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ABSTRACT We studied RNA synthesis in vitro from
closed-circular X DNA molecules with varying degrees of
superhelicity. The four circular templates examined had
0, -50, -110, and -160 superhelical turns under the
conditions of the transcription assay. We found that the
total amount of RNA synthesis increases as the template
acquires more negative superhelical turns. This increased
transcription results from more frequent initiation of
RNA chains. Transcription of circular DNA with no
superhelical turns appears to mimic RNA synthesis in
vivo more closely than transcription from either highly
superhelical or linear DNA with regard to two criteria:
preferential transcription of the region corresponding to
early genes and sensitivity to repression by X cI protein.
We suggest that the physical basis for the increased
initiation of RNA chains from superhelical DNA is the
fact that unwinding events are energetically favored on a
DNA molecule with negative superhelical turns. Possible
general mechanisms are: (a) RNA polymerase must
unwind the DNA duplex as a prelude to initiation; (b)
the DNA itself must assume a new conformation at the
promoter site which requires an unwinding of the DNA
duplex.

Most in vitro experiments with RNA polymerase of Escherichia
coli have been done with linear viral DNA as template (1).
However, many viral DNA molecules exist in a circular form
in vivo during transcription by RNA polymerase. These
circular DNA molecules are typically extracted from the cell
in a superhelical configuration (2). For example, X DNA
has about 140 negative superhelical turns (3). For this reason,
we undertook a study of the influence of circularity and super-
helicity on the magnitude and specificity of transcription from
X DNA by RNA polymerase.

Previous studies of superhelical OX DNA (4) and SV40
DNA (5; P. Chambon, personal communication) have indi-
cated that the integrity of the circular molecule or the super-
helicity itself might influence the magnitude of transcription,
because the introduction of a single-strand break (which allows
unwinding) reduced the magnitude of RNA synthesis. In this
report, we show that the amount of RNA synthesis from
covalently-closed, circular X DNA increases as the degree
of superhelicity increases; we also present results that indicate
that these quantitative alterations are associated with changes
in the initiation pattern.

MATERIALS AND METHODS

[1H]CTP was obtained from Schwarz/Mann, Orangeburg,
New York and [32P]CTP from New England Nuclear, Bos-
ton, Mass. RNase and DNase (code DPFF) were supplied
by Worthington Biochemical Corp., Freehold, N.J., and 38%
formaldehyde was from Mallinckrodt, Evanston, Ill.
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The purification of RNA polymerase followed the method
of Burgess (6) through (NH4)2SO4 precipitation. Subsequent
steps followed the agarose and DEAE-cellulose procedure of
Wu et al. (7), with two modifications. Before agarose chro-
matography the extract was dialyzed for 4 hr against 2 liters
of the Buffer A described by Burgess (6). After DEAE-
cellulose chromatography, the high-salt glycerol gradient
step of Burgess (6) was used. The enzyme was stored in Buffer
A, in 0.5 M KCl and 50% glycerol. Na dodecyl sulfate-
polyacrylamide gel electrophoresis revealed five protein
species: the ,, O', a, and a subunits (6) and one other pro-
tein (r) typically found in RNA polymerase preparations
(6).
The X cI protein (X repressor), a gift of Dr. S. Ghosh, was

prepared by the method of Wu et al. (7). Hybridization pro-
cedures have been described (7), except that hybridization
was done at 650 for 5 hr with 16 gg/ml of heat-denatured
DNA. The wash buffer was 0.3 M NaCl-0.03 M Na-citrate
(pH 7.3).

