some of them, however, were found to be
asymmetric and similar to the transcripts of native DNA (Tables
6C =8C). It had to be concluded, from the extent of asymmetry found,
that transcription of denatured T4 and T5 DNAs had retained a signi-
ficent amount of specificity. The nearest-neighbor frequencies of
the T7 RNA transcripts were consistent with the initial assumptionmn,
of symmetric transcription, since the asymmetry ratios of the
complementary dinucleotide pairs were found to be equal te 1.0
(Table 5C). The asymmetry found in the RNA transcripts of denatured
T4 and T5 DNA made it more difficult to evaluate the extent of
enrichment of purine dinucleotides in their respective transcripts
of native DNA. In the case of T4 transcription, this difficulty
was overcome in the limited-synthesis experiment, where a definite
enrichment of purine sequences was found in the shorter transcripts
of native T4 DNA (Table 7C). As was discussed earlier, in the case
of the T4 DNA, it is possible that the results found for the native
T5 DNA may be due to the size of the in vitro transcripts made. T5
DNA is somewhat smaller than T4 DNA (83 x 106 daltons, Rubenstein,
19 68) and in vitro transcription of native T5 involves a total length
of DNA estimated to be about 20 x 106 daltons (Pispa and Buchanan,
1971). (The T4 RNA transcript was estimated to be about 22 x 106

daltons).The size of the RNA transcripts may make it difficult to

detect small unique pyrimidine-rich regions by this kind of analysis.
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On the other hand, pyrimidine sequences may not be involved in the
control of transcription of T5 DNA. The T5 DNA template differs from
both T4 and T7, for example, in that it contains six or more genetically
distinct single-stranded breaks, on one of the DNA strands (Bujard
and Hendrickson, 1973). These breaks could be involved in trans~
criptional control and therefore require different DNA sequences for
enzyme recognition.

The dinucleotide frequencies of the DNA of phages T4 and T5
have been determined (Josse et al., 1961; Swartz et al., 1962) and
it was therefore possible to compare the dinucleotide frequencies of
their RNA transcripts with the values obtained for the DNA template
(Tables 6D, 7D, 8D). When compared to the dinucleotide frequencies
of the DNA template a preferential transcription of purine dinucleotides
was found for all the T4 RNA transcripts. In the native and denatured
TS5 RNA transcripts there was an increase in dinucleotide GpG.

The present studies show the selective transcription of pyrimidine
sequences on the transcribing DNA strand but do not provide any basis
of distinguishing between short runs of pyrimidines (chain length 5-6)
and clusters (chain length 8-13) in the DNA template. Cytosine clusters
were proposed earlier as control elements in transcription, based
on the binding of transcribing DNA strands to poly (U,G) (Szybalski
et al., 1966). When pyrimidine isostichs were isolated from viral
and bacterial DNA, long cytosine clusters were not found, but long
thymine and mixed cytosine-thymine oligonucleotides (chain length 13)
were found (Mushynski and Spencer, 1970a,b; Rudner et al., 1972;
Rudner and LeDoux, 1974). These results strengthened the earlier

proposal that pyrimidine clusters might be involved in initiation
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of RNA synthesis. Studies of oligoribonucleotidebinding to homologous
phage DNAs suggest that specific binding of poly G and guanine-rich
ribopolymers requires oligomers of at least 10 residues in chain length
(Niyogi, 1969; Niyogi, 1973). When cytosine clusters of this length were
not found some alternative proposals for binding were made. It was
suggested that the binding could be due to C-rich DNA that consists

of small C clusters, separated by a single purine residue (Mushynski

and Spencer, 1970b). Poly G can also form complexes with segments
containing short TC sections (Morgan and Wells, 1968).

Several initiation and termination regions in E. coli , and in
several viruses, have been sequenced (Gilbert and Maxam, 1973; Sekiya
and Khorana, 1974; Maniatis et al., 1974; Pribnow, 1975; Schaller et al.,
1975). These regions are representative of other control regions for
E. coli RNA polymerase, since all E. coli, and many viral genes ate
believed to be transcribed by one RNA polymerase enzy@e which may be

L., 1974; Wickner

modified under different conditions (Fukuda et
and Kornberg, 1974). The sequences involved in texmination and
initiation would be expected, therefore, to have some similarities

for recognition by the E. coli enzyme. Two common sequences of six
bases, recognized by the Hind endonuclease, (GTCGAC and GITAAC),

have been found in promoter sites for E. coli RNA polymerase, in

DNA of bacteriophages T7 and lambda, and in simian virus 40 and human
adenovirus (Allet et al., 1974). 1In the polymerase protected region

of the T7 A3 promoter, a 7 base sequence has been found (5'~-TATPuATG-3':
Pribnow, 1975) which is homologous with promoter sequences in

simian virus 40 (Dhar et al., 1974), lambda PL promoter (Maniatis

et al., 1974), E. coli Tyr~tRNA gene (Sekiya and Khorama, 1974), the
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lac region (Dickson et al., 1975) and fd promoter-I (Schaller et al.,
1975). In the control regions already sequenced, no long pyrimidine
isostichs (chain length 12-13) have been found. Although such isostichs
are known to be present in some of these DNAs, e.g. in T7, lambda and
E. coli DNAs (Mushynski and Spencer, 1970a,b; Rudner and LeDoux, 1974),
they do not appear to be present in the initiation and temmination
regions.

The secondary structure of the DNA helix depends on its base
composition (Bram, 1971; Bram énd Tougard, 1972). For example,
natural DNAs that are very rich in AT (AT/GC greater than 2.0) have
a different secondary structure than DNA of moderate and low AT
content (Bram, 1971). It is also quite possible for the secondary
structure of the DNA to provide a basis for specific interactions,
such as RNA polymerase binding to a promoter site, if the secondary
structure exists in a conformation which is dependent on the primary
sequence of the DNA (Bram 1973). Short regions of highly regular
base sequence can also modify the secondary structure of the DNA helix
in a limited region, and provide a recognition site for transcriptional
control. In diffraction studies on the conformation of DNA (Langridge,
1969) it was found that DNA sequences which contain only pyrimidines
on one strand and purines on the other, have X-ray diffraction
patterns that all differ from native DNA. Poly dA;dT has all the
features of a helical structure, but with a different base tilt;
poly d(T-C); poly d(G-~A) also differs clearly from the normal DNA
pattern and poly dG:poly dC had the most unusual structure, appearing
to be non-integral. It was concluded (Langridge, 1969) that DNAs,

containing local regions of highly regular sequence, can clearly adopt
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unusual configurations. Such a modified DNA structure could then
serve as a signal for transcriptional control. The enrichment of
pyrimidine sequences in the transcribing DNA strands, found in the
present studies, may involve just such short regular regions. These
regular regions may cause local modification of the helical structure
of the DNA, providing the configurational changes necessary for
recognition signals.,

DNA sequences, which have been determined for a number of control
regions (Pribnow, 1975; Schaller et al., 1975) were analyzed for their
pyrimidine enrichment and for short regions of regular base sequence.

The frequencies of purine, pyrimidine, mixed complementary and mixed
self~complementary dinucleotides, were determined for each region,

and compared with the dinucleotide frequencies reported here. The

control sequences analyzed include E. coli lac operator-promoter

region (Gilbert and Maxam, 1973), the promoter and terminator

regions of E._coli Tyr-tRNA gene (Sekiya and Khorana, 1974; Loewen et al.,
1974), the lambda PL promoter (Maniatis et al., 1974), the T7 A3
promoter (Pribmow, 1975), simian virus 40 (Dhar et al., 1974) and

fd region-I promoter (Schaller et al., 1975) (Table 12). The lac
operator-promoter region (Gilbert and Maxam, 1973), which is known

to be transcribed, was found to have a higher frequency of pyrimidine
dinucleotides (0.35 for the operator region, 0.32 for the operator-
promoter region) than E. coll DNA (0.243; Josse et al., 1961). Both
lac repressor and RNA polymerase bind to different regions of this
DNA. The frequency of purine dinucleotides is very low (0.10 and
0.12) compared to the E. coli value (0.237). There are two sequences

in the region that are pyrimidine-rich. There is one sequence of
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13 bases, consisting of 10 pyrimidines, in clusters of 2 and 3,
(CTCGCCTATTGIT) , and one sequence of 9 bases, consisting of 8
pyrimidines (TCCITIGIC).

