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ABSTRACT

Experiments have been accomplished that (a) further define the
nature of the strong, G-containing DNA binding sites for actinomycin D
(AMD) , and (b) quantitate the in vitro inhibition of E. coli RNA poly-
merase activity by T7 DNA-bound AMD.

Twenty-five to forty percent of the G's of crab dAT are dis-
~allowed as strong AMD binding sites. The G's are measured to be
| randomly distributed, and, therefore, this datum cannot be explained

on the basis of steric interference alone. Poly dAC:TG binds as much

. AMD and as strongly as any natural DNA, so the hypothesis that the
unique strong AMD binding sites are G and a neighboring purine is
incorrect. The datum can be explained on the basis of both steric
interference and the fact that TGA is a disallowed sequence for strong
AMD binding.

Using carefully defined in vitro conditions, there is one RNA
synthesized per T7 DNA by E. coli RNA polymerase. The rate of the

RNA polymerase-catalyzed reaction conforms to the equation

1 1 i 1 1
rate - k,(ATP) b k;(GTD) ¥ K (CTP) * k(UTP)

T7 DNA-bound AMD has only modest effects on initiation and termina-
tion of the polymerase-catalyzed reaction, but a large inhibitory effect
on propagation. In the presence of bound AMD, kG and kc are de-

creased, whereas kA and kU are unaffected. These facts are



' interpreted to mean that on the microscopic level, on the average, the
rates of incorporation of ATP and UTP are the same in the absence or
presence of bound AMD, but that the rates of incorporation of GTP and

CTP are decreased in the presence of AMD.
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CHAPTER 1

The Bindigg of Actinomxcin to Crab dAT:
The Nature of the DNA Binding Site

Richard W. Hyman and Norman Davidson

The following paper appeared in Biochemical and Biophysical

Research Communications, 26, 116 (1967), and is reprinted here with

the express written permission of Academic Press, Inc., New York.
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THE BINDING OF ACTINOMYCIN TO CRAB dAT;
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Richard W. Hyman and Norman Davidson
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The present communication deals with the nature of the binding
site on DNA for actinomycin D (AMD). We find that with the component

of Cancer antenarrius crab DNA known as crab dAT, for which the ratio

of GC to AT base pairs is 1:28, the strong binding saturates at one actin-
omycin per 56 base pairs. This result most probably excludes the hy—
pothesis that a GpG sequence on one strand is required for strong bind-
ing. Several alternate hypotheses, which are consistent with the results,
are examined.

The strong binding sites for AMD appear to occur only in native
two—stranded DNA (Goldberg, Rabinowitz, and Reich, 1962; Cavalieri
and Nemchin, 1964; Gellert, Smith, Neville, and Felsenfeld, 1965).
Since synthetic dAT does not bind at all (Goldberg, et al., 1962; Gellert,
et al., 1965; Kahan, Kahan, and Hurwitz, 1963) a GC base pair must be
present in these sites. Studies with nucleosides suggest that G rather
than C is the critical residue for binding (Kersten, 1961). However, in
a number of DNA's with a GC content varying from 75 to 25%, the number
of AMD binding sites is fairly constant at about 1 per 7 base pairs
(Gellert, et al., 1965). Thus, either there is some further requirement
. for the sequence around a G in order for binding to occur, or repulsive

* ‘
Contribution No. 3452

116




Vol. 26, No. 2, 1967 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

interactions (either directly steric or indirectly by local distortion of
the DNA structure) between neighboriﬁg actinomycins limit the amount
of binding. Hamilton, Fuller, and Reich (1963) estimate that the direct
steric effect of the cyclic peptide chains of actinomycin would extend for
about three base pairs.

Crab dAT is mainly an alternating AT copolymer, with about 3%
of GC base pairs. A method for the preparation of this material in its
fully native form, without disruption of the GC base pairs, has been de-
veloped in this Laboratory (Davidson, Widholm, Nandi, Jensen, Olivera,
and Wang, 1965). In this DNA, GC base pairs are sufficiently rare so
that steric interactions are less likely to be important; furthermore, the
sequence GpG occurs in a very low frequency. It therefore seemed of

interest to investigate the binding of actinomycin to native crab dAT.

Experimental

Cancer antenarrius DNA was prepared essentially by the method

of Smith (1963) except that all steps were carried out in the cold. The

component called crab dAT was separated by the mercury—cesium sulfate
buoyant density method of Davidson, et al. (1965). This DNA is an alter—
‘nating copolymer with 3. 5% GC base pairs (Widholm, 1965); its properties

are generally very similar to those of the better known Cancer borealis

dAT (2.7% GC). Actinomycin D was a gift from Merck, Sharp, and Dohme.
Equilibrium binding studies were made by sedimenting the DNA-

AMD complex and measuring the concentration of free AMD remaining in

the supernatant solution. Three ml of solution containing known amounts

(spectrally determined) of DNA and AMD were placed in a carefully

washed SW39 polyallomer tube and covered with two ml of mineral oil.

The bottom ml also contained 20% sucrose. Salt concentrations were

-3 ;
10 M phosphate, 107 M NaCl, pH 7. The rotor was spun at 42,000

rpm for six hours at 20°C thereby pelleting the AMD-DNA complex. The
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polyallomer tubes were dripped from the side, one ml from the bottom, and
two ml of supernatant solution collected. The free AMD concentration was
then measured by spectrophotometry, using 1 and 5 cm path lengths.
Actinomycin readily adsorbs to glass surfaces and was handled with poly—

propylene tubes and pipets.

Results and Discussion

Plots of the binding of actinomycin to native calf thymus DNA and

crab dAT are shown in Fig. 1. The vertical coordinate, r, is the ratio of
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Fig. 1

bound AMD to total nucleotides; the horizontal coordinate is the concen-
tration of free AMD. The curves indicate a strong binding reaction at

low free actinomycin concentration followed by further uptake of AMD at

a higher free AMD concentration. A least-squares analysis of a Scatehard
plot of these data in the strong binding region gives K =2.3 (£.5) X 108

-1 g :
mole liter, and one site per 14 (+1) nucleotides, for calf thymus DNA.

These values agree well with those reported by Gellert,et al. (1965).

For crab dAT, the intrinsic binding constant is 2.5 (+.5) x 108
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-1 ;
mole liter, and there is one site per 112 (+4) nucleotides, or one per
56 base pairs. Since the binding constant is of the same order of magni-

tude as for calf thymus and other typical DNA's, the binding site on crab
dAT appears to be a typical strong binding site. There is approximately
one such binding site for every two GC base pairs in crab dAT.

The nearest neighbor frequencies for Cancer borealis dAT (2. 7%

GC) have been determined by Schwartz, Trautner, and Kornberg (1962).
These data are: ApA =0.0127, TpT =0.0126; CpA =0.0100, TpG =
0.0089; GpA = 0.0042, TpC =0.0015; CpT = 0.0004, ApG =0.0018; GpT =

0.0081; ApC

0.0069; GpG = 0.0009, CpC

It

0.0009; TpA = 0.504; ApT =
0.429; CpG = 0.0007; GpC =0.0015. From these data, 0. 939 of the G
residues are followed by non-G; 0. 927 of the G residues are preceded by

a non-G residue. If there is no correlation between the probability of a
base preceding a G and the probability of a base following a G, 0. 87 of the
G residues do not have a G residue on either side as a nearest neighbor. If

these data for Cancer borealis dAT apply to Cancer antennarius dAT, and

if all the binding sites involve a G residue, the data exclude the possibility
that adjacent G's on the same strand are needed to define a strong binding
site.