Circular templates used in this study were prepared from
DNA extracted from purified phage. The cyclization and
the covalent closure of the DNA in the presence of ethidium
bromide were done by published procedures (8). The four
templates obtained in this way had 0, -50, -110, and -160
superhelical turns under the conditions of the transcription
assay.
The standard transcription assay (0.1 ml) contained:

0.05 M KC1, 0.1 mM dithiothreitol, 0.1 mM EDTA, 20 ;g/ml
of bovine-serum albumin (Armour), 0.01 M MgCl2, 0.02 M
Tris HCl (pH 7.9 at 250), 0.33 mM GTP, UTP, and ATP,
0.08 mM ['H]CTP, and various amounts of RNA polymerase
and Xb2 DNA. The order of additions were: (i) DNA was
first added to the buffer; (ii) RNA polymerase was then
added to the mixture and incubated at 17° for 5 min; (iii)
the reaction was then started by addition of the ribonucleoside
triphosphates at 35°. The reaction was stopped by chilling
in ice. In experiments in which X cI protein ("X repressor")
was used, RNA polymerase addition followed a 5-min incu-
bation ofDNA and cI protein at 00.

RESULTS

Effect of Superhelical Turns on the Magnitude of Trans-
cription. Fig. 1A depicts the total amount of RNA syn-
thesized as a function of RNA polymerase concentration for
four covalently-closed Xb2 DNA samples containing 0, -50,
-110, and -160 superhelices. The magnitude of transcription
is related to the degree of superhelicity; the total amount of
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FIG. 1. Transcription of superhelical and linear DNA at
different RNA polymerase concentrations. To the reaction mixture
described in Methods was added: (A) 0.6 ug of closed-circular
DNA of varying superhelicity or; (B) 0.4 pg of circular or linear
DNA. RNA polymerase was added and the mixture was incubated
at 170 for 5 min. The reaction was begun by addition of 0.33 mM
ATP, GTP, and UTP and 0.08 mM [3H]CTP (1 Ci/mmol).
The reaction was terminated after 5 min by chilling in ice. RNA
was precipitated with 5% cold trichloroacetic acid plus 0.1%
sodium pyrophosphate and filtered through Whatman GF/C
glass-fiber filters. The precipitate was washed with 50 ml of 5%
trichloroacetic acid plus 0.1% sodium pyrophosphate, followed by
10 ml of anhydrous methanol. The dried filters were counted in
5 ml of toluene-Omnifluour in a Packard Scintillation Counter.
0, 0 superhelical turns; *, -50 superhelical turns; *, -110
superhelical turns;E, -160 superhelical turns; A, linear.

RNA synthesis increases as the number of negative super-
helical turns increases from 0 to -110. Total transcription
reaches a maximum from the template with - 10 superhelical
turns. Fig. 1B compares the transcription of linear and cir-
cular templates. The total amount of RNA from the linear
template is similar to that from the circular DNA with no

superhelical turns.

Effect of Superhelical Turns on Initiation and Termination.
There are three possible explanations for the increased tran-
scription from DNA with more negative superhelical turns:
(i) more RNA chains are initiated; (ii) the RNA chains
grow faster; and (iii) fewer RNA chains are terminated
during the transcription assay. In an effort to distinguish
among these possibilities, we have measured the growth rate
of the RNA chains. For this purpose we estimated chain size
by zone sedimentation in sucrose gradients containing formal-
dehyde to eliminate effects of secondary structure (9, 10).

Fig. 2A compares the sedimentation profile of RNA tran-
scribed for 1 or 2 min from DNA with no superhelical turns.
The 1-min [HIIRNA was mixed with the 2-min [2P]RNA
before sedimentation. Most of the RNA chains continue to
grow between 1 and 2 min. From the sedimentation position
of ribosomal RNA markers, we estimate an approximate mo-

lecular weight of 3 X 105 and 6 X 105 for the peak 1-miD and
2-mi RNA samples, respectively. A similar constant growth
rate was observed for transcription of DNA with -160 super-
helical turns. This similarity in growth rate of most of the
RNA chains from the 0 and -160 DNA is shown in Fig. 2B

by a direct comparison of [3H]RNA and [82P]RNA from
the two templates. Thus, no major differences in growth rate
of RNA chains or in termination are apparent during the
first 2 min of RNA synthesis.