In the E. coli Tyr-tRNA gene, promoter and terminator regions
(Sekiya and Khorana, 1974; Loewen et al., 1974) are probably not
transcribed. The dinucleotide frequencies were determined, in this
analysis, for the strand which is continuous with the transcribed
tRNA gene. 1In the promoter region, both the pyrimidine and purine
dinucleotides have very low frequencies (0.1l and 0.21, respectively).
The mixed self-complementary dinucleotides have an unusually high
value (0.50). The terminator region of the gene has a high frequency
of purine dinucleotides (0.45). The combined frequency of purine and
pyrimidine dinucleotides in this region is 0.72, suggesting that there
is a regular local structure. The terminator region consists of
alternating purine and pyrimidine clusters, 2 to 6 bases long

(AGTGAAAGTTTTCAGGGGACTTGA) . RNA synthesized from this region would

be pyrimidine-rich. In several phage T7 RNAs, a long pyrimidine

region, containing a sequence of six pyrimidine residues, (CCCUUUAU-0H),

was found in the terminal sequences (Kramer et al., 1974) of four

of five mRNA species studied. This suggests that small purine-rich

DNA regions may be involved as termination signals for transcription.
The PL promoter binding site in lambda, which also binds repressor

(Maurer et al., 1974), was found to have an unusually high frequency

of complementary and self-complementary mixed dinucleotides (0.38,

0.31), compared to the E. coli values (0.25, 0.27) (Table 12). This

region is not transcribed in vivo (Maniatis et al., 1974). Thére

is one pyrimidine-rich sequence, 8 residues long, containing 6
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pyrimidines (TCACCGCC) in this control region. 1In the E. coli RNA
polymerase binding and initiation site in phage fd (Sugimoto et al.,
1975) the sum of purine and pyrimidine dinucleotide frequencies is
high in the binding site, and in the shorter transcribed region, as
well (0.60 and 0.67, respectively). These frequencies have been compared
to the frequencies determined in this study, for f1 RF tramscripts,
since values for the fd single-stranded DNA are not available. The
distribution pattern of the purine, pyrimidine and mixed dinucleotide
frequencies in this control region is different from the pattern of
the RNA transcripts. The site of initiation of transcription is in
the center of a pyrimidine-rich region, 17 residues long,
(IEAEQEQEQQEA@IEQZ); transcription is to the right, starting at the
asterisk. There is also a purine-rich region in the early part of

the transcript, (GGACTAAAAACTAAA). . : -

In the phage T7 A3 promoter region (Pribnow, 1975), there is an
increase in pyrimidine dinucleotides (0.30; T7 value: 0.257) and a
decrease in purine dinucleotides (0.05; T7 value: 0.253) (Table 12).
There are two pyrimidine-rich sequences in the region. One is at the
beginning of transcription, and consists of a sequence of 14 residues,
containing 11 pyrimidines, (CITTGCTIGICACTC). The other is at the left
end of the polymerase-protected region, and consists of 6 residues,
(TICATTT). In the simian virus 40 promoter region (Dhar et al., 1974), there
is one pyrimidine-rich sequence which is transcribed, and is at the
initiation site for transcription. It contains 1l residues, of which
9 are pyrimidines, (IE!AEEEQGZE}.

In these regulatory sequences, the dinucleotide frequencies are
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quite different from the frequencies of the DNA genomes. DNA base
composition in control regions is also very different from the base
composition of the genome. For example, the E. coli RNA polymerase
binding sites in T5, T7 and lambda are alternating high GG (about 14
base pairs long) and high AT regions (about 38 nucleotides long)
(Giacomoni et al., 1974). 1In all of the sequences analyzed above, there
are short regions of highly regular sequences which may be able to
modify the local secondary structure of the DNA. Such configurations
could be involved in determining specificity in transcriptional control.

The repressor binding capacity of the lactose operator in E. coli
has been studied, to determine if natural DNA has the same conformation
throughout its entire length, or if different structures exist at
various sites along the chain (Chan and Wells, 1974). The ability
of single~strand specific nucleases, and of non-specific nicking
agents, to abolish repressor binding was determined. Certain regions
of the lactose operator were quite sensitive to single-strand specific
nucleases and therefore were assumed to have different structures
than the greater part of the DNA. The nature of the uniqueness is
not known, but several models were proposed: 1. The region has a low
thermostability and could be in an open structure for a large part
of the time; 2. The region has 2-fold symmetry and could form a
cruciform structure, each strand looping out on itself; 3. The DNA
may have a different configuration than normal helical DNA, such as
a different base tilt or altered helical dimensions.

In conclusion, the results of the present study are consistent
with a model of transcriptional control which proposes that conformational

changes in the secondary structure of the DNA helix, based on the
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primary sequence in the DNA, allow for the formation of unique
structures which could participate in highly specific interactions with
proteins, and other regulatory molecules. The possibilities for
specific modulation of the secondary structure by base composition,

in such a system, would be very extensive., Pyrimidine-rich regions,
‘of varying size and cluster lengths, and alternating high GG and AT~
rich regions, would all affect the secondary structure in their own
unique ways. This would provide the basis for a large number of
different, highly specific interactions with proteins and other
regulatory molecules. These conformational changes would also be
very sensitive to environmental conditioms, such as ilonic gtrength and
relative humidity (Bram and Tougard, 1972). The findings in the
present study suggest that purine and pyrimidine sequences, of 2 to

7 residues in length, occurring in a regular pattexrn in control
regions of the DNA, provide one basis for unique local structural

modification, and for control of RNA synthesis.
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Appendix A: Calculation of nearest-neighbor

frequencies, according to Josse et al. (1961)

Following the method outlined in Materials and Methods III,
32? measurements of the four 2'-~(3')-nucleotides were made. Samples
of this data, for each phage studied, are given in Tables 4A, 54,
6A, 7A and 8A. For each electrophoretic separation the fraction of

32P label that was transferred from the 5'-nucleotide to

the total
the 2'-(3')-nucleotides was determined. The frequency of each 3'-
nucleotide present in the RNA product depends on the relative frequency
with which the particular 5'-nucleotide, from which the label is
transferred, is incorporated into the RNA. 1If the base composition
of the RNA is known then each fractional transfer value is multiplied
by the base composition of the particular 5'-nucleotide to give the
nearest-neighbor frequency of the 2'-(3')-nucleotide. If, for example,
in a reaction using ATP32 as substrate, the fraction of total label
transferred from pA to Gp is found to be 0.263, and if the base
composition of the RNA is 0.279 Mole % for A, then the nearest-neighbor
frequency of Gp or of dinucleotide GpA is equal to 0.263 x 0.279 or
0.0734. The base composition used for these calculations has been
derived from the radioactivity measurements in the experiment and is
the base composition of the RNA product made.

For the labeled substrate used in any one reaction the total
5'-nucleotide incorporated is equal to the total amount recovered
ag 2'-(3')-mononucleotides, i.e.,

Total A = ApA + ApU + ApC + ApG

incoxporated
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or EA=«A +8U + ¥C + DG
where  ,& > ¥ andy are the fractions transferred from each substrate

to Ap. Using the results obtained in the native T7 DNA reaction,

Table 5C, we then have the following simultaneous equations:

1.00A = 0.288 A+ 0.256 G + 0.242C + 0.227 U
1.006 = 0.263 A+ 0.234G6 + 0.283¢C¢ + 0.239 U0
1.00c = 0.244 A+ 0.224 G + 0.172C¢ + 0.297 U
1.00U0 = 0.206 A+ 0.206 G + 0.242C + 0.227 ©

Using determinants, we may solve for any three of the unknowns in

terms of the fourth. For this set of equations the solution is:

A=1.13U0, G=0.9%6U0, Cc=0.9770U

These values represent the proportion of each base present in the

RNA and the sum of the four bases may be set equal to 1.0, i.e.,

A+ G + C + U = 1.00

and therefore, 1.13 U + 0.946 U + 0.977 U + 1.00 U = 1.00.

Solving this equation for U we get the base composition of the RNA
product made. From this equation, for T7 DNA, the solution is U =
0.247, A = 0,279, G = 0.234, C = 0.241. Multiplying the values
determined, for the fractions transferred of each dinucleotide, by
these values, the 16 nearest-neighbor frequencies may then be

calculated. An example for native T7 DNA is given in Table A.
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Table A. Nearest-neighbor base frequencies of native T7 DNA

transcripts: 2'=(3')-nucleotide fraction x Moleg%

of 5'-nucleotide substrate

32? XTP 20-(3% S Nearest-
- ! quence Mole % Fraction neighbor
XMP 32P-XIP transferred frequency
ATP AMP ApA 0.279 0.288 0.0804
(14 GpA " 0.263 0.0734
CMP CpA " 0.244 0.0681
uMP UpA " 0.205 0.0575
GIP AMP ApG 0.234 0.256 0.0599
GMP GpG " 0.234 0.0545
cMP CpG " 0.224 0.0524
uMP UpG " 0.286 0.0669
CTP aMpP ApC 0.241 0.302 0.0728
GMP GpC " 0.283 0.0682
CMP CpC " 0.172 0.0414
uMP UpC " 0.242 0.0583
UTP AMP ApU 0.247 0.238 0.0588
GMP GpU " 0.238 0.0590
CcMP CpU " 0.297 0.0734

UMP UpU " 0.226 0.0684
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Appendix B: Calculation of Variance

Variance is a measure of the variation found in a set of values.
In any set of observed values there is a variance due to experimental
error which represents the minimum variation of the data. The variation
of a set of values from a predicted set of values may also be measured
by variance. A comparison of these two variances may be used to
determine whether or not the observed values are significantly
different from the predicted ones. The level of probability of signifi-~
cant difference is determined from the ratio of the two variances
and the number of degrees of freedom involved. (Table for F test
for equality of variances: Snedocor).

