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Effect of Template Conversion from the B to the Z Conformation on RNA

Polymerase Activity'

James J. Butzow, Yong A. Shin, and Gunther L. Eichhorn*

ABSTRACT: Transition from the right-handed B to the left-
handed Z conformation of DNA was studied by circular di-
chroism in parallel with the ability of the DNA to support
RNA synthesis with Escherichia coli RNA polymerase. Since
the B to Z transition is generally induced by a chemical agent,
a definitive demonstration that a change in activity is due to
the conformational change, and not to the agent itself or to
other factors, requires the clear-cut correlation of template
activity and conformation under a variety of conditions that
result in conformational change. Such correlation was
achieved by following the [Co(NHj,)¢]**-induced transition
of poly(dG-dC)-poly(dG-dC) and poly(dG-dm3C)-poly(dG-
dm’C) and the Mg?*-induced transition of poly(dG-dm>C)-
poly(dG-dm3C). In addition, conditions were chosen to
minimize possible aggregation. In each of these three systems,

DNA can exist in left-handed as well as right-handed
conformations; alternating purine-pyrimidine sequences,
particularly poly(dG-dC)-poly(dG-dC), can lead to left-handed
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the B to Z conformational transition was accompanied by a
substantial decrease in transcription activity. While the
conversion from B to Z of poly(dG-dm*C)-poly(dG-dm>C) is
induced by a 25-fold lower concentration of [Co(NH;)4]**
than that required for the conversion of unmethylated polymer,
in both cases the RNA polymerase activity is decreased at the
same cation concentration as that producing the conforma-
tional transition. Neither [Co(NH;)¢]** nor Mg?* inhibits
RNA synthesis with control templates that are not converted
to Z under the same conditions, such as poly(dA-dT)-poly-
(dA-dT) or calf thymus DNA with [Co(NH;)¢]>* or poly-
(dG-dC)-poly(dG-dC) with Mg?*. These studies, therefore,
provide excellent evidence that DNA in the Z conformation
is a considerably less active template than in the B confor-
mation.

conformation (Wang et al., 1979; Leslie et al., 1980). 5-
Methylation of the dC residue in repeated dG-dC sequences
provides considerable further stabilization of left-handed
structure (Behe & Felsenfeld, 1981; Fuji et al., 1982), and
methylation of such sequences has also been associated with
inhibition of transcription (Razin & Friedman, 1981; Erlich
& Wang, 1981). The left-handed Z structure has been found
to exist or be inducible in certain regions of chromosomal DNA
(Nordheim et al., 1981; Hill & Stollar, 1983). It has been
reported that sequences that could adopt the Z conformation

This article not subject to U.S. Copyright. Published 1984 by the American Chemical Society
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may be widespread in nature (Hamada et al., 1982).! 2Z-
forming sequences are involved in the functioning of certain
transcription-enhancing regions of viral DNA (Nordheim &
Rich, 1983). If left-handed structure is a potential control
element in transcription, it becomes very important to find out
what effect Z structure has directly on the template properties
of DNA with RNA polymerase; we have set out to investigate
what these effects may be. In this paper, we describe ex-
periments in which the transition from the B to the Z form
of polynucleotides is studied by circular dichroism in paraliel
with the transcription activity of Escherichia coli RNA po-
lymerase.

Such an investigation poses a number of difficulties that
must be overcome. Conditions are required that are suitable
for the concurrent study of the conformational transition and
RNA polymerase activity. Since transitions from the B to the
Z conformation generally require a chemical agent, one must
differentiate between effects that are clearly produced by the
conformational transition and those that might be caused by
the agent itself,

Conversion from the B to the Z conformation can be readily
effected by cations; the trivalent [Co(NH;)¢}** has been found
particularly useful at very low concentrations (Behe & Fel-
senfeld, 1981). We employed this cation for the conversion
since we found that RNA polymerase is active in its presence.
We discovered not only that the action of [Co(NH;)¢]** on
poly(dG-dC)-poly(dG-dC) results in the desired transition from
B to Z but also that further conformational transitions follow
this initial conversion; these transitions are reported elsewhere
(Eichhorn et al., 1983). For the present study, conditions were
chosen so that the transition from the B to the Z form could
be studied without appreciable conversion to other forms.
Since the conditions under which B to Z conversion occurs
sometimes also favor aggregation (van de Sande & Jovin,
1982), conditions were selected to minimize aggregation. An
aggregated Z (Z*) form of poly(dG-dC)-poly(dG-dC) has
been found (Durand et al., 1983) to have decreased RNA
polymerase template activity.

The present experiments involved the action of [Co(N-
H3)4]Cl; on poly(dG-dC)-poly(dG-dC) as well as poly(dG-
dm*C)-poly(dG-dm>C), and also the action of Mg?* on the
latter. The effect of the cobalt complex and of Mg?* on
templates that do not assume the Z form was also investigated.
The results yield very good evidence that RNA polymerase
template activity depends on the conformation of the template
DNA.