Professor Don Crothers has pointed out the following argument

to us. The nearest neighbor frequencies for Cancer borealis show that

0. 64 of the G's are followed by a pyrimidine and 0. 74 of the G's are pre-
ceded by a pyrimidine. Thus, assuming no correlation between the nucleo~
tides preceding and following the G, 1-(0.64:0.74) = 0.52 of the G's have
a purine as a nearest neighbor. Thus, the assumption that a binding site
consists of a G plus an adjacent purine is consistent with the observation

of one site per two G's.

Apart from the nearest neighbor frequencies, nothing is known
about the distribution of GC base pairs along the chain. If the distribution

is random, and if P = frequency of occurrence of an AT base pair, the

119



Vol. 26, No. 2, 1967 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

probability that a sequence following a given GC pair consistsof (n = 1)AT
pairs followed by a GC pair is En-—l(l - p). The average length of such a
sequence is{n) =1/(1 — p). The value of n such that half the sequences
are equal to or shorter thann is In2/(1 - p). Thus, if {n) = 28, half
the sequences are longer than 19 base pairs. It seems unlikely that a
steric interaction between actinomycins would extend this large distance.

Therefore, if every GC base pair is intrinsically a binding site,
the observation that only 1/2 of them are available for strong binding im-
plies that the GC base pairs are not distributed at random along the crab
dAT chain but there is sufficient bunching to decrease the fractional num-
ber of sites to 1/2. Alternatively, there is an additional sequence require-
ment around a G; for example, the one suggested by Crothers that the G
must have a neighboring purine.

We are grateful to Dr. J. Widholm for advice and instruction on
the preparation of crab dAT. This research has been supported by Grant
GM-10991 from the U.S. P.H.S. One of us (R. W.H.) is an N.I. H. Trainee

under Grant GM 1262.
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CHAPTER 2

On the Nature of the Actinomycin D-DNA Binding Site

Richard W. Hyman and Norman Davidson

The following paper has been prepared

for submission to Biochimica et Biophysica Acta.




SUMMARY

1. 25 to 40% of the guanines of crab dAT are disallowed as
strong actinomycin D (AMD) binding sites.

2. The GC base pairs of crab dAT are shown to be (most
probably) randomly distributed. Therefore, steric interference alone
is not responsible for restricting the number of binding sites.

3. Poly dAC:TG binds as much DNA and as strongly as any
irregular DNA. Therefore, guanine and a neighboring purine is not
the unique binding site.

4. The data can be explained on the basis of steric interfer-

ence combined with the recent report by Wells (1) that TGA is a non-

binding sequence.



INTRODUCTION

Strong binding sites for actinomycin D (AMD) occur only in
native, two-stranded DNA (2-4). A GC base pair, and most probably
the guanine residue, is implicated as part or all of the binding site
(2,4-6). DNA's varying in GC content from 25-75% all have a satura-
tion level for strong binding of about one site for every seven base
pairs. This fact suggests either that a steric interaction prevents
binding of actinomycin molecules to GC pairs which are closer to each
other than about seven base pairs, or that only certain nucleotide se-
quence around a G are binding sites. In a previous paper (7), we
studied this question by measuring the saturation level of AMD binding
for crab dAT which contains 97% AT base pairs, mainly as an alterna-
ting copolymer, and 3.0% GC base pairs. If the distribution of GC
base pairs is random, most of them are more than seven nucleotide
pairs apart. The steric hypothesis then predicts a binding of one AMD
per GC base pair for crab dAT; that is, one binding site for every 33
nucleotide pairs. We actually observed one site for every 56 (£ 2)
base pairs, and now using a different method, 42 (* 4) base pairs.
This datum could be interpreted if only G's surrounded by certain
specific sequences were binding sites, or if G's within a specific se-
quence were not binding sites. We specifically considered the possi-
bility that only a G adjacent to another purine was a binding site. An
alternate explanation is that the saturation level of binding is due to
steric interactions and that GC base pairs in crab dAT are not

randomly distributed.
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In the present communication we examine and eliminate the
possibility that only G's next to purine are binding sites, by observing
that poly dAC:TG, a DNA in which guanine has only pyrimidines as
neighbors, can bind AMD.

We have also attempted to answer the question of possible
clustering of G residues. The principle of this experiment is as
follows: crab dAT is transcribed by RNA polymerase to give RNA,
faithfully and indiscriminately. This RNA, called crab rAU, is
treated with RNase T, which is known to cleave RNA at every G,
leaving a 5'-terminal Gp. The size distribution of the molecules in
the digest gives the distribution of G's along the DNA chain of crab

dAT. We find that the G's are not clustered, but are distributed at

random.
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MATERIALS

Actinomycin D was a gift from Merck Sharpe & Dohme. Crab

dAT was prepared from Cancer antennarius as previously described

(8). Calf thymus DNA, from the Worthington Biochemical Corporation,
was used without further purification. Poly dAC:TG was a generous
gift from M. Chamberlin. Labeled and unlabeled nucleoside triphos-
phates were from Schwarz BioResearch. Phosphoenolpyruvate (PEDP)
and pyruvate kinase (type II from rabbit skeletal muscle) were pur-
chased from the Sigma Chemical Company. Yeast high-molecular-
weight RNA, sperimidine, yeast transfer RNA, and pronase (B grade)
were from Calbiochem. The pronase (~ 2 mg/ml) was autodigested at
37°C for an hour before use to remove any traces of nuclease. Elec-
trophoretically purified and RNase-free DNase was purchased from
the Worthington Biochemical Corporation. The DNase was assayed
for RNase contamination in the conventional manner at an overload
concentration of 1 mg/ml. No acid-soluble A,;, above background
fc_ould be measured after two hours' incubation at 37°C. The DNase
was stored at -20°C.

Phenol was redistilled under nitrogen shortly before use, and
equilibrated with sterile sodium citrate buffer, pH 6. A few drops of
mercapto-ethanol were added, and the phenol was stored under nitro-
gen at 4°C in the dark. Bentonite was prepared by M. Dahmus accord-
ing to the method of H. Fraenkel-Conrat (9). For the handling of any

RNA, especially crab rAU, all solutions were in sterile double-distilled
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water. All glassware and centrifuge tubes were washed in 5 M NacCl
and 5% sodium dodecyl sulfate (SDS), rinsed thoroughly in distilled
water, and autoclaved.
RNA polymerase was fraction IV of Chamberlin and Berg (10)

and was prepared by G. K. Dahmus, working in the laboratory of J.
Bonner. We are grateful to her for her skill and generosity. The
RNA polymerase used had an absolute dependence on exogenous DNA
and was free of nuclease contamination by the following criteria.
(These assays were performed in cooperation with R, W. Davis.) To
assay for DNase, the polymerase was incubated in the appropriate salt
and temperature conditions for 15 minutes and for two hours with

¢X 174 DNA (90% single-stranded circles). At the end of the incuba-
tion period, the DNA was mounted for electron microscopic examina-
tion by the basic protein-film technique in the presence of formamide
to stretch out the single-stranded DNA (11, 12). The numbers of

circles and linears were easily scored. In the RNA polymerase prep-
l'aration used, there was no increase in the percent of linears compared
to the appropriate control incubations without polymerase. The RNase
assay was performed analogously except that 23 S ribosomal RNA from
E. coli was used instead of ¢$X 174 DNA. The mounting of the RNA
for electron microscopic examination was also done in the presence of
formamide, which spreads the RNA so that it is easily visualized. 23S
ribosomal RNA possesses the property that its most RNase-sensitive

place is almost exactly in the center of the molecule, so that while
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measurements of the length of RNA are as yet somewhat inexact, one
can readily distinguish between whole and half molecules. In the RNA
polymerase used, no RNase activity above a control containing no po-
lymerase was observed. These two assays are especially useful, since
they consume only a very small amount of material, and since they are
more sensitive than the conventional measurement of acid-soluble
material. The RNA polymerase had an activity of 2520 units per A,,,
unit, where one unit is defined as one m pmole of total nucleoside-
triphosphates incorporation in 15 minutes on 6 pg of crab dAT using
the incubation conditions of So et al. (13). For the enzyme preparation,
we take EiZC = 10 (ref. 14). The polymerase was stored under liquid
nitrogen.