The variance of a set of observed values, due to experimental

error may be expressed as:

Variance =
n-1l
where D = the difference between the observed value and the mean,
and n = number of entries. The variance of a predicted set of values
can 8lso be determined from the experimental error of observed values
to which they are being compared. To determine this variance the
coefficient of variation of the observed values is calculated:

Coefficient of variation (v) =

2 1/2
standard deviation _ (£D"/n-1)
mean B Zobserved values/n

the standard deviation of the experiment expressed as a percentage.
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To calculate the variance, then, we have:

Variance1 =

where £ = the predicted value, v = the coefficient of variation.
The variance of any set of values, from a known or predicted
set, may be expressed as:

£ 42

n-1

Variance2 =
where d = the difference between the observed value and the predicted
value, n is fhe same as before (Swartz et al., 1962).

In Table 9 the variance of the asymmetry ratios from the predicted
value of 1.0, for four and six pairs of matching dinucleotides, has
been calculated for each native and denatured DNA template used.

Tor each DNA the experimental variance of the predicted value of 1.0
has been determined using the coefficient of variation, calculated
for each of the sets of matching dinucleotide pairs. The following

formulas were used:

< (v x 1.0)2
Variance1 =
n-1
< (Asymmetry Ratio - 1)2
Variance2 =

n~1

where v = the coefficient of variation, 1.0 = the predicted asymmetry
ratio and n = number of entries. The level of probability of signi-

ficant difference (P) between the agymmetry ratios and 1.0 has been
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determined by the F test for the ratio of Variance1/Variance2.

In Tables 10 and 11 the variance of experimentally determined
nearest-neighbor frequencies from the predicted random values has
been determined. In these Tables:

= (observed frequency - random frequency)2

]

Variance
1
n-l

and 2
< (v x tandom frequency)

Variance
2
n-1
where the observed frequency = the experimentally detemined dinucleotide
frequency and the random frequency = dinucleotide frequency calculated

from the phage DNA base composition.
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Table 1: Iegend

% recovered refers to total T4 or JAT
units recovered. The units recovered

from the DEAE podled enzyme are taken

as 100% for dAT template.

Approximately U0% of the DEAE pooled
enzyme was applied to the glycerol
gradients. 13.4% dAT units represent

a recovery of approximately 33% of the
enzyme activlity appllied to the gradlents.




Enzx%g
racsion

I. Dnase
treated
extract

II: High
speed

supernaﬁant

III:

Ammonlum
sulfate
fraction

DEAE
pooled
enzyme

Glycerol
gradient
pool

Ammonium
sulfate
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Table 1: Purification of RNA polymerase

from E. coll, according to Burgess et al.

(1969) with some modifications

Proteiln
otal . mg/m
mg

13,600 53.2

6.600 33.0

1,780 11.9

165 3.3

0.5

 16.8

7.8 2.6

preclpitated
final fractlion

Specific %Recovered®
CUivity

Units
Recovered

(x10°)

(units/mg)

P4 dAT |T4 AT
15.6 - 1.15 -
15.5 - 12.35 -
16.3 - (9.2 =
9.3 100 | 56 632

- 13.4| - 800
3.0 6.5| 390 840

Tﬁ' dAT
100 -
9 -
104 -
60 100
- 13.%°
19.2 6.5
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Table 2: Iegend

All transcripts were prepared using the standard
enzyme reaction (Materials and Methods II).
Reaction volume was 500 ul, except for T4 native
DNA (both sets) and f1 RF DNA, which were 250 ul.
T4 native DMA, 11m1ted;synthesis, was incubated
for 6 minutes at 23 C.

The amount of protein and DNA are shown for one
experiment, i.e. for one reaction mixture. Eight

parallel experiments, two for each J-P-labeled

‘substrate were carried out. The DNA:protein ratios

are'derived‘from the saturation curves, as described

in the text. To ensure a maximum amount of synthesis

for the limlited-synthesis T4 DNA transcription, the
higher ratio of 1.0 was chosen for thls reactlon.

The other T4 DNA transcripts were synthesized at a |
ratio of 1.0 also, in order to maintqin the same con;

ditions for all T4 DNA transcription.

a. % synthesis - nmoles of RNA synthesized
hmoles DNA Eemp*ﬁfe avallaple

b. template efficlency =

nmoles of RNA synthesized
ug proteln




Table 23 Optimum reaction conditions used in the
preparation of 32P-RNA tranlcripta for nearest-

neighbor analysis: % synthesis, template efficiency

DNA template Proteln DNA DNA:grotein
ug ug ratio
T4 Native 6.2 6.2 1.0
T4 Native 6.2 6.2 1.0
limited-synthesis
T4 Denatured 62 8.0 0.13
T5 Native 6.2 3.1 0.50
T5 Denatured T4 15 0.20
T™7 Native 20 11 0.55
T7 Denatured T2 11 0.15

fl RF 6.2 3.0 0.48
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nmoles DNA % synthesis® template®
RNK made  Hwoled = STTYoTercy
0.75 20.4 3.6 0.12
6.0 26,4 23 0.10
2.1 10.2 50 0.82
7.7 50 15 0.10
21 36 75 1.4
12 36 33 0.17

By 9.9 I T 0.71
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Table 3: Iegend

Analysls, by nuclease digestlon, of prqducts.
formed in the standard enzyme reaction, using
native (N) and denatured (D) DNA templates, with
E. colil RNA polymerase. Dénatured T5 DNA 18 not
included because there was not enough of the same
T5 DNA preparation avallable to carry out these

experiments,

After the standard enzyme reactlon was completed,
1.e. 20 minutes incubatlon at 37 C., aliquote were
gsubjected to digestion with RNase (panRNase at

2 ug/ml and T1 RNase at 1 ug/ml), DNase (DNase I
at 30 ug/ml) or both. Products of digested and
undigested samples were then compared, as to the
amount of labeled RNA that was acid preclpltable
and nitrocellulose membrane bound. Details of

the experimental procedure are described in

Material and Methods V,

The radioactivity present in each sample has been
normalized to 100% for acid precipitable RNA in

the undigested control sample.
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Table 3: Analysis of transcription products
by nuclease digestion: TCA precipitable,
labeled RNA product (T), compared to nitro-

cellulose membrane bound product (M)

Nuclease Type of counts | T 4 DNA
Teatmen - .
N - D
% cpm % cpm
None (control) T 100 2724 100 1500
14 388 01 1364
RNase T 2.5 68 30 hh?
2,2 60 39 579
DNase T 50 1363 67 1003
2.2 61 15 230
RNase and DNase T 2.0 56 6,6 99

M 0.8 21 4,2 63




T7 DNA
N D

% cpm % cpm
100 5656 100 2239
7.8 LS| 31 695
k2 235 17 392
1.5 86 5.6 126

66 3706 80 1707
0.8 50 16 351
0.4 25 5.4 122
0.3 18 3.6 82

TS5 DNA .

% cpm
100 4134

6.9 286

3.0 125
2,0 86

72 2984
1.1 44

2.4 99

0.2 10
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legend: Tables 4A, 4B and 4C

Table JA: A sample set of data 18 given for the four
21-(3') ribonucleoside monophosphates of one electrophoretic
sepérahion., The average fractlion is the average of the four
fractional values determined for the two allguots of the
dupllcate reactions, that were run for each labeled sub;
strate, The dlnucleotlde sequence assoclated with each

transfer 18 also shown.

Table 4B: The base composition of the RNA transcripts was
éxperiméntaily determined from the nearest-neighbor analysis.
The base ratlos and base composition for the f1 DNA tran-

soripts are compared with the known values for f1 plus DNA,

Table 4C: Paired sequences I and II correspond to the six
sets of dinucleotides with matehing nearest-neighbor frequen-
cles which are found in double-atranded DNA, Dinucleotides
ApA, ApG, GpA and GpG are purine dinucleotides (NNF I). Di-
nucleotides UpU, CpU, UpC and CpC are pyrimidine dinucleos- .
tides (NNF II). The last two pairs are mixed purine-pyrimi-
dine dinucleotides. The asymmetry ratio for each pair, 1i.e.
NNF I/NNF II, has been calculated. Each pair has been eval-
uated for equivalence by the 't' test, and the p values are
glven.

a. 8 = standard error of the wmean, and 1s equal

to D/n%, where D 18 the standard deviation and

n 15 the number‘of entries,
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Table 4A° Radioactivity measurements of 32P-1abe1
transferred from 5'-nucleotides to 2'-(3')-nucleot1des.