In contrast, there is a large difference in the amount of RNA
transcribed from the 0 and -160 DNA during the first 2
min. This is shown by a comparison of [8H ]RNA from the two
templates sedimentated in parallel gradients (Fig. 2C). From
the large differences in total RNA transcribed at this early
time after initiation, when most of the RNA chains are still
growing at a constant rate, we conclude that the increased
transcription from highly superhelical DNA results mainly
from new initiation events.
The origin of the very rapidly sedimenting RNA found after

transcription of superhelical templates (Fig. 2B and C) is
obscure. The rapid sedimentation might reflect a residual
association with the DNA template or an artifact of the
formaldehyde reaction.

Changes in Initiation Pattern as a Function of Superhelicity.
The additional initiation events observed on the more super-
helical DNA could occur from the same sites used on less
superhelical DNA or, alternatively, from the activation of
new or infrequently used sites. A related and perhaps more
interesting question is which template approximates most
closely the initiation pattern found in vivo. After infection of
E. coli by phage X, the host RNA polymerase initiates tran-
scription mainly at two sites on X DNA, leading to the pro-
duction of a class of "immediate-early" RNA. Initiations
from these sites are subject to inhibition by the X cI protein
("X repressor") (Fig. 3).
To determine how the different templates affect the use of

initiation sites, we estimated the fraction of RNA from each
template that comes from the early gene region. The amount
of this early gene RNA should give an estimate of the fre-
quency of initiation from the immediate-early promoter
sites. Two criteria were used to estimate the early gene RNA:
hybridization of RNA to DNA homologous to the template
only in the early -gene region (080-X early DNA, Fig. 3),
and inhibition of transcription by purified X cI protein.
By comparison of the extent of hybridization to 4080-X

early DNA and to X DNA, we can show which regions of
X DNA are predominantly transcribed and relate the tran-

TABLE 1. Percent of total RNA complementary to A early
genes as a function of superhelicity

Incubation Percent early
DNA time (min) gene RNA

0 5 81
-50 5 63
-110 5 48
-160 5 41

Linear 5 53
-110 10 44
-110 1 42

Reactions were done as in Fig. 1 (with 0.6 Ag of polymerase).
The DNA templates used are denoted here by the number of
superhelical turns in each sample. RNA was synthesized, purified,
and hybridized as in Methods. The percent early gene RNA is
defined as [hybrid withk80-r early (cpm)/hybrid with X (cpm)] X
100.

Proc. Nat. Acad. Sci. USA 70 (1973)



Transcription from Superhelical DNA 3079

scription pattern to that initially present after X infection.
The results of such hybridization assays are shown in Table 1.
RNA transcribed from each of the templates noted was puri-
fied and added to hybridization mixtures containing either
or 480-X early DNA. The percent early gene RNA increases

as the template becomes less superhelical. These results indi-
cate that at least some of the additional initiation events on

highly superhelical DNA involve new or less frequently used
sites outside the early gene region. It should also be noted
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FIG. 2. Sedimentation analysis of RNA transcribed from

closed, circular DNA with 0 or -160 superhelical turns. To the

reaction mixtures used for Fig. 1 were added 0.75 jug of DNA and
1.8 ug of RNA polymerase. The reaction of the RNA with form-
aldehyde followed the procedure of Boedtker (9). The reaction
mixtures were made 0.1% in sodium dodecyl sulfate and heated
for 2 min at 75-80°. Then formaldehyde was added to 1.1 M and
phosphate buffer (pH 7.7) to 0.1 M. For cosedimentation of 3H-
and 32P-labeled RNA, reaction mixtures were mixed before treat-
ment with formaldehyde. The transcription times and templates
used were: (A) 1-min [3H]RNA and 2-min [32P]RNA, 0 super-