Sucrose gradients were made with sucrose M. A. (density
gradient grade, RNase-free) from Mann Research Laboratories, Inc.

RNase T, from Calbiochem was assayed for specificity by com-
paring its action on yeast high molecular weight RNA and poly rAU
(1:1) random copolymer from Schwarz BioResearch for 15 minutes and
for six hours by the Takahashi procedure, but in 0. 01 M sodium ci-
trate buffer, pH 6, and at 34°C. The data of Table 1 demonstrate that
RNase T, has a specificity for yeast RNA at very least a hundred-fold
over poly rAU. In fact, the soluble A,;, measured for poly rAU is

within the experimental limits of being zero.
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TABLE I
ASSAY FOR SPECIFICITY OF RNASE T,

RNase T, was tested on each RNA at 34°C in 0.01 M sodium citrate
buffer, pH 6. Each tube contained 1.0 ml of 1 mg/ml of RNA or poly
rAU. The reaction was stopped by the addition of 0.1 ml of 0. 75%
uranyl acetate in 25% perchloric acid. After sitting on ice for one-
half hour, the tubes were clinically centrifuged. 0.2 ml of the super-

natant was added to 5. 0 ml of distilled water, and the A,;, read.

Azgo

15 min 6 hr

poly rAU 0.002 0.003

yeast RNA 0. 246 0.320
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METHODS

The binding curve of AMD to poly dAC:TG was determined by a
spectrophotometric procedure as described by Gellert et al. (4). The
detailed conditions are described in the legend to Figure 2.

The conditions for DNA-directed RNA synthesis described
below are basically the high ionic strength medium (0.1 M Tris; 0.2 M
KCl, 0.012 M MgCl,) described by So et al. (13). These salt concen-
trations were selected in preference to the low ionic strength (0.04 M
Tris, 0.004 M MgCl,, 0.001 M MnCl,) medium of Chamberlin and Berg
(10) for several reasons: (a) Nonspecific poly A synthesis is suppressed
in the high ionic strength medium (13; D. McConnell, personal communi-
cation); (b) It is the common experience that net synthesis stops after
less than an hour of incubation at low ionic strength, but continues for
several hours at high ionic strength; (c) As is shown in Table 2, there
is considerable selectivity for AT-rich templates at low ionic strength,
and none at high ionic strength.

The large-scale synthesis of crab rAU from crab dAT as a
template was carried out in a final volume of 5 ml in a solvent con-
sisting of: 0.1 M Tris (pH 7.5 at 34°C), 0.012 M MgCl,, 0.2 M KCl,
0.0012 M spermidine, each nucleoside triphosphate at 2 x 10"3 M,

0.01 M mercaptoethanol, 20 pg/ml pyruvate kinase, 2.3 X 107° M
phosphoenolpyruvate, crab dAT at a concentration of 0. 20 A, , units/ml,
60 units/ml of RNA polymerase, C-UTP and *H-CTP at specific

activities of 0.25 and 25 ¢/mole, respectively. After incubation for
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TABLE II

COMPARISON OF RNA SYNTHESIS
AT LOW AND HIGH IONIC STRENGTH

Template Nucleotide Incorporationa
Low salt High salt
myp moles m/ moles

crab main component DNA,

42% GC 0.06 2.6
crab dAT,
3% GC 1.7 2.7

2 Each 0. 25 ml reaction mixture contained 6 pg of template, and 6 ug
of polymerase; incubation was at 37°C for 15 minutes.



17

1.5 hours at 34°C, 1.0 ml of yeast RNA (1 mg/ml) followed by 0.5 ml
of bentonite (30 mg/ml) were added at room temperature. After vigor-
ous shaking, the bentonite was removed by centrifugation. DNase
solution (200 pl, 1.7 mg/ml) pronase (200 pl, 1.0 mg/ml), and SDS
(1.0 ml, 10%) were added in that order, with a 20 minute incubation
time for each reagent. An equal volume of phenol was added, the mix-
ture was shaken vigorously, and the upper aqueous phase removed
after a low-speed spin. This step was repeated until no denatured
protein appeared at the interface. After several ether extractions to
remove the phenol, the aqueous solution was adjusted to be 0.1 M in
NaCl, and 2 vols. of cold 95% ethanol were added. After standing at
-20°C for two hours, the RNA precipitate was collected as follows. A
film of precipitate had formed on the sides of the 20 ml test tube. The
liquid was decanted and centrifuged at 15, 000 rpm for 10 min; the re-
sulting precipitate, dissolved in 2 ml of sterile 0.01 M citrate buffer,
pH 6, was labeled crab rAU "A". The film of RNA was also dissolved
in 2 ml of buffer and labeled crab rAU "B". Each sample of RNA was
dialyzed against 0.1 M sodium chloride, 0.01 M sodium citrate, pH 6,
and then against 0. 01 M sodium citrate, pH 6.

The product is primarily rAU, which is capable of self-
renaturation and, therefore, likely to form both intra-strand and inter-
strand duplexes. In order to estimate the molecular weight of the
product from its sedimentation coefficient, the sedimentation velocity

measurements were made in a dimethylsulfoxide (DMSO) based solvent
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to disrupt secondary structure (15). The quantity of 5.0 ml of concen-
trated buffer and 5.0 or 20.0 gm of sucrose were made up to 100 ml
rwith DMSO to give 5.0% and 20% W /V sucrose solutions in about 95%
DMSO, respectively, 0.01 M Na, citrate. These solutions were used
for the preformed gradient for sedimentation analysis. Yeast transfer
RNA was sedimented in a separate tube as standard.

We can assign to each fraction of the sucrose gradient an S20 w

;|

- value from its position relative to the standard yeast tRNA and the

meniscus (16). We then use an equation of the form

S20,w = kM

to relate sedimentation coefficient and molecular weight. Theoretically,
for a non-free-draining ideal random coil, m = 0.5. Experimentally,

m is about 0.4 (refs. 15,17). Boedtker's equation (17), SZO,W =

0.05 MO‘ 40, is for RNA after treatment with formaldehyde which com-
pletely disrupts secondary structure and for sedimentation of the un-
structured RNA through a denaturing solvent. She has calibrated her
equation for small RNA's, including yeast transfer RNA (SZO, w, CH,0 ~
2.94). These data then are closely applicable to our experimental
conditions and will be used in our analysis. We, therefore, convert
SZO, - to molecular weight and then molecular weight to degree of
polymerization '"n", using the equation

logn = 2.50 log S + 0.170. (1)
20, w,

CH,O
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For each fraction of the gradient of the final RNase T, digest of crab
rAU, then, we can assign an '"n", a degree of polymerization, and we
can calculate the percent of the total of each isotope in the fraction.