RNA transcripts of f1 RF DNA

32P;XTP 2';(3') Seéuence cpm Fraction; Averégé
XMP Fraction
ATP AMP ApA ~ 836 63328 0,328
GMP GpA 492 0,193 0.196
CMP CphA 473 6f185 0.180
uMP UpA 750  0.294 0.295
Slim 2551 l.OOO 1.000
GTP AMP ApG 558 0.199 0.205
GMP GpG 635 0.227 0.224
CMP CpG 590 0.211 0.205
UMP UpG 1017 0.363 0.365
Sum 2800 1.000 1.000
CTP AMP ApC 430 0.198 0,195
GMP GpC 541 0.249 0.248
omp Cpe K65  0.214  0.216
UMP UpC 740  0.340 0.342
Sum 2176 1.000 1.000
UTP AMP ApU 1369 0,235 0.232
GMP GpU 1087  0.187 0.180
CMP CpU 1229  0.211 0.213
UMP UpU 2136 03367 0,374

Sum 5821  1.000 1.000




Table 4B: Base composition and base ratios:
£l (+) DNA; RNA transcripts of f1 RF DNA

Base composition (Mole %)

RNA transeripts £1 (+) phage DNA*
RNA base DNA base
A 0.242 A 0.245
@  0.202 G 0.202
c 0.205 c 0.205
U 0.346 T 0.348
Base Ratios
RNA transcripts £f1 (+) phage DNA
RNA ratio DNA ratio
A/U 0.698 A/ 0.704
a/c 0.985 G/c 0.985
Diasymmetry ratlo
A4U/GeC  1.44 A+T/GeC 1,16
Purines/Pyrimidines
A+G/UsC 0.806 A+G/T+C 0.810
6-amino/6~keto
A+C/UsG 0.815 A«C/T+C 0.818

# Schaller et al. (1969)
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Table 4C: Nearest-neighbor frequencies (NNF)

or RRA trangcripts of double-stranded RF f1l

DNA template

Sequence NNF I 8

ApA

GpA

ApG

GpG

CpA

UpA

ApU

CpG

0.0793
0;0475
o;ou23
0.0862
0.0438
0.0622
0.0714
0.0805
0.0422

0.0563

x102

Sé .01
10.08
20.12
t0.95

¥0.11

to.24
Yo. 03
*0.09
10.12

*0.02

Sequence NNF II

UpU

UpC

CpU

CpC

UpG

0.130

0.0701
0.0737
0.0

0.0752

0.0401

8
x10°
£0.26
*0.04
£0.07
£0.03
0.0k

*0.05

105

Asymmetry p

Ratio

0.61
0.68
0.57
1.05
Q.GO

1.55

0.005
0. 005
0;005
0.05
0.005

0.01
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Iegend: Tables 5A,B,C,D,E

Tables 5A,B,C: See Legend for Table 4a,B,C,
Table 5D: The nearest-nelghbor frequencéés of
native and dematured DNA transeripts of each
dinucleotide have beeﬁ evaluated for equ;va;
lence by the 't' test, and the p values are
glven. From this comparlson, changea 1ln 1nd1;
vidual bases 1ln the RNA transcripts of the
native DNA are shown. The random nearest;
neighbor frequencies have been calculated from
the known DNA base composaltlion of each phage
studied (T7 DNA: Mushynskl and Spencer, 1970 a;
T4 and T5 DNAS: Wyatt and Cohen, 1953).

Table 5E: The distribution of dinucleotides in
the RNA transcripts 1s shown for four groups of

simllar sequence,




107

Table 5A: Radioactivity measurements of 32P-label

transferred from 5'-nucleotides to 2'-(3')-nucleotides:

RNA transcripts of TT DNA
Native T7 DNA

32p_xpp

ATP

cTP

21-(31)
XMP

AMP
GMP
CMP
UMP

AMP
GMP
CMP

AMP
GMP
CMP

AMP
GMP
CMP
UMpP

Sequence opm
ApA 1384
GpA 1230
CpA 1165
UpA 902

Sum 4681
ApG _1#19
GG 1286
Cpe 1285
Upo 1518

Sum 5499
ApC 103;
GpC a
CpC 565
UpC T

Sum 3317
ApU 1198
GpU 1;36
CpU 1542
UpU 1103

Sum 5029

Fraction

0,296
o 265
0,219
0,193
1.000
0,256
0,254
oz
0.276
1.600
o306
0.283
0. 169
0,234
1.060
oo
0.236

0,307

0.215
2.000

Average

- Fraction

0.288
0.263
0.2u4
1.000
0.256
0.23
0.224
0.286
1.000

0.302
0.283
0.172
0.242
1.000

0.238
0.238
0.297
0.226
1.000




32p.xrp

ATP

CTP

21-(31)-
XMpP

GMP
CMP
uMP

AMP
GMP
CMP

AMP
GMP
CMP

AMP
GMP
CMP
UMP

Denature

d T7 DNA
Sequence cpm
ApA 6&3
GpA .676
CpA 639
UpA | 583

Sum 2535
ApG 874
Gp@ 7;#
CpG 701
UpG 871

Sum 3160
ApC h62
GpC 336
CpC 361
UpC 340

Sum 1599
ApU 666
GpU 711
CpU 830
UpU 171

Sum 2984

Fraction

oo
0,265
0. 25
020
1.006

91275
0.226
0.222
0.276
1.000

0.289
0.210
0.226
0.275
1.000

0.223
0.238
0.278
0,250
2,00
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Average

Fraction
0.255
0.261
0.259
0,226
1.000

o,asé
0.216
0.220
0.282
1.000

0.28b
0.227
0.217
0.271
1.000

.0.223

0.243
0.282
0,252
2,000



e Table 5B: Base composition and base ratlos:
T™7 DNA; RNA transcripts of T7 DNA

RNA transcripts

RNA base

a a @ »

RNA transcripta

RNA ratio

A/U
a/c

A+U/G4C
A+G/UsC

A+C/UsC

Base Composition (Mole %)

DNA template DNA base
Native Denatured
0.279 0.262 T
0.234 0.237 c
0.241 0.245 G
0.247 0.257 A
Base Ratlos

DNA template DNA ratio
Native Denatured
1.13 1.02 A/T
0.97 0.97 G¢/c
Dissymmetry ratio
1.11 1.08 A+T/G4C
Purines/Pyrimidines

1.05 1.00 A+G/T4C

| 6-amino/6-keto
1.08 1.03 A4C/T4C

* Mubhynski and Spencer, (1970 a)

77 phage DNAY*

0,253
0.249
0.237
0.260

T7 phage DNA*

0.97
1.05

1.06
0.98

1.04
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Table 5C: Nearest-nelghbor frequencles NNF of NA

transcripts of native and denatured T7 DNA templates

Sequence NNF I

ApA

GpA

ApG

GpG

CpA

GpU

UpA

ApU

Cp&

0.080#
0.0734
0.0599
0.0545
0.0681
0.0590
0.0575
0.0588
0.0524

0.0682

Native T7 DNA template

x10

¥0.05
*0.06
t0.04
%0.04
¥o.04
%0.03
$0.11
*o0.02
10,06

¥o.o0l

UpU

UpC

CpU

CpC

UpG

ApC

Sequence NNF 11

0.0684
0.0583
0.0734
0.0414
0.0669

0.0728

_ 8
xlO2
t0.06
to.oS
to.07
¥0.02
$0.10

*0.07

Asymmetry p

Ratio

1.18
1.26
0.82
1.32
1.02

0.80

0.001
0.001
0,001
0.001
0.30

0.001




Sequence NNF I

ApA

GpA

ApG

GpG

CpA

GpU

UpA

Cpl

Gpg

0.0668
0.0683
0.0671
0.0510
0.0678
0.0627
0.0592
0.0575

0.0521

- 0.0556
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Denatured T7 DNA template