coils, cosedimented; (B) 2-min RNA, 0 supercoils [3H]RNA,
-160 supercoils [32P] RNA, cosedimented; (C) 2-min RNA,
0 supercoils [3H]RNA, -160 supercoils [3H] RNA, sedimented
in parallel gradients. RNA was sedimented for 61/2 hr at 50,000
rpm. The gradient tubes contained 5-20% sucrose, 1.1 M form-
aldehyde, and 0.1 M phosphate (pH 7.7). Samples were collected
by pumping from the bottom of the tube. RNA assays were

done as for Fig. 1 except that 100 ug of carrier DNA was added
to each fraction before precipitation. (o) [3H]RNA; (.) [32P]_
RNA. Sedimentation was from right to left on the figure.

so80

Head Tail

o- Late Genes

in

Recomb Reg DNA Lysis
.- Early Genes He Late_-.

Genes

FIG. 3. X genes and their regulation. The horizontal line rep-
resents a linear X DNA molecule. Most X genes are shown
generically by the designations below the line: genes that specify
phage head and phage tail structures and lysis proteins (late
genes) or genes that specify recombination, regulation, or DNA
replication proteins (early genes). The approximate regions of
+80 DNA in the 080-x early hybrid used for RNA analysis are
shown above the line. The cI gene codes for the repressor that
maintains lysogeny (11, 12); the N gene codes for a regulatory
protein that activates most other X genes (13, 14). The early
genes are transcribed in two stages in vivo: the immediate-
early stage includes leftward transcription from gene N and
rightward transcription which extends through the DNA genes
but probably represents mainly the cro gene; the delayed-early
stage (dependent on N protein) includes leftward transcription
through the recombination genes and enhanced rightward trans-
cription from the replication genes (13). The immediate-early
stage of RNA synthesis is represented on the figure by the wavy
arrows (ad). In vitro, in the absence of a termination factor,
the distinction between immediate-early and delayed-early
stages apparently does not occur (15). The ci protein acts at the
sites indicated by arrows to block the immediate-early stage of
RNA synthesis in vivo (11, 12) [and properly initiated early gene
RNA synthesis in vitro (7, 16)].

here that linear DNA has a lower percent of early gene RNA
than either DNA withaor -50 superhelical turns.
An alternative explanation for the changes in percent of

early gene RNA invokes differences in the termination pat-
terns for the various templates. Thus, for example, one could
say that the same fraction of RNA chains initiate at the
immediate-early promoter sites on DNA with -110 super-
helical turns as on DNA with 0 superhelical turns; however,
since the RNA chains elongate further on the DNA with -110
superhelical turns, the percent of early gene RNA decreases
because the RNA chains extend into regions inhomologous
with the 480-X early DNA used in the hybridization assay.
If this is the case, a significant change in percent of early gene
RNA should be found for an incubation time short enough to
prevent any possible chain growth into the regions distal

TABLE 2. Percent repression as a function of superhelicity

Percent early Percent total
DNA RNA repressed RNA repressed

0 a0 25
-50 53 50
-160 9 0

Linear 33 3
Linear imm434 0 0

The procedures are the same as in Table 1 except that one
binding unit (7) of X cI protein was prebound for 5 min at 00 be-
fore addition of RNA polymerase to one reaction mixture. For
each template an additional reaction mixture was used without
repressor. The percent repression is defined as [hybrid (non-
repressed reaction) - hybrid (repressed reaction)/hybrid (non-
repressed reaction)] X 100.
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to early genes. Table 1 shows the results of an experiment in
which transcription from DNA with -110 superhelical
turns was allowed to proceed for 1 min or for 10 mil. The
1-min RNA sample shows no increase in the percent of early
gene RNA compared to the 10-min RNA sample. The 1-min
RNA sample should have an average molecular weight no
greater than 3 X 105 (Fig. 2), and the X region of 080-x early
DNA probably extends for nearly 4 X 106 daltons from the
immediate-early promoter sites (17). Thus the differences in
percent of early gene RNA probably reflect differences in
the pattern of initiation.