The latter is the weight fraction, W(n). The mole fraction is

x() - (Win) / 3 i @)

The curve X(n) versus n can then be constructed, and integrated and
normalized graphically.

RNase T, digestions were carried out in sodium citrate buffer
pHG6 at 24°C. It is essential for the present experiment that digestion
be complete and that the crab rAU be cleaved at every G.

In a preliminary test on the digestion of tRNA (Figure 1), there
was no change in the sedimentation pattern of the digest between the
third and fourth additions of enzyme when fractions of 0.5 enzyme
units were added per A,,, unit of RNA at six-hour intervals. The ratio
of T, units/A,;, = 2.0 (Figure 1c) is taken as the minimum necessary
for total digestion.

The amount of RNase T, digestion needed for cleavage of all
the guanines was actually established in the final experiment. The
sample of crab rAU was digested with enzyme, and an aliquot was
subjected to preparative zone centrifugation. The remainder of the
sample was treated with more enzyme, and another zone sedimentation

analysis performed. This cycle was continued until the sedimentation
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Figure 1. The sequential degradation of yeast tRNA by RNase T,
followed by sucrose gradient centrifugation. Each period of digestion
was 6 hours at 34°C. The cumulative ratios of RNase T, units to RNA
A, units are: (a) 1.0, (b) 1.5, (c¢) 2.0, (d) 2.5. Sedimentation is
from right to left, at 20°C for (a) 23 hours at 35 Krpm, (b) 19 hours
‘at 41 Krpm, (c) 19 hours at 43 Krpm, and (d) 19 hours at 43 Krpm.
The pattern of (d) is essentially identical to that of (c).

One unit of enzyme is the amount necessary to produce one A,
unit of acid-soluble material after 15 minutes' incubation under the

conditions of buffer and temperature employed.
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pattern ceased changing with further addition of enzyme; this required

16 enzyme units per A,,, unit of RNA.
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RESULTS

Binding of AMD by poly dAC:TG

Because of the limited quantities of the polynucleotide available,
the binding of AMD to poly dAC:TG was measured spectrophotometri-
cally. As a check on the method, the binding of AMD by calf thymus
DNA, which we had previously measured by a sedimentation method,
was measured as was the binding of AMD to crab dAT.

The reaction to be studied is
AMD + DNA site &= complex. (3)

Let Do’ Db’

concentrations, respectively. Let P0 be the total DNA concentration

and D; (= D - Dy) be the total, bound, and free AMD

o]
in units of moles of nucleotides per liter, and a the number of strong
binding sites per nucleotide (@ < 1). Then, the binding constant K is
given by

D
b . (4)

K =
D, (aP, - D)

The spectral titration is based on the fact that at 425 mpu the
absorbance of bound AMD is 40% less than the absorbance of free AMD.
The experiment consists of adding equal aliquots of AMD to buffer and
to a DNA solution and measuring the absorbance difference, AA. Such
a titration is shown in Figure 2.

Let AAmax be the maximum absorbance difference at high
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Figure 2. The spectral titration of poly dAC: TG by AMD.

P, = 1.92 X 107° M
(AMD) 4 = 1.4 X 1077 M
o @ L AMD alone
O O @] AMD in the presence of poly dAC:TG

A 5 cm microcell (with total volume 5 ml, but giving reproducible
values with only 2 ml) was firmly held in place by an adaptor in the
sample compartment of a Cary 14 spectrophotometer. The DNA phos-

phate concentration was usually about 2 X o2

M. Aliquots of a con-
centrated AMD solution (A,,, ~0.25; 1X 157 M) were added with the
aid of either a 50 ul or a 100 ul Hamilton syringe fitted with thin poly-
ethylene tubing. After addition, the solution was stirred with a teflon
rod for several minutes, and the A,,; was measured. ¢, = 23, 500

for free AMD. These titrations were done at room temperature, 25°C,

in 0,01 M NacCl, 0.001 M sodium phosphate buffer, pH 7.0.
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AMD concentration where all aP, binding sites are occupied and AA

the absorbance difference at an AMD concentration DO' Then

AA D
. S (5)

AAmax aPO

It follows from Equation (4) that

1 D0 chzP0
AE 2K - Kax - A& : (6)
max max
Furthermore,
A
D, = 225 7)
0 € L
425

where L is the path length of the cell, A425 is the absorbance of the
AMD solution in buffer, and €¢ is the molar extinction coefficient of
free AMD at 425 mpu (6425 = 23,000). An appropriate plot (Figure 3)

of the experimental data is, therefore, suggested by the equation

1
_ K A425 ) KoeP0

Abax -~ 84 L AA AA

max

The results of several such titrations and of other binding

measurements are presented in Table 3. It may be seen that the micro-
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Figure 3. The data of Figure 2, the spectral titration of poly dAC:TG
by AMD, plotted according to Equation (8). AR e = s 1159;: €4 =
23,500; L = 5 cm.
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TABLE I

BINDING PARAMETERS FOR AMD

-6 1/2a
K ><_110 base pairs
DNA Method M per site Reference
CT DNA
42% G+C spectral 6 8 Gellert et al. (4)
equilibrium
dialysis 4 9 Gellert et al. (4)
ultracent 2.3 %0.5 ik Hyman and Davidson (7)
spectral 2.8 9 Miiller and Crothers (18)
10 cm spectral 2.9+0.3 Tl this work
5cm micro
spectral 3.0+0.4 61 this work
crab dAT
3.0% G+C ultracent 2.5%0.5 56 + 2 Hyman and Davidson (7)
dcm micro |
spectral 1.2+0.2 45 + 4 this work
poly dAC:TG 5 cm micro
50% G+C spectral 1.3+0.2 5 ] this work
equilibrium
dialysis b2 12 Wells and Larson (19)

6¢
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spectrophotometric titrations gave results for K and for @ in agree-
ment with those from other methods. These measurements are repro-
ducible to 15%. The main source of experimental error appears to be
the retention of a small amount of AMD within the delivery tube so that
less AMD is actually added than is calculated to be added. This error
would result in the calculation of a value for 1/2a smaller than the
true value.

The binding constant per site for poly dAC:TG is identical to
that measured independently and coincidentally by Wells and Larson
(19) using equilibrium dialysis, and is about the same as for a typical
DNA. We measure one binding site for every 5 base pairs, which is
the same as for an irregular DNA. Wells and Larson's (19) value of
12 base pairs per site is significantly larger than ours. Since they
detect no strong binding sites for crab dAT by their method, we believe
their values for saturation binding (base pairs per site) to be consis-
tently high. Furthermore, since AMD binding does not cause long-
term distortions of the DNA helix (20), AMD binding of repeating
sequence polymers should be an "all or none' phenomenon (subject
only to close range steric interference). If one guanine is a site, then
since all the guanines are within identical nucleotide sequences. they
should all be sites, subject only to steric limitations: 1/2« = 6 base
pairs/site. Poly dAC:TG behaves as an "all" phenomenon: therefore,
12a = 5 1 base pairs/site is the correct saturation value.