8 Sequence NNF II 8 Asymmetry p

~ Ratio
x102 x102
Yo.ol4 UpU 0.0650 ¥0.10 1.02 0.20

*0.06 UpC 0.0664 *0,07 1.03 0.10

*0.07 CpU 0;0728 iofos 0.92 0,001
20.12 CpC  0.0532 £0.09 0.96 0.20

¥0.10 UpG  ©0.0668 10.15 1.01 o;so

%0.05 ApC  0.0696 ¥0.08 0.90 0;001
20,14

%0.02

20,14

¥o0.14
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Table 5D: Comparison of dinucleotide frequencles

of native (N) and denatured (D) T7 BNA transcripts:

frequencies calculated for random association of basges

Sequence

ApA
UpU

GpA
UpC

ApG
CpU

Gp&
CpC

CpA
UpG

Cp@
apC

RNA transcripts

N
0.0804
0.0634

0.0734

0.0599
0.0734

0.0545
0.0414

0.0681
0.0669

0.05390
0.0728

0.0575
0.0588

0.0524
0.0682

NNF

D
0.0668
0.0650

0.0683

0.0664

0.0671
0.0728

0.0510
0.0532

0.0678
0.0668

0.0627
0.0696

0.0592
0.0575

0.0521
0.0556

N/D

1.20
1.05

1,08
0.88

0.89
1.01

1.07
0.78

1.00
1.00

0.94
1.05

0.97
1.02

1.01
l1.23

p

0.01
0.001

0.001
0.001

0.001
0.001

0.001
0.01

0.50
0.50

0.01
0.001

0.40
0.001

0.50
0.001

Base change 1n N
+ Increase
- decreage
0 no change

+ G.A
- U,C
- A’G
"' U,C

- G,U
+ A,C



Sequence

ApA
UpU

GpA
UpC

ApG
CpU

GpG
CpC

UpG

QpU
ApC

UpA
ApU

CpG
GpC

Random NNF

0.0576
0.0640

0.0616
0.0630

0.0616
0.0630

0.0562
0.0620

0,06#5
0.0600

0.0509
0.0645
0.0658
0.0658

0.0590
0.0590
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Table 5E: Dinucleotide distrlibutlon

of RNA transcripts of T7 DNA

Dinucleotlde groups*

I
ApA
ApG
GpA
GpG
RNA
RNA transcript 0.268
of native T7 DNA
RNA transcrilpt 0.253

of denatured TT7 DNA

* groups are:

I. Purine dinucleotides

II. Pyrimidine dinucleotides

II

Upl
CpU
UpC
CpC

Mole %

0.242

00257

III. Mixed complementary dinucleotlides

III
CpA

UpG
ApC

0.267

0.267

IV. Mixed self-complementary dinucleotldes

114

IV

0.237

0.224
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Legend: Tables 6A,B,C,D,E

See Legend for Tables 4A,B,C and QD,E.
In Table 6D, the nearest-neighbor
frequencies of the Tl phage DNA are
shown, In Table 6E, the distribution
of the dinucieotides has also been

given for T4 phage DNA.
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Table 6A: Radloactivity measurements of 32p.1abel

transferred from 5'-nucleotides to 2'9(3')-nucleotides;

RNA transeripts of T4 DNA

32P;XTP 2l;(3|)
XMP

ATP AMP
GMP
CMP
UMP

GTP AMP
GMP
CMP
UMP

CTP AMP
GMP
CMP

uTP AMP
GMP
cMp

Native T4 DNA

Sequence apm
ApA 4512
GpA 2464
CpA 1766
UpA 3087
Sum 11829
ApG 1869
GpG 1245
CpG 1147
UpQ 21490
Sum 6742
ApC 1091
GpC 851
CpC 668
UpC 1431
Sum uoﬁl
ApU 1772
GpU 801
CpU 1961
UpU 2380

Sum 6014

Fractlion

0.381
0.208
0.149
0.261
1.000

0.275
0.185
0.170
0.369
1.000

0.270
0.21}
0.165
0.354
1,000

0.295
0.133
0.176
0.396
1.000

Average
Fraction
0.375
0,197
0.156
0.271
1.000

0.279
0.179
0.158
0.383
1.000

0.265
0.222
0.160
0.352
1.000

0.308
0.145
0,169
0.376
1.000




32p.xrP

ATP

UTP

21-(31)
Mp
AMP
GMP
CMP
UMP

- AMP

GMP
CMP
UMP

AMP
GMP
CMP
UMP

AMP
GMP
CHP

Denatured T4 DNA
Jequence  cpm

ApA 1647
GpA 851
CpA 665
UpA 1168

Sum 4331
ApG 716
GpG 459
CpG 385
UpG 960

Sum 2520
ApC 530
GpC 411
CpC 305
UpC 696

Sum 1902
ApU 2023
GpU 1043
CpU 985
UpU 2151

Sum 6202

Fraction

0.380
0.196
0. 154
0.290
1.000

0.284
0.182
0.153
0.381
1.000

0.273
0.212
0.157
0.358
1.000

0.326
0.168
?:%59
0.347
1.000
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Average
Fraction
0,389
0.205
0,155
0.260
1.000

0.292
0.183
0.152
0.372
1.000

0.280
0.209
0.;52
0.356
1,000

0.320
0.164
0:462
0.354
1.000



Table 6B: Base composition and base ratios:

T4 DNA; RNA transcripts of T4 DNA

Base Composition (Mole %)

RNA transcripts T4 phage pNA¥

RNA base DNA template DNA base
Native Denatured

A 0.7317 0.328 T 0.318

G 0.181 0.188 ¢ 0.179

c 0.161 0.157 a 0.184

U 0.340 0.328 A 0.319
Base ratlos

RNA transcripts T4 phage pua*
RNA ratio DNA template DNA ratio
Native Denatured

A/U 0.93 1.00 A/T 1,00

a/c 1.13 1.20 a/c 0.97
Dissymmetry rétio

AMU/GsC  1.92 1.90 A+T/G¢C  1.75

Purines/Pyrimidines
A+G/U+«C 0.99 1.06 A+6/T4C 0,99
| 6-amino/6-keto
A+C/UsG  0.92 0.9l A+C/T4@  0.99

* Wyatt and Cohen, (1953)
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Table 6C: Nearest-neighbor frequencies (NNF) of RNA

transcripts of native and denmatured T4 DNA templates

Sequence NNF I

ApA

ApG

GpG

GpU

UpA

ApU

CpG

GpC

0.119
0.0625
0.0506
0.0325
0.0496
0.0498
0.0858
0.105

0.0286

0.0358

Native T4 DNA template

8
%102
£0.13
¥0.30
£0,08
£0,03
0,11
0,34
£0.04
0,22
£0.08

10,16

CpU

CpC

UpG

Sequence NNF II

0.128

0.0567
0.0574
0.0258
0.0693

0.0426

. .5
xlO2
*0. 0k
£0.06
£0.15
£0.05
£0.11

%0.11

Asymmetry

Ratilo

0.93
1;10
0.88
1.26
0.72

1.17

0.001
0;10
0.10
0.001
0.001

0.10




Sequence NNF 1

ApA

GpA

ApG

GpG

CpA

GpU

UpA

CpG

GpC

0.125

0.0673
0.0530
0.0344
0.0510
0.0534
0.0854
0.105

0.0286

0.0329

Denatured T4 DNA template

8
xlo2
f0.02
0,07
£0,07
%0.04
¥0.01
$0.06
0,08
20.08
£0,02

0,02

UpU

UpC

CpU

CpC

UpG

ApC

Sequence NNF II

0.116

0.0558
0.0529
0.0239
0.0699

0.0439

8
x102
%0.10
£0.03
£0.03
£0.03
ro.01

0.04

120

Asymmetry P

Ratio

1.08
1.20
1,00
1.
0.73

l.22

6.001
0.001
9.50

0.001
0.001

0.001
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Table 6D: Comparison of dinucleotide frequencies

of native (N) and denatured (D) T4 RNA transcripts:

dinucleetide frequencies for random association of

bases and for T4 phage DNA

Sequence

ApA
UpU

GpA
UpC

ApG
CpU

GpG
CpC

CpA
UpG

GpU
ApC

HpA
ApU

CpG

RNA transcripts

N
0.119
0.128

0.0625
0.0567

0.0506
0.0574

0.0325
0.0258

0.0496
0.0693

0.0498
0.0426

0.0858
0.105

0.0286
0.0358

NNF

D
0.125
0.116

0.0673
0.0558

0.0530
0.0529

0.0344
0.0239

0.0510
0.0699

0.0534
0.0439
0.0854
0.105

0.9886
0.0389

N/D

0.95
1.11

0 93
1.02

0.95
1.08

0.9"‘
1.08

0.97
0.99

0.93
0.97

1.00
1.00
1.00
1.09

P

0.001
0.001
0.05
0.20

0.05
0.005

0.05
0.001
0.05
0.50
0.20
0.20
0.50
0.50
0.50
0.01

Base -change in N
+ lncrease
~- decrease
0 no change

o+

c,0

c NEG 28

A,C



Sequence

RNA
ApA
UpU

GpA
UpC

ApG
CpU

GpG
CpC

CpA
UpG

GpU
ApC

UpA

CpG
apC

Random NNF

0.101
0.102

0.569
0.0587

0.0587

0.0320
0.0338

0.0585
0.0571

0.0571
0.0585

0.101
0.101

0.0329
0.0329
* from Josse et al (1961)

T4 DNA*

0.109
0.109

0.059
0.059

0,056
0.057

0.032
0.035

0.063
0.061

0.049
0.052

0.091
0.105
0.027
0.036

Sequence

DNA

TpT
ApA

GpA
CpT
ApG

CpC
GpG

TpG
CpA

ApC
GpT

TpA
ApT

CpG
GpC
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Table 6E: Dinucleotide distribution
of RNA transcripts of T4 DNA