Repressor Activity as a Function of Superhelicity. The degree
of inhibition of transcription (repression) obtained with the X
cI protein is another probe for the number of chains started at
the initation sites used by RNA polymerase in vivo. The cI
protein binds to two sites near the initiation sites for im-
mediate-early RNA synthesis, and inhibits the synthesis of
RNA chains from these sites (see Fig. 3). Table 2 presents
the percent of total and of early gene RNA that can be re-
pressed in our in vitro system. DNA with -160 superheli-
cal turns shows little repression, as expected from the small
fraction of early gene RNA found for this template in the
data of Table 1. DNA with 0 and -60 superhelical turns
shows much greater repression, also as expected from the data
of Table 1. Linear DNA is less subject to repression than a
closed-circular template with 0 and -60 superhelical turns.
Linear Ximm434 DNA, which is insensitive to X cI protein (11,
12), exhibits no repression. The loss of repression by super-
helical DNA does not result from a failure of superhelical
DNA to bind the cI protein (18).
The extent of repression of RNA synthesis is less than that

expected if all of the early gene RNA is initiated at the imme-
diate-early promoter sites shown in Fig. 3. This may reflect
initiation at other sites within the early gene region or an
inability to achieve complete repression under the in vitro
conditions used in these experiments (7).
From the results of Tables 1 and 2, we conclude that the

spectrum of initiation sites changes with the superhelical
density of the DNA template and that the initiation pattern
from closed-circular DNA with few or no superhelical turns
approximates most closely that observed in vivo.

DISCUSSION
Possible necessity for RNA polymerase to
unwind the double helix

We find that total RNA synthesis from X DNA increases as
the number of negative superhelical turns increases from 0
to -110; transcription reaches a maximum for the template
with -110 turns and does not increase further for a template
with -160 turns. The increase in the magnitude of transcrip-
tion probably results from more frequent initiation of RNA
chains. The additional initiation events appear to occur pre-
dominantly from promoter sites not used by the host RNA
polymerase in vivo during the earliest stage of A infection.
We believe that the physical basis for the increased initia-

tion of RNA chains from superhelical DNA is the fact that
unwinding events are energetically favored on a DNA mole-
cule with negative superhelical turns (19, 20). Therefore,
any event that involves unwinding of the DNA duplex should
occur more readily with DNA carrying negative superhelical
turns. We suggest two general mechanisms by which the in-
creased initiation from superhelical DNA might arise: (a)

RNA polymerase must unwind the DNA duplex as a prelude
to initiation; or (b) the DNA must assume a new conformation
at the promoter site which requires unwinding of the DNA
duplex.
The critical difference between the two proposed mecha-

nisms is that the conformational change in b is independent
of the binding by RNA polymerase. An example of such a
conformational change is the generation of branched, "hair-
pin" structures with a few unpaired bases (21). Such a con-
formational change might be required for either proper site
recognition by RNA polymerase at the binding stage or for
other processes necessary for initiation.

If RNA polymerase has the capacity to separate the strands
of the DNA duplex (mechanism a above), the enzyme should
have an increased affinity for binding sites on the super-
helical molecule because the affinity of an unwinding sub-
stance for closed-circular DNA increases as the DNA acquires
more negative superhelical turns (19). There are two ways in
which this increased affinity might result in more frequent
initiation from superhelical DNA: (i) an increase in the frac-
tion of enzymes bound to the template; or (ii) a reduction of
an energy barrier between site recognition and actual chain
initiation.