The new datum for crab dAT and our best measurement of the
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G+ C content of crab dAT, 3.0% (see later), allow us to better estimate
the fraction of guanines that are not strong binding sites for AMD. One
site for every guanine corresponds to a 1/2«a = 33 base pairs/site.
Using two different experimental techniques, we mieasure 1/2a for
crab dAT to be 56 + 2 and 45 * 4, These data indicate that 25 to 40%

of the guanines of crab dAT are not strong AMD binding sites.

The crab rAU experiment

Both samples of crab rAU A and B have an overall u/c ratio
of 31.5. With the exception of the very small material (which makes
an insignificant contribution to the total mass), each size group of
crab rAU also has an u/c ratio of 31.5 (Figure 6). This ratio corres-
ponds to a template 97% AT and 3.0% GC, which represents the best

measurements to date of the base composition of Cancer antennarius

dAT.

The necessity of determining molecular weight in a disruptive
solvent like DMSO is demonstrated in Figures 4 and 5, which show the
sedimentation behavior of crab rAU A on a normal sucrose gradient
and on a gradient in DMSO. In an ordinary sucrose gradient, crab rAU
A shows a very large polydispersity: whereas, in a gradient containing
DMSO crab rAU A shows a broad but well-defined peak. Clearly, the
use of DMSO is a necessity for measuring the true molecular weight of
an RNA like crab rAU.

As suspected, crab rAU B has a larger average size than crab

rAU A, and therefore, crab rAU B is a beller starting material for
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Figure 4. Crab rAU A sedimented on a normal sucrose gradient
against yeast tRNA as a marker. Sedimentation is from right to left:

4.5 hours, 45 Krpm, 20°C.

— @ —@ @ —— H3-cytosine DPM of crab rAU A

e e i e A 0 yeast tRNA.
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Figure 5. Crab rAU A sedimented ona 5 ml, 5-20 w/v% sucrose
gradient, 5 v/v% water, 0.01 M citrate pH 5.5, 95 v/v% DMSO
against yeast tRNA for 22.5 hours at 42 Krpm and 20°C.

-—@ L H3-cytosine DPM of crab rAU A

O O O A,,, of yeast tRNA.
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the RNase T, digestion. The sedimentation profile of crab rAU B is
shown in Figure 6. The different fractions of crab rAU B have a
constant u/c ratio of 31.5, except for the small material near the
meniscus. We believe this decrease in the u/c¢ ratio for the small
material is real, and we shall comment on it later.

The sedimentation profile of the total RNase T, digest of crab
rAU B is shown in Figure 7.

The final digest has a peak which cosediments with transfer
RNA and a u/c ratio of 32.0 which is constant throughout the gradient
if the lower values near the meniscus are corrected for the low u/c
ratio of the pre-existing small material. This correction is made by
assuming the original small material is not significantly digested; and,
therefore, each small RNA makes the same mass contribution to the
corresponding fraction of the sucrose gradient after digestion as before
digestion. Let (u/c)B, (u/c)A, and (u/c)T be the ratio of u/c mea-
sured before digestion, measured after digestion, and the true ratio of
the new small fragments after digestion, respectively; and let fB and
fT be the mass fraction of material pre-existing and newly created at

a given fraction of the sucrose gradient (fB + fT = 1), then

(u/C)A = (U/C)T fT 3 (u/C)B fB - (9)

(u/c)B and (u_/c)A are measured, and f, and fT can be estimated so

B
the calculation of (u/c)T can be made. The corrected values are
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Figure 6. Crab rAU B sedimented in a DMSO-sucrose gradient with
yeast tRNA as a marker: 45 Krpm, 50 hours, 20°C.
(a) Yeast tRNA (100 ul of 1.5 mg/ml) dripped into 0.5 ml DMSO
and A,g, read.
(b) The ratio of uracil of cytosine (C14-DPM to H3-DPM times
the specific activities) for each fraction of the gradient.

(c) Crab rAU B

*—8—@ H3-cytosine DPM
——O—0O——0O—— CH-yracil DPM

dripped directly into scintillation vials, Bray's solution added, and

counted on a Packard Tri-Carb Scintillation counter.
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Figure 7.  The final RNase T, digest of crab rAU on a 5-20 w/v%

sucrose gradient in DMSO and run for 65 hours at 40 Krpm and 20°C.
(a) Yeast tRNA (100 A of 1.5 mg/ml) dripped into 0.5 ml DMSO.
(b) The final digest of crab rAU

Y ®*—o— DPM of H3-cytosine
—O0——0O0——0—— DPM of C*-uracil.

(¢) The ratio u/c; C*-DPM/H3-DPM

data and reasonable error bars

Fod e

corrections at low S value for the pre-existing small

material of low u/c ratio (Equation 9).
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plotted in Figure 7 and agree with the values from the other parts of
the gradient. The constancy of the u/c ratio independently and im-
portantly implies a random spacing of guanines between cytosines on
the transcribing strand.

Since crab dAT is 3.0% GC, we expect one G for every 67
nucleotides and, hence, crab rAU fragments of 68 nucleotides after
total RNase T, digestion, if the G's are randomly distributed in the
template. The peak of the total RNase T, digest of crab rAU is co-
incident with the peak of tRNA (Figure 7). Yeast tRNA is composed
of about 75 nucleotides (21,17). In our experiment 68 and 75 are the
same number, and this agreement strongly argues for the random
distribution of the G's. If true, there should also be an average of
one C per RNase T, fragment. This prediction is verified by calcu-

lations using the experimental values from Figure 1.

S =a+u+g+c
ufe = 32.0
g=1 (10)

We assume that a = u, then

a s u= 36
(11)
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Therefore, in the template crab dAT there is one GC base pair for
every 36 AT base pairs on the average, where exactly random is 1 GC
for every 33 base pairs. The GC base pairs appear to be randomly
distributed in crab dAT.

We can enhance this last conclusion by comparing our results
with those predicted for a random polymer. The calculation for a
random polymer proceeds as follows. If we start with an infinite poly-

mer of composition 1. 5% guanine and degrade it to completion with

RNase T,, and if we let

1 - P = the probability of occurrence of guanine,
an RNase T, sensitive link
= 0,015 (12)
P =

the probability of finding any base not guanine
and hence RNase T, resistant

= 0.985 (13)

then the weight fraction of the total RNase T, digest is expressed as

W) = m+1)P"(1 -P)%. n=-0,1,2,3,.. (14)

We convert the weight fraction to a mole fraction and integrate the

latter:
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X() = - VIV)((‘;) e PY/(1 - P) (15)
n + -
- P-1 n
J X@)dn = G @A - P (16)
o

Since the starting crab rAU is not an infinite polymer, we can expect
the experimental data to deviate from the curve (Eq. 16) at n = 100.
The theoretical and experimental curves are plotted in Figure 8. The
coincidence of the two curves is remarkable, and once again, suggests
the randomness of the GC base pair distribution in crab dAT.

As a second, better theoretical approximation, we notice that
the experimental curve of X(n) vs. n essentially reaches zero at n =
200. To better fit the experimental data, we truncate the theoretical
curve of X(n) vs. n for a random polymer at n = 200 and integrate
graphically and normalize. The experimental results and the inte-
grated truncated theoretical curve for a random polymer are graphed
in Figure 9. The data from H3-cytosine exactly fit on the theoretical
curve, and the C!¥-uracil data are in good agreement. This fit of the
theoretical curve for a random polymer and the experimental data

strongly argue for the randomness of the GC base pairs in crab dAT.
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Figure 8. The experimental and theoretical curves for the integrated
mole fraction, X(n). The theoretical curve for a random, infinite

polymer is calculated from Equation (16) and is the solid line.