Dinucleotlde groups*

I Il I1I Iv
ApA UpU CpA UpA
ApG CpU UpG ApU
GpA UpC ApC CpG
GpG CpC GpU GpC
RNA or DNA Mole %
RNA transcript of 0.294 0.245 0.214 0.247
native T4 DNA
RNA transcript of 0.280 0.249 0.218 0.252
denatured T4 DNA
T4 phage DNA # 0.260 0.256 0.225 0.259

* groups are: I. Purine dinucleotides
II. Pyrimidine dinucleotides
III. Mixed complementary dinucleotides
IV. Mixed self-complementary dinucleotides

# Josse et al. (1961)
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Legend: Tables TA,B,C,D,E
See Legend for Tables 4A,B,C and 5D,E.
in Table 7D, the neapeat&heighbor "
frequencies of the T4 phage DNA are
shown. In Table TE, the distribution
of the dinucleotldes has also been

given for T4 phage DNA.
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Table TA: Radloactivity measurements of 32P-label

transferred from 5'~nucleotides to 2'-(3')-nucleotides:

11m1ﬁed-synthesis transcripts of native T4 DNA

32PLXTP 2';(3') Sequence cpm
XTP

ATP AMP ApA 1131
GMP GpA 641

CMP CpA 421

UMP UpA 753

Sum 2946

GTP AMP ApG 418
GMP GpG 256

CMP CpG 159

UMP UpG 545

Sum 1378

CTP AMP ApC 321
aMpP GpC 290

CMP CpC ;67

UMP UpC 430

Sup 1208

UTP AMP ApU 528
GMP GpU 246

CMP CpU 251

UMP UpU 603

Sum 1628

Fraction

0.384
0.217
0.143
0.256
1.060
0.303
0,185
0.115
0.396
1.006

0.266
0.240
0,138
0.356
1.000

o2k
0.151
9?154
0.370
1.000

Average
Fraction
6,388
0.222
0,135
0.250
1.000

0302
6?174
0.126
0,398
1.500

0.263
6,235
0.139
0.362
1.000
0.315
0.164
o 156
0. 36H
1.600




Table TB:

T4 DNA; limited-synthesis RNA transcripts of T4 DNA

RNA tramscripts

RNA base

o Q @2 >

RNA transcripts

RNA ratlo

A/U
a/c

A+U/GC

A+G/U+C

A+C/UsG

Base composition and base ratioa:

Base Composition (mole %)

DNA template DNA base
Natlve Denatured
0.321 0.328 T
0.185 0.188 c
0.167 0.157 G
0.340 0.328 A

DNA template DNA ratilo

Natlve Denatured

0.98 1.00 A/T

1.11 1.20 a/c

Dissymmetry ratlo

1.84 1.90 A+T/G+C
Purines/Pyrimidines

0.98 1.06 A+G/T4C
6-amino/6-keto

0.95 0.94 A+C/T4C

Base ratios

* Wyatt and Cohen (1953)

T4 phage DNA™

0.318
0.179
0.184
0.319

T4 phage DNA¥

1.00
0097

1.75
0.99

0.99
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Table 7C: Nearest-neighbor frequencies (NNF) of RNA

transcripts of native T4 DNA (limited-synthesis)

Sequence NNF 1

ApA

GpA

ApG

GpG

CpA

GpU

UpA

CpG

GpC

0.128

0.0731
0.0588
0.0340
0.0445
0.0543
0.0838
0.105

0.0246

0.0332

8
x10
%0.07
io;ll
0,11
£0,08
%0.09
¥0.49
20.06
%0.19
¥0,12

¥0.07

Sequence NNF 1I

UpU

UpC

CpU

CpC

Up@

0;122

0.0511
0.0524
0.0197
0.07T77

0.0372

8
x10°
%041
£0.05
*0.18
$0.02
20.19

%0.07

Asymmetry p

Ratio
1.05
1.43

1.12

0.20
0.001
0.02
0;001
0;001

0.02
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Table 7D:
of dimited synthesis native (N) and denatured (D)

Comparison of‘dinucleotide frequencles

T4 RNA transorlpts: dinucleotide frequencies for

random assoclation of bases and for T4 phage DNA

Sequence

ApA
UpU

GpA
UpC

ApG
CpU

GpG
CpC

CpA
UpC

GpU
ApC

UpA

RNA transcripts

N
0.128
0.122

0.0731
0.0511

0.0588
0.0524

0.0340
0.0197

0.0445
0.0777

0.0548
0.0372

0.0838
0.105

0.0246

NNF

D
0.125
0.116

0.0673
0.0558

0.0530
0.0529

0.0344
0.0239

0.0510
0.0699

0.0534
0.0439

0.0854
0.105

0.0286
0.0329

N/D

1.02
1.06

1.09
0.92

1.11
0.99

0.99
0.82

0.87
1.11

1.03
0.85

0.98
1.00

0.86
1.01

p

0.30
0.05

0.001
0.001

0.001
0.50
0.50
0.001

0.30
0.001

0.50
0.001

0030
0.50

0.005
0.50

Base change in N

+

0

increase
decreasge
no change

G,A

A,G

A,C




Sequence

RNA
ApA
UpU

apA
UpC

ApG

GpG
CpC

CpA
UpG

ApC

UpA

CpG
GpC

Random NNF

0.101
0.102

0.0569
0*0587

0.0569
0.0587

0.0320
0.0338

0.0585
0.0571

0.0571
0.0585

0.101
0.101

0.0329
0.0329

T4 DNA#*

0.109
0.109

0.059
0.059
0.056
0.057

0.032
0.035

0.063
0.061

0.049
0.052

0.091
0.105

0.027
0.036

* from Josse et al. (1961)

DNA

TpT
ApA

GpA

CpT
ApG

CpC
GpG

TpG
CpA

ApC
GpT

ApT

CpG
GpC
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Sequence
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Table TE: Dinucleotlde dlstribution of RNA
transcfipts of T4 DNA (1limited-synthesis)

Dinucleotide groups*

I II I1I Iv
ApA UpU CpA UpA
ApG CpU UpG ApU
GpA UpC ApC CpG
GpG CpC GpU @pC

RNA or DNA Mole %

RNA transcripts of 0.294 0.245 0.214 0.247

native DNA

(1imited aynthesis)

RNA transcripts of 0.280 0.249 0.218 0.252

denatured T4 DNA

T4 phage DNA # 0.260 0.256 0.225 0.259

* groups are: I. Purine dinucleotides
II. Pyrimidine dinucleotides
III. Mixed complementary dinucleotides
IV. Mixed self-complementary dinucleotides

# Jomse et al. (1961)
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legend: Tables 8A,B,C,D,E

See Legend for Tablea 45,B,C and Tables
5B,E. 1In Table 8D, the nearest-neighbor
frequencies of the T5 phage DNA are
shown. In Table TE, the distribution of
the q1nuéle6t1deg has also been given

for T5 phage DNA.
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Table 8A:

Radioactivity meaeurements of 32P-1abe1

transferred from 5'-nucleotides to 2. (3')-nuoleot1des~

" RNA transcripts of T5 DNA

32p.xTP

ATP

CTP

uTP

Native Té DNA~

2'-(3")

XMP

AMP ApA
aMP GpA
CMP CpA
UMP UpA
AMP ApG
GMP GpG
CMP CpG
UMpP UpG
AMP ApC
GMP GpC
CMP CpC
UMP UpC
AMP ApU
GMP GpU
CMP CpU
uMP UpU

Jequence

cpm

2386
1417
1100
2099
Sum 7002

1309
897
705
133
Sum 4245
1044
903
740
1148
Sum 3835
661
1084
1130
1783
Sum 5656

Fraction

0.341
0.202
0.157
0.300
1.000

0.308
0.211
0.166
0.314
1.000

01272
0,236
0.193
0.299
1.000

0.294
0.192
0.200
0.315
1.000

Average
Fraction
0.334
0.202
0.163
0.301
1.000

0.311
0.210
0.162
0.318
1.000

01274
0.234
0.198
o-o
1.000

0.202
0.182
0.206
0.320
1.000



32p_xp

ATP

CTP

UTP

21-(31)
XMP
AMP
GMP
CMP
UMP

AMP
aMp
CMP
UMP

AMP
GMP
CMP
UMP

AMP
GMP
CMP

Denatured QQVDNA

Sequence cpn
ApA 1468
GpA 810
CpA 756
UpA 1264

Sum h285
ApG 1187
GpG 761
CpG 709
UpG 1295

Sum 3952
ApC 776
GpC 683
CpC 553
UpC 862

Sum 2874
ApU 1511
G0 966
CpU 1153
UpU ;852

Sum 5477

Fraction

0,310
0.189
0,176
0.295
1.000
0,300
0.193
0.179
0.328
%.000

0.270
0.238
0.192
0.300
1,000

0.276
o176
0.210
0.338
1.600

133

Average
Fraction
0. 334

0.18%

0.177
0.30%
1.000
.302
.202
.173
.322
.000

~ O O O O

0.263
0.222
0.204
0.311
1.000

0.280
0.174
02205
0,340
1.000




Table 8B: Base composition and base ratlos:
T5 DNA; RNA transcripts of T5 DNA

Bage Composition (Mole %)