Case i implies that a fraction of the RNA polymerase mole-
cules are not bound to nonsuperhelical DNA or bound so
loosely that initiation is unlikely for kinetic reasons. Thus, the
affinity increase for superhelical DNA might serve to increase
the number of bound enzyme molecules or the dissociation
time of an already bound enzyme. Case ii implies that the
existence of a tight-binding (high affinity) site is not a suffi-
cient condition for initiation, although probably a necessary
condition (22). For such a situation, the interaction of RNA
polymerase with DNA may be envisioned as a complex process
involving: (a) site recognition, (b) strand separation, and (c)
subsequent steps such as enzyme migration from a binding
site to a distinct initiation site or a conformation change at the
binding site (23-25) t. Either stage b or c involves a possible
energy barrier between site recognition and initiation. The
additional unwinding contribution of the superhelical DNA to
the binding energy of RNA polymerase might serve to con-
vert a "nonproductive" binding site to one productive for
initiation. The fact that RNA synthesis fails to increase
between -110 and -160 superhelical turns may reflect a
saturation of available productive sites or a loss of enzyme
molecules at tight-binding sites incapable of initiation.

Recently Saucier and Wang (26) showed by direct physical
chemical measurements that the binding of an RNA poly-
merase molecule to X DNA causes a slight unwinding of the
DNA helix. The unwinding angle per bound polymerase is
about 1200 with an estimated uncertainty of a factor of two.
While the magnitude of this unwinding is small, it can never-
theless cause a large difference in the binding affinity of RNA
polymerase for superhelical DNA (20). If we define KT and
Ko as the binding constants of RNA polymerase to DNA with
r superhelical turns and zero superhelical turns, respectively,
KT= -5/Ko is estimated to be about 25 (calculated from
ethidium bromide binding data, Wang, unpublished results).
Thus, the presence of 50 negative superhelical turns in X
DNA should increase the affinity of any binding site for RNA
polymerase by about 25-fold.

t Mangel, W. F. & Chamberlin, M. (1973) J. Biol. Chem., sub-
mitted for publication.
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Transcription from superhelical DNA involves a change in
the distribution of initiation events as well as an increase in
frequency. This change in distribution might ensue from either
of the two general mechanisms suggested at the beginning of
the Discussion because either mechanism provides for po-

tential initiation at sites not used on nonsuperhelical DNA.
The apparent difference in transcription specificity between
linear DNA and closed-circular DNA with no superhelical
turns is not obvious from the discussion so far. We can think
of two possible explanations for the difference between
linear and circular templates: (i) under the conditions of our

experiments some initiation occurs at the free ends of the
linear DNA; or (ii) prior binding by some RNA polymerase
molecules introduces enough positive turns into the circular
molecule to restrict subsequent unwinding events.

Possible regulatory role for superhelicity

Our results indicate that structural alternations that affect
DNA unwinding might play a significant role in cellular reg-

ulation. We can consider two types of mechanism: (a) struc-
tural alterations at specific sites which increase or decrease
the energy needed for local strand separation or conformation
change of the DNA (for example, binding or DNA modifica-
tion by specific protein "factors"); or (b) general structural
alterations which change the difficulty of strand separation or

of conformation changes at all potential sites on the DNA (for
example, the winding or unwinding of a superhelix by DNA-
binding proteins). In the latter case, both the magnitude and
specificity of transcription from a large region of DNA can be
altered without the regulatory protein acting at each potential
initiation site for transcription ("action at a distance" reg-

ulation). One can also imagine similar effects on DNA replica-
tion. In this context, we find particularly interesting the recent
reports that DNA of the E. coli "chromosome" and perhaps
nucleohistone exist in a superhelical state (27, 28).
With respect to X, the possible importance of such mecha-

nisms is difficult to assess because of a paucity of biochemical
data. The only X regulatory protein for which some biochem-
ical data are available is the cI protein. The possibility that
the cI protein restricts local unwinding has been suggested to
explain some complexities in the interaction between cI pro-

tein and RNA polymerase (7). The cI protein does not wind or

unwind X DNA (18; Wang, unpublished data) and thus does
not itself exert the general regulatory role postulated in the
second mechanism above; conceivably the cI protein might
influence such regulation indirectly through a capacity to
prevent unwinding by RNA polymerase.
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