® the data from H3-cytosine
O the data from C*-uracil

—_— the theoretical curve.
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Figure 9. The curve is for the integrated, truncated random polymer.

L the data for H3-cytosine

O the data for C'*-uracil from Figure 7.
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DISCUSSION

The existence of small crab rAU may be related to the class of
enzyme termed "early quitter' by Bremer, Konrad, Gaines and Stent
(22). If so, the low u/c ratio implies that a relatively GC-rich region
of the DNA provides a signal for chain termination (23).

The crab rAU data strongly suggest that the GC base pairs of
crab dAT are randomly distributed. There is, however, one simple
model for a nonrandom GC distribution which we could not detect as
such by our experiment. If the GC base pairs themselves occur in
pairs always in the trans configuration, and if these pairs of pairs are

randomly distributed about an average of 70 base pairs apart,

=5 b.p. ~ 70 b. p.

ek & G &

SO ;.

G o PRI TRRTIRTS, . SO TS

there is a nonrandom GC distribution which would appear to be ran-

dom in our test and would explain the AMD binding data on the basis of

éteric interference alone. This model is bizarre and, since we can

explain the fact that 25-40% of the guanines of crab dAT are not binding

sites without recourse to this model, we prefer to interpret Figure 9

to mean that the GC base pairs of crab dAT are randomly distributed.
In the digest (Figure 9) 12% of the fragments are eight bases

or shorter; this fact means that at very most only 12% of the GC base
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pairs of crab dAT are within the maximum distance whereby steric
interference would rule out a guanine being an AMD binding site, and
12% is well below the 25-40% necessary to explain the crab dAT-AMD
binding data. Therefore, steric interference alone is not the limiting
factor in AMD binding. The strong AMD binding site must require
either G within a particular favored sequence or G not within a dis-
allowed sequence.

In our previous paper we suggested that guanine and a neighbor-
ing purine for the unique AMD binding site. This model is absolutely
eliminated by the binding data of AMD to poly dAC:TG. In poly dAC:TG,
guanine has only pyrimidines as neighbors and yet this polymer behaves
as any irregular DNA,

The question of which guanines are (or are not) binding sites is
not answered by considering nearest-neighbors on only one side. In
this regard the recent measurement by Wells (1) of the binding of AMD
by the synthetic DNA-like polymer poly dGAT:CTA is very important.
Poly dGAT:CTA, wherein the guanine is contained in the sequence
5’ TGA 3’ , exhibits no strong binding sites. With certain assumptions
we can calculate the frequency of occurrence of TGA in crab dAT from

the normalized nearest-neighbor analysis data of Schwartz, Trautner

and Kornberg (24):

TpG 0.72 GpA 0.29
ApG 0.14 GpT 0.55
GpG 0.07 GpG 0.06
CpG 0.06 GpC 0.10

0.99 1.00
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We assume that TpG occurs at random with respect to GpA; the fre-
quency of occurrence of TGA is the frequency of TpG times the fre-
quency of GpA: TGA = 0.72 X 0.29 = 0.21. Twenty-one percent of
the guanines of crab dAT are disallowed as AMD binding sites on this
basis alone. If TGA is an example of the general phenomenon that

5’ pyrimidine-guanine-purine 3’ is disallowed as an AMD binding site,
then 27% of the guanines of crab dAT are disallowed. (This generaliza-
tion can be tested when the corresponding synthetic polymers become

- available.) We add to the fraction of disallowed guanines the small
number that are too close together to be binding sites for steric reasons
even though the guanines are randomly distributed, about 7% not includ-
ing 5’ pyrimidine-guanine-purine 3’ (Figure 9). Thus, we estimate that
28% of the guanines of crab dAT are not strong binding sites, if only
TGA is disallowed, or that 34% of the guanines of crab dAT are not
strong binding sites if 5’ pyrimidine-guanine-purine 3’ is disallowed.
We have then good agreement with the experimental binding data of
AMD to crab dAT (Table 3), where 25 to 40% of the guanines are not

~ sites, based on the knowledge: (a) the guanines of crab dAT are ran-
domly distributed (Figure 9); (b) binding sites cannot be closer than
about 5 £ 1 base pairs because of steric interference (Table 3); and

(c) TGA is disallowed as the AMD binding site (1). These observations
are of general significance, indicating that for any ordinary DNA there
are two constraints on strong AMD binding: steric interference and the
occurrence of the sequence TGA (possibly pyrimidine-guanine-purine).

Why TGA is a disallowed sequence for strong AMD binding is an open

question.
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The Kinetics of the in Vitro Inhibition
B R e~ e e o = W W B

of Transcrigtion bx Actinomxcin

RICHARD W, HYMAN AND NORMAN DAVIDSON

Summary

The kinetics of the in vitro transcription of DNA to RNA by
RNA polymerase in the absence and presence of actinomycin D (AMD)
have been studied. In the kinetics experiments, the total amount of
" RNA synthesized is measured by incorporation of a radioactive label,
and the average RNA chain length as a function of time is measured by
sedimentation analysis. Thus the number of growing chains can be
calculated, Membrane filter retention experiments show that if RNA
polymerase is added to T7 DNA in a low salt medium in the presence
of ATP and GTP (2 X 107* M) and the medium then adjusted to 0.4 M
(NH,),SO,4, a sufficient amount of the polymerase remains attached to
the DNA so that the DNA is retained by the filter, If ATP and GTP
are absent, most of the polymerase dissociates in the high salt medium,
and the DNA is not retained. The membrane filter experiments and
the kinetics experiments both suggest that there is an initiation com-
plex, consisting of RNA polymerase and a purine triphosphate attached

at a specific site on T7 DNA, which can be formed-at low salt and

does not dissociate at high salt. The formation of the initiation com-

plex is not significantly inhibited by AMD. For the kinetics of tran—
scription studies, the initiation complex was formed by mixing T7

DNA, RNA polymerase, ATP, GTP, and UTP in the low salt medium,
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then adjusting to 0.4 M (NH,),S0,, adding AMD if desired, anmd start-
ing propagation by adding CTP. Under these conditions, there is one
RNA molecule synthesized per T7 DNA molecule. Thus, the conditions
of initiation are quite specific, and there is no reinitiation. The main
effect of AMD is to inhibit the rate of chain growth; it may have a small
effect on termination. The effects of concentration of the four nucleo-
side triphosphate substrates on the rate of chain growth conform to
Michaelis-Menten kinetics; the reciprocal of the rate of chain growth
is a linear function of the reciprocal substrate concentratimms. AMD
inhibits propagation by affecting the rate terms for both GTP and CTP,
But not for ATP and UTP., This result shows that AMD is interacting
in a special way with GC base pairs; several plausible models for the

mode of action of AMD are eliminated by these kinetics results.
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1. Introduction

Actinomycin D (AMD)functions as an antibiotic by binding re-
versibly to DNA, In the bound state, it inhibits DNA directed tran-—
scription by RNA polymerase, in vivo and in vitro (Kersten, Kersten
& Rauen, 1960; Goldberg, Rabinowitz & Reich, 1962; Hurwitz, Furth,
Malamy & Alexander, 1962; Harbers & Miiller, 1962).