RNA transcripts

T5 phage DNA*

RNA base DNA template DNA base
Native Denatured ‘
A 0.304 0,284 T 0,303
G 0.203 0.225 c 0.195
C 0.1388 0.183 G 0.195
U 0.311 0.308 A 0.308
Base ratlos
RNA transeripts T5 phage DNA¥
RNA ratilo DNA template DNA ratilo
Native Denatured
A/U 0.98 1.08 A/T 0.98
G/c 1.08 1.23 a/c 1.00
Diaqymmetry ratlos
A+U/G4C  1.57 1.45 AAT/G4C  1.57
Pur;nes/Pyrimidines |
A+GQ/UsC 1.02 1.04 A#G/T@C 1.01
6;am1no/6-keto
A+C/UsG  0.96  0.88 AsC/T4C  0.99

* Yyatt and Cohen (1953)
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Table 8C: Nearest-neighbor frequencles (NNF) of RNA

transeripta of native and denatured T5 DNA templates

Sequence NNF I

ApA

GpA

ApG

GpG

CpA

GpU

UpA

ApU

CpG

GpC

0.102

0.0606
0.0632
0.0426
o.ou95
0.0567
0.0917
0.0907
0.0328

0.0440

Native T5 DNA template

a
x10
*9.12
10;10
¥0.04
%0.02
io;ou
%0.10
¥o.07
$0.11
¥0.02

$0.02

Sequence NNF I1

UpU

UpC

CpU

CpC

UplG

ApC

0.0998
0.0551
0.0640
0.0371
0.0644

0.0514

8
x102
%0.14
$0.08
20.08
¥0.03
20.05

*5.06

Asymmetry P

Ratlo

1.02
1.11
0.99
115
0.77

1.10

0;26
0;001
0.40
0.001
0.001

0.001
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Denatured T5 DNA template

Sequence NNF I 8 Sequence NNF II 8 Asymmetry P
_ 2 o Ratio
x10 x10
ApA  0.0950 ¥0.17 UpU  0.105 fo0.24 0.90 0.10
GpA 0.0524 10,12 UpC 0.0570 %*0.07 0.92 0.005

Ap@  0.0680 0.03 CpU  0.0633 20;16 1.07 0465
GpG  0.0455 10,08 cpC  0.0374 %0,13 1.22 0;001
CpA  0.0502 %0.02 Upé¢ 0.0725 '0.09 0.69 0;001
GpU  0.0536 %0.05 ApC 0.0481 to;o7 1.11 o;ooa
UpA  0.086F %0.26
ApU 0.0864 20,09
cpd  0.0390 *0.07

GpC 0.0406 20,16
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Table 8D: Comparison of dinucleotide frequencies

of native (N) and denatured (D) T5 ENA transeripts:
dinucleotlide frequencies for random assoclatlon of-
bases and for T5 phage DNA

Sequence NNF N/D p Base change in N

4+ increase
RNA transcripts -~ decrease
0 no change
N D o
ApA 0,102 0.0950 1.07 0.025 + A
UpU 0.099 0,105 0.95 0.05 - U
GpA 0.0606 0,052k 1.20 0.005 { G,A
UpC 0.0551 0.0570 0.97 0.10 0
ApG 0.0632 0.0680 0.93 0;001 - A,G
CpU 0.0640 0.0633 1.01 0.50 o
GpG 0.0426 0.0455 0.94 0.001 - G
CpC 0.0371 0.0374 0.99 0.50 0
CpA 0.0495 0.0502 0.93 0.40 0
UpG 0.0644 0.0725 0.839 0.001 - G,U
GpY 0.0567 0.0536 1.06 0.10 0
ApC 0.0514 0.0481 1.97 0.005 + A,C
UpA 0.0917 0.0864 1.06 0.025 # AU
ApU 0.0907 0.0864 1.05 0.05 + AU
CpG 0.0328 0.0390 0.84 0.10 0

GpC 0.0440 0.0HO06 1.08 0.01 + G,C



Sequence

RNA
ApA
UpU

GpA
UpC

ApG

Gp@G
CpC

CpA
UpG
GpU

ApC

UpA
ApU

Cpt
apC

Random NNF

0.0949
0.0919
0.0601
0.0591

0.0601
0.0591

0.0380
0.0380

0.0601
0.0591

0.0591
0.0601

0.0933
0.0933

0.0380
0.0380

TS5 DNA¥*

0.100
0.105
0.06

0.054
0.064
0.056
0.038
0.035
0.057
0.058
0.052
0.0u8

0.098
0.103

0.032
0.043

* from Swartz et al. (1962)

DNA
TpT
ApA

TpC
GpA

CpT
ApG

CpC
GpG

TpG
CpA

ApC
GpT

ApT

CpG
GpC
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Sequence
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Table 8E: Dinucleotide dlstribution
of RNA transcripts of TS5 DNA

RNA or DNA

RNA transcripts
of native T5 DNA

RNA transcripts of
denatured T5 DNA

T5 phage DNA #

* groups are: I.
II.

III.

IV,

Dinucleotide groupa*

I II I1T Iv
ApA UpU CpA UpA
ApG CpU UpG ApU
GpA UpC GpU CpG
GpG CpC ApC GpC
Mule %
0.268 0.256 0.202 0.259
0.261 0.263 0.224 0.252
0.250 0.262 0.215 0.276

Purine dinucleotides
Pyrimidine dinucleotildes
Mixed complementary dinucleotildes

Mixed self-complementary dinucleotldes

# Swartz et al. (1962)



140

Iegend: Table 9

The varlances in thls table have been calculated for
the first four pairs of dinucleotides, and also for all
six dlnucleotlde palra. The four dinucleotide paira are
purine;pyrimidine pairs:

ApA:UpU, ApG:CpU, GpA:UpC, GpG:CpC; |
The six dinucleotide pairs include these four,and the two
mixed purine-pyrimidine palrs:

CpA:UpG and GpU:ApC.

The values of the variances are:

Observed = S(Asymmetry ratio predicted-observed asymmetry ratio)?
. n - I

Error = £(v_x Asymmetry ratiopredicted)2
n -1 B

where n = number of entried, v = coefflclent of variation,

see Appendix B,

The asymmetry ratio 1s discussed in the text, and the
values determined for all the DNAs studied are given 1ln Tables
5C, 6C, 7C and 8C. The observed asymmetry ratlo 1s defined
as the ratlo of the hearest-neighbor frequenciliesd, in the
transcribed RNA, of the matching dinucleotide palrs. The
predicted asymmetry ratlo 1s defined as 1.0, its value in
double-stranded DNA.

a, T4 Native (1limited) refers to the experiment,
discussed in the text, in which RNA synthesis
was limited to early mRNA.
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Table 9: Variances of the asymmetry
ratios of the paired dinucleotides in the RNA

transcripts
DNA template Variances (x 102)

4 Dinucleotide pairs 6 Dinucleotide pairs

Observed Error p Observed Error p
T4 Native 3.2 0.24 < 0,05 4.1 0.29 < 0.0%
T4 Denatured 7.9 0.16 <0.08 T.2 0.12 < 0,09
T4 Native 24 0.33 < 0,09 24 0.59 < 0,05
(1imited)
T4 Denatured 7.9 0.16 <0.05 7.2 0.12 < 0,05
TH5 Native 1.2 0.16 <0.05 1.2 0.15 < 0.05
T5 Denatured 2.3 0.20 < 0,05 3.6 0.13 <0,05
T7 Native 7.8 0.09 < 0.05 5.5 0,08 < 0,05

T7 Denatured 0.31 .10 0.20 0.39 0.09 0.10
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Iegend: Table 10

‘ The sixteen dinucleotide frequenclea found experi;
mentaily, for each phage DNA, have been compared to the ‘
random_neareat-neighbor fféquencies of these dinpc;eotidee.
The random values used, are given in Tables 5D, 6D, TD and
8D. The variance of the observed frequencies (NNF obaerved)
from the prédicted random frequencies (NNF random) was

calculated, as follows:

Variance observed = 3 (NNF observed - NNF rzamdo‘)2
S n-1

The varlance of the predicted values, calculated from

experimental error, was also determined, as follows:

Variance error = (v x NNF predicted)2
n-.1

where n = number of entries, and v = coefficient of

variation (see Appendix B).




Table 10:

frequenciea for each bacteriophage DNA

DNA template

T4 Native

T} Native
(1imited)

T4 Denatured

TS5 Native
TS5 Denatured

T7 Natlve
T7 Denatured

Variance from random nearest-nelghbor

Observed

1.3

2.1

1.2

0.32
0.62

0.84
0.36

Variance (x 10“)

Error

0.10
0.12

0.03

0.06
0.05

0.03
0.03

0.001
0.001

0.001

0.001
0.001

00001
0. 001

143
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Iegend: Table 1l

The experimental dinucleotlde frequencles
have been compared to the calculated random
frequencies (Tables 5D, 6D, 7D and 8D) for
each dinucleotide seqﬁencé, The variance has
been determined for the transéripts of the
four native DNA tempdates and the three
denatured DNA templates, combined (native:
T4, Th-limited, T5 and T7; denatured: Tk,

T5 and T7). The calculations are described
in Table 10 and in Appendix B.
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Table 11: Variance from random nearest-neighbor

frequencies for each dinucleotlde sequence

Dinucleotide Variance (x 104) Deviation from random
frequencieas € 0.005

Observed Error p

+ 0 -
ApA 3.2 0.026 < 0.05 5 2
UpU 2.5 0.15 <0.05 5 2
GpA 1.06 0.074 <0.05 5 1 1
UpC 0.21 0.024 < 0,05 6 1
ApG 0.27 0.041<0.05 2 b 1
GpG 0.20 0.020 <0,05 1 5 1
CpC 1.44 0.030 < 0.05 2 5
CpA 0.94 0.030<0.05 2 5
UpG 1.73 0.053 <0.05 T
GpU 0.20 0.26 > 0.05 5 2
ApC 2.0 0.18 < 0.05 1 1 5
Upg 1.55 0.087 < 0.05 1 6
ApU 0.36 0.061 < 0,05 4 3
CpG 0.37 0.045 ¢0.05 3 b
apC 0.24 0.041 <0.05 2 5

% (+,0,-) 0.27 0.41 0.32

Sum - 112 Sum 30 46 36
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ILegend: Table 12

The sequences of several control reglons in E., coll

and coliphage DNA have been analyzed. The number
of palrs of four different types* of dinucleotide
were counted in each reglon. The frequencles of the
dinucleotides were calculated as the fraction of the

number of bases sequenced in the reglon.

a. Lac operator region in E. coll.

Lac operator-promoter region 1n E. coll.

Gilbert and Maxam, 1973
b. Prom.oter and terminator region of E. coll
Tyr-tRNA gene.
Sekiya and Khorana, 1974; Loewen et al., 1974
¢. Py, promoter reglon in lambda.
Maniatis et al., 1974
d. Phage fd binding site for RNA polymerase
and initiation site for transcription.
Sugimoto et al., 1975
e, A3 promoter reglon in phage T7.
Pribnow, 1975 |

* The dinucleotides were divided into four groups, as follows:

Purines: ApA, ApG, GpA, GpG

Pyrimidines: TpT, TpC, CpT, CpC

Mixed, complementary: CpA, TpG, GpT, ApC
Mixed, self-complementary: TpA, ApT, CpG, GpC
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Sequences of reglons analyzed

* mRNA synthesis
5'~-AATCATGGTCAGAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATT -3 a,
* rep_ressor ginding *

51-AGQTTCAGGGACTTTTGAAAGTGA-3!  Terminator reglon b.
51-CGCCGCGCAGTAAACTATACTACGCGGGG-3' Promoter region

5'!'«GTGCTCAGTATCACCGCCAGTGGTATTTATGTC~3" c.
5'-AAATCAAAAATCAGGTCTTTACCCTGTCTATTATAGTCAGAAGC-3' 4.
mRNA initiation . * . ,

5'-TGACTCACTGTCGTTTCATGTGGTACACGTACCGTGTTTACTT-3' e,
"mRNA initiation * .
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Table 12: Calculated dinucleotide frequencies in

control sequences of . coll and colliphage DNA

Dinucleotide

Purine
# of pairs
frequency

Pyrimidine
# of pairs
frequenoyq

Mixed,
complementary
# of pairs
frequency

Mixed,
gelf-complementary
# of palrs
frequency

# aof bases
sequenced

Reglon Sequenced

Apperator 4poperator-
lac Promoter
lac
2 5
0.10 0.12
T 13
0.35 0.32
5 13
0.25 0.32
p
0.30 Q.22
24 3

Dinucleotide frequency
in E.coll

Purine
Pyrimidine

Mixed,
complementary

Mixed,
gelf-complementary

bPromober
E. coll
Tyr-TRNA

0.237
0.243
0.251

0.269
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Region sequenced

Pperminator Lambda Py, 9%a binding deq ®Promoter
E. coll Promoter site for initiation A3z in T7
Tyr-tRNA RNA polym. gite

10 2 13 8 2
0.45 0.06 0.30 0.38 0.05
6 8 13 6 13
0.27 0.25 0.30 0.29 0.30
6 12 9 6 21
0.27 0.38 0.21 0.29 0.49
4] 10 8 1 T
8.0 0.31 0.19 0.05 0.16
23 32 Ly 22 uy

Dinucleotide frequency
in £d& plua DNA

Purine 0.215 ( ApA,ApG,GpA,QpG)
Pyrimidine 0.318 (Tpr, TPC,CPT,CDC)

Mixed, 0.221 (CpA,TpG,ApC,GpT)
complementary , |

Mixed, 0.250 (TpA, ApT,Cp&,GpC)

gelf-complementary
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Legend: Figure 1.
Fractionation of RNA polymerase on a DEAE-cellulose column

1780 mg of Fraction III protein was applled to a DEAEQ
cellulose column (3.5 x 11 cm) that had been equilibrated
with buffer A. The proteln was eluted in a stepuige manner,
as described in the text, The flow rate was 60 mi/hr, and A
the RNA poltmerase actlviby'waa eluted at the 0.23 M KC1 step.
Protein concentration was determined by the method bf'Lowry
et al. (1951). RNA polymerase activity in each fraction was
determined in the atandard enzyme reactlon (Materials and
Methods II), using 4.5 ug of dAT copolymer as template,
and 14c-aATP as the labeled substrate (910 cpm/nmole).

Fractions #1-17 contained the flow-through material,
Fractiona #24-36 contalned the buffer A + 0.13 M KC1l peak,
The RNA polymerase activity was eluted in the buffer A +
0.23 M KC1 peak, fractions #U6-54, Fractions 46-49, con-

taining the peak enzyme actlvity were pooled.




151

FIGURE 1
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legend: Pigure 2,

Low salt glyecerol density gradlent of RNA polymerase

| Twenty-five mg of DEAE-cellulose pooled protein (in
1.5 mi) was layered on a 29 ml, 10%-30% glycerol density |
gradient. The gradient was oentrifugedﬂin a Spinco SW 25.1
rotor at 25,000 rpm for 23 hours at 4 C. 1.2 ml fractions
were collected. A ’

'RNA polymerase activity was determlned in the standard
enzyme reaction (Materlals and Methods II),_uging_ls nmoles
of dAT copolymwer as template, and 1“0;AT?”(910Hme/nmole)
as the labeled su strate. Protein concentration was deter-
mined by the method of Lowry et al. (1951).

Fractions #16-25, containing the polymerase activity,

were ﬁooled.
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FIGURE 2
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Iegend: Figure 3.

Saturation curvea for native and denatured TH5 and T7

phage DNA

Saturation curves were made, using the
standard enzyme reaction (Materials and
Methods II), containing from 0.5 to 9.0
units of enzyme, and 1 to 20 nmoles of
phage DNA. The arrows indicate the ratlo
of DNA to protein, selected for‘tranacrip;
tion of each type of DNA. The curves are

dlscussed in the text, Results I.
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legend: Figures 4-T7: Dinucleotide frequencies of
in vitro RNA transcripte of T4, T5 and T7 phage DNA,
compared with the values predicted from random
assoclation:

Figure 4: ApA, UpU, GpG, CpC
Figure 5: ApG, CpU, GpA, UpC
Figure 6: CpA, UpG, GpU, ApC
Figure T: UpA, ApU, Cp@, GpC

In each figure, the observed nearest-nelghbor
frequeney for each dinucleotlde sequence has been
plotted against the value predicted from random
assoclation., The values for the transcripts of
native and denatured DNA are shown, for each DNA
studied. The U5 degree line, bn each graph,
representa the points for which the observed and
random frequenclea are the same. The values used

are from Tables 5D, 6D, 7D and 8D,
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Key: Dinucleotlde frequencies of:

Native T7 RNA transcripts
Denatured T7 RNA transecripts

Native T4 RNA transcripts

" Native T4 RNA transcripts (limited-aynthesis)

Denatured T4 RNA transcripts
T4 DNA , complementary dinucleotide

Native T5 RNA transcripts
Denatured T5 RNA transcrilpts
75 DNA , complewentary dinucleotide
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