Transcription may be considered as a three—step process

(Anthony, Zeszotek & Goldthwait, 1968), as represented below:

(1) initiation

E + DNA + PuTP =z E-DNA-.-PuTP

(where E = RNA polymerase, and PuTP is a purine triphosphate, and

E.DNA.PuTP is the initiation complex)

(2) propagation

E.DNA: PuTP + NTP - E-.DNA.growing chain (2)

E. DNA- growing chain (i-1) + NTP — E-DNA-growing chain (i)

(where growing chain (i) signifies a growing RNA chain of length 1)

(3) termination

E- DNA-growing chain (i) - E + DNA + terminated chain (i)

The effect of AMD could be on any or all of these three steps.
Previous evidence has suggested that the major effect of AMD is not
on step (1) (Maitra, Nakata & Hurwitz, 1967). In the present investi-

gation, we show that the major in vitro effect of AMD is to inhibit
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step (2).

The propagation step (2) must be considered as at least four
separate reactions, one for each of the nucleoside triphosphates. We
have studied the effect of AMD on each of these steps in vitro, and
have discovered that inhibition by AMD occurs only for the incorpor-

ation of G and of C.

(a) Materials

Coliphage T7 and the E. coli strains were from the stocks of
Professor R. S. Edgar and the late Dr. J. J. Weigle. T7 was grown
on E. coli B/5 in K medium. At a bacterial concentration of 6 X 108/
ml, T7 ¢ was added at a multiplicity of infection of 0. 0l. Glucose was
added to increase the concentration by 0. 5%. Vigorous aeration was
continued until there were three successive lyses spaced about 25 min-
utes apart. The culture had then completely cleared (é600 = .08).
Several drops of CHCl; were added, and the culture was cooled to

’ 15° C. Because of the clarity of the culture after the final lysis, no
preliminary centrifugation to remove bacteria was needed. The phage
were pelleted by centrifugation for about 3 hours at 45,000 g. The
phage pellet was resuspended in 1 M NaCl, 0.01 M MgSO,, 0.01 M
Tris, pH 7 and then banded in CsCl. Bacterial debris either floated
on the top of the gradient or pelleted at the bottom, leaving only a
viscous phage band within the gradient. The phage band was collected
by puncturing the side of the tube well above the bacterial debris,

and dialyzed against 0.5 M NaCl, 0.01 M MgSOy4, 0.01 M Tris, pH 7.
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That the phage so grown and purified was indeed T7 was demon-
strated by testing the phage preparation on the sensitive and resistant
strains of E, coli, B/5 and B/3,4, 7, respectively. At a dilution that
gave almost confluent lysis on the sensitive strain, there were no
plaques on the resistant strain., Furthermore, the phage morphology,
as observed in the electron microscope, was identical to that reported
for T7 by Davison & Freifelder (1962).

T7 DNA was extracted from the phage by gentle rocking, firstly
with freshly distilled, buffered phenol and secondly with fresh diethyl
ether, followed by dialysis against 0.05 M Tris, pH 7. T7 DNA so
prepared gave only a homogeneous band corresponding to the correct
molecular weight in a neutral or alkaline band sedimentation experi-
ment, When labeled T7 DNA was required, thymine-2-C!* at a final
concentration of 1 pc/ml (2 ug/ml) was added to the culture one-half
hour before infection,

Thymine-2-C!4, UTP-C!, and the unlabeled nucleoside tri-
phosphates (NTP's) were purchased from Schwartz Bioresearch Corpor-
ation. AMD was a gift from Merck, Sharp, and Dohme.

RNA polymerase, fraction f, of Chamberlin & Berg (1962), was
a gift from Dr. Michael Dahmus. We are grateful to him for his
generosity., The polymerase had an absolute dependence on exogenous
DNA. TIts specific activity was 500 units/mg when assayed under the
conditions described by Burgess (1969). When sedimented in a
10-30% glycerol gradient over a 50% glycerol shelf in a low salt

medium (0. 02 M Tris, 0.01 M MgCl,, 0.002 M gluiathione,
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0.012 M (NH),50,), about 50% of the Apgg #PSorbing material sedi-
mented in a band with the expected sedimentation coefficient of ca.
22 s, All of the polymerase antivity was in this band. The enzyme
prepared by Burgess had a specific activity of 600 units/mg and was
95% pure by the gel electrophoresis criterion. For purposes of calcu-
lating the active enzyme concentration in reaction mixtures, we have
assumed that our polymerase preparation was 40% pure, that é;ZOO =
6.2 (Richardson, 1966), and that the molecular weight of RNA poly-
merase is 0,5 X 10% under the high salt conditions used for our studies

(Burgess, 1969). The concentration of polymerase quoted in later

sections is always 40% of the total protein added.

(b) Methods

The binding curve of actinomycin with T7 DNA was measured
by a spectrophotometric titration method (Gellert, Smith, Neville &
Felsenfeld, 1965; Hyman & Davidson, 1970),

The formation and stability of the initiation complex of RNA
polymerase, DNA, and purine nucleoside triphosphates were studied
by a slight modification of the Millipore filter method of Jones & Berg
(1966). A fixed amount of Cl&labeled T7 DNA was titrated with in—
creasing amounts of polymerase in low salt buffer (LSB, 0.05 M Tris,
0.004 M MgCl,, 10°* M glutathione, pH 7.8) at 37° in the presence
or absence of ATP plus GTP, and/or AMD. After a l5-minute
incubation, which is, we believe, more than sufficient for the estab-
lishment of binding equilibrium, (NH,),SO, is added to a final concen-—

tration of 0, 4 M. After 15 minutes incubation at 37° C, the reaction
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.mixture is poured through a Millipore filter (HAWP, 0.45yp pore-—
diameter) and gently washed with ice—cold high salt buffer (HSB, 0.05 M
Tris, 0.004 M MgCl,, 107* M glutathione, 0.4 M (NH,),SO4 pH 7.8).
After extensive washing, the filter is dried and counted in a toluene-—
based scintilliation fluid in a scintillation counter.

For the kinetics of propagation experiments, T7 DNA, RNA
polymerase, ATP, GTP, and C!%4-labeled UTP are mixed in low salt
buffer and allowed to stand for 15 minutes at 37° C. (NH,),SO4 is added
to a final concentration of 0.4 M. This high salt concentration washes
any noninitiated polymerase off the DNA, leaves the initiation complex
‘intact, and severely slows the rate of reinitiation when the initiation
sites are later made reavailable. At this point (after initiation has
occurred) AMD is added. Thus, only the effect of AMD on propagation
is measured. The solution is incubated for 15 minutes at 37° C to en-
sure equilibrium in the addition of AMD to the DNA, Propagation is
started by the addition of CTP. At convenient time intervals either a
100 pl aliquot or the entire reaction mixture (usually 0.5 ml) is added
i:o 100 pl of cold carrier yeast high molecular weight RNA (1 mg/ml,
Calbiochem), and 0.5 ml of cold 5% TCA is added, After 20 minutes at
4° C the precipitate is washed onto a Whatman GF/C glass filter with
cold 1% TCA. The filter is washed thoroughly with cold 1% TCA and
then cold 95% ethanol, dried, and coﬁnted.

The total amount of RNA synthesized is calculated from the
measured radioactivity, using the measured efficiency of the counter

for a precipitated sample, the specific activity of the UTP calculated
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from the specific activity of the stock UTP solution quoted by Schwarz
Bioresearch Corporation and the dilution factor for the reaction mixture,
and by assuming that the mole fraction of ribonucleotides incorporated
is 0.24 for G and for C, and 0,26 for A and for U in accordance with

the base composition of the DNA (Wyatt & Cohen, 1953). Initial rates

of incorporation were estimated from the initial slopes of plots such as
that shown in Fig. 3.

For experiments in which the average RNA chain length as well
as the total incorporation is measured, the procedure for starting the
propagation reaction is the same as above. Then 100 pl aliquots are
alternately either precipitated as above or added to 100 ul of 1% SDS,
0.01 M EDTA, pH 8 for subsequent sedimentation analysis. The samples
for sedimentation analysis are allowed to stand at room temperature for
one hour before storage at 4° C. The EDTA stops propagation immediate-
ly by removing Mg++ from the reaction mixture, and the SDS dissoc-
iates the RNA from the enzyme and from the T7 DNA. Samples of the
RNA are sedimented on 5 ml 5-20 w/v % sucrose gradients containing
0.1 M NaCl, 107> M Tris, 107* M EDTA, pH 8. The sucrose is 50%
sterile aqueous solution, density gradient grade, RNase free, from Mann
Research Corporation. Wheat germ ribosomal RNA (25 + 18S), a gift
from Professor James Bonner, is used as a marker in a separate tube.
The fractions are dripped into cold carrier RNA, precipitated and
counted as before,

An essential feature of all these experiments is the employment

of a high salt concentration to minimize nonspecific initiation and propa-
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gation, and to minimize reinitiation by the excess polymerase after
propagation has moved the already initiated enzyme away from the
initiation site, The results show that high salt concentration slow the
process of initiation sufficiently that it is negligible over our short

time scale (less than one-half hour).

3. Results

(2) Binding of AMD to T7 DNA

A spectrophotometric titration, in a medium consisting of 0,01 M
NaCl, 0.001 M phosphate buffer, pH 7.0, at 25° C, gives the result
that the equilibrium association constant of AMD to T7 DNA is 2 X 10%
I\_/[‘1 and there is one binding site for every 7(+2) base pairs. These re-
sults are entirely concordant with measurements on other DNA's re-
ported in the literature (Gellert et al., 1965; Hyman & Davidson, 1967,
1970; Muller & Crothers, 1968). It should be recalled that these data
pertain to the "strong binding'" sites on DNA, If the concentration of
free AMD rises above about 1075 M, more AMD is bound to the DNA at
other sites.

The quantity r is defined as the ratio of the amount of AMD bound
to the number of base pairs; for T7 DNA, at saturation of the strong
binding sites, r = 0,143,

The experiments reported in later sections are at 37° and
either at '"low'" salt (LSB) or at '"high'" salt (HSB). Furthermore, GTP
is present in these experiments, and G derivatives are known to bind

AMD. Mlller & Crothers (1968) report that the association constants
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of actinomycin C; to calf-thymus DNA at 25° C are 2.4 x 10° _Il/[_1 and
1.2X107in 0.2 M Na' and 0.01 M Na+ media, respectively. Gellert
et al, (1965) report binding constants of AMD to calf-thymus DNA of
4 x 10% and 6 X 106 at 4° C and 22° C, respectively. From all these
data, we estimate binding constants of 5 x 108 M! and 1 x 10 M'! at
37° at low and high salt, respectively. Gellert et al. report binding
constants of AMD to deoxyguanosine of 5 x 103, 2.2 x 103, and 1 x 103 I}_/['1
at 10°, 25° and 37°; they report a binding constant to riboguanosine of
10% at 20° C. We assume that ribo GTP has the same binding constant
as does ribo G, and take a constant of 30 M ! at 37° C for GTP. (The
correction for AMD: GTP complexes is less than 10% anyway.)

The binding of AMD to DNA can then be calculatedfor any given

experiment,

(b) Membrane Filter Experiments

Measurements of the retention of T7 DNA by a membrane filter
as a function of the concentration of added RNA polymerase, in the
presence and absence of ATP and GTP, and of AMD are presented in
Fig. 1.

When the protein and DNA are mixed in LSB, and (NH),SO,
added to convert the medium to HSB, in the absence of ATP plus GTP,
irrespective of the presence or absence of UTP plus CTP, no DNA is
retained on the filter. If ATP and GTP are present in the LLSB, the
amount of DNA retained increases with increasing enzyme concentra—
tion, At the point marked by an arrow in Fig. 1 where all the DNA

is retained, the weight ratio of protein to DNA in the solution that was
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Fig. 1. The fractional retention of 1.40 pg of T7 DNA on a
Millipore filter (HAWP, 0.45 p pore diameter) by complexing with

RNA polymerase, in the presence and absence of ATP plus GTP, and

of AMD,

®, (ATP) = (GTP) =2 x 1074 M present in LLSB as the polymerase is
added; the medium is then adjusted to HSB, and washed through the

filter; O, no ATP or GTP, otherwise as above; 2 X 100* M UTP and
C TP were present in some experiments; O, (ATP) = (GTP) =

2% 10% M, AMD to r = 0,12 added to LLSB before addition of the polym-



70

| 9id

(W) OIX uolDAUBdU0Y BwAZU3

0-¢ 02

Ol

I

04

_
O O o-—0

I'0

0
o
d3NIVL3Y YNA 2 1 40 NOILOVYHA

|
Q




71

passed through the filter was 0.57. Using a molecular weight of
Q. 5 X 108 for RNA polymerase, this corresponds to a ratio of 1300
.base pairs per enzyme molecule,

If the actinomycin is present in the solution before the protein
is ladded and‘ the salt concentration raised, there is a small decrease in
the retention of DNA on the filter (Figs. 1 and 2). This decrease is
about 20% for an r value of 0.12. If the AMD is added after the polymer-—
ase, and then the salt concentration is raised, there is no effect on the
‘retention (Fig. 2). As will be seen later, under typical conditions, the
total rate of transcription is reduced by a factor of 30 to 50 by this
amount of AMD,

We do not know how to make a quantitative interpretation of
‘these experiments, since we do not understand quantitatively how the
probability of retention of DNA on the filter varies with the amount of
protein bound. Nevertheless, the results strongly suggest that the RNA
polymerase-DNA complex is largely dissociated in HSB, unless GTP
and ATP are present, This is in agreement with previous work
(Anthony et al., 1966; Jones & Berg, 1966). Furthermore, the effect
of AMD added to the low salt medium before adding the protein on the
binding of polymerase to DNA is comparatively small compared to the
- effects on the rate of transcription reported in a later section, Further-

more, AMD added after adding the polymerase has no effect on the bind-

ing curve. In the rate of transcription experiments reported in a later
section, the AMD was added after adjusting to HSB, Thus, the possi-

bility that it affected the initiation process was still less.
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Fig. 2. Retention of 1.40 pg of T7 DNA by 1.26 x 107 M RNA

polymerase in the presence of (ATP) = (GTP) = 2 X 10 * M.

@®, AMD added to the LL.SB before adding polymerase; O, AMD added

to the L.SB after adding polymerase; for each case, the medium is

then converted to HSB.
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(c) Effects of AMD on Initiation, Propagation, and Termination

In these experiments the rate of in vitro propagation is measured
under high salt conditions as described in Methods. At varying times
after starting the reaction,the average <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>