Experimental Procedures

Materials

Buffer. All physical and enzymatic measurements were
made with polynucleotides equilibrated in 50 mM NaCl-5
mM tris(hydroxymethyl)aminomethane (Tris), pH 8.0 (20
°C), and all dilutions were made with this buffer.

Polynucleotides. Poly(dG-dC)-poly(dG-dC) and poly(dG-
dm?*C)-poly(dG-dm*C) (P-L Biochemicals), poly(dA-dT)-
poly(dA-dT) (Miles Laboratories), and calf thymus DNA
(Worthington) were solubilized by gentle rotation for several
days at high concentration; poly(dG-dC)-poly(dG-dC) and
poly(dG-dm>C)-poly(dG-dm3C) were then passed through a
column of Chelex (Bio-Rad). All polynucleotides were further
equilibrated at twice the final concentration by gentle rotation

! Although the conclusions reported in this study have been chal-
lenged, recent further studies by H. Hamada et al. (private communi-
cation) appear to have confirmed them.
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for at least 12 h. This equilibration is important to minimize
aggregation when cations are added later to induce confor-
mational change.

RNA polymerase from E. coli was prepared as the holo-
enzyme according to Burgess (Burgess & Jendrisak, 1975;
Lowe et al., 1979).

Nucleotide Triphosphates. [5-*H]CTP and [5-*H]UTP
were from ICN; unlabeled ATP, UTP, CTP, and GTP were
from Boehringer Mannheim and Sigma.

[Co(NH,;)¢]Cl; was purchased from Eastman Kodak.
Concentration was checked by visible absorbance [[e]47; = 56.2
(Widom & Baldwin, 1983)] and by atomic absorption.

Methods

Reaction Conditions. The optimum conditions for these
studies of conformation and template activity included low
polynucleotide concentration to minimize polynucleotide ag-
gregation, low concentration of the required divalent cation,
Mg?*, since Mg?* can compete with the other cation species
and can itself induce B to Z conversion in poly(dG-dm3C).
poly(dG-dm°C) (Behe & Felsenfeld, 1981), and a low en-
zyme:polynucleotide ratio, since use of higher concentrations
of RNA polymerase apparently led to partial reconversion to
B. The same polynucleotide samples were used for both cir-
cular dichroism (CD) and RNA synthesis studies, and all
reagents necessary for RNA synthesis were present in the CD
samples, except that for CD the NTPs were not radiolabeled;
the CD samples were then treated in the same way as those
in RNA polymerase activity studies, so that similar amounts
of enzyme action would occur.

Polynucleotide solutions and [Co(NH,)¢]Cl; or MgCl, so-
lutions, both at twice the final concentration, were equilibrated
at 30 °C. Equal volumes were then mixed, and the mixture
was equilibrated at 30 °C for 1 h to allow Z formation. If
hexaamminecobalt was used, MgCl, was added after this
equilibration period. NTPs and enzyme were then added, and
the mixture was incubated at 37 °C for RNA synthesis. Final
mixtures contained 20 uM polynucleotide, 0-80 uM [Co(N-
H,)¢]Cl,, 0.5 mM MgCl, (unless otherwise specified), 25 uM
each of NTP [CTP and GTP for the GC polymers, UTP and
ATP for poly(dA-dT)-poly(dA-dT), and CTP, GTP, UTP, and
ATP for calf thymus DNA], and, unless otherwise specified,
20 nM RNA polymerase. Higher NTP concentrations were
not used since they produced excessive CD instrument noise
due to the total absorbance. Other materials commonly used
in RNA polymerase assays, such as protein carrier or sulf-
hydryls, were omitted for the same reason.

Circular Dichroism. Ellipticity was measured with a Cary
60 spectropolarimeter with a CD accessory. To obtain the
necessary sensitivity, most of the measurements were carried
out with a 2-cm path-length cuvette. The net ellipticity of the
polynucleotide in the presence of RNA polymerase and NTP
was found by subtracting the signal of an RNA polymerase—
NTP blank from that of the mixture containing the poly-
nucleotide.

RNA polymerase activity was measured as the initial rate
of NTP incorporation into acid-insoluble product. For GC
polymers or calf thymus DNA, CTP was labeled (5->H); for
poly(dA-dT)-poly(dA-dT), UTP was labeled (5-°H). The
product was precipitated from 100-500-uL samples in 10%
trichloroacetic acid after addition of 0.5 A, unit of calf
thymus DNA, filtered onto a Whatman GF/ A glass fiber mat,
and washed with 10% trichloroacetic acid and then with ab-
solute methanol. After the product was dried, it was solu-
bilized from the filter disk in NCS (Amersham) containing
10% water, then Econofluor (New England Nuclear) counting
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solution added, and the product counted in a Beckman LS-250
liquid scintillation spectrometer. [*H]CTP standards similarly
prepared in NCS and Econofluor were also counted. Sample
cpm ranged from ~ 1000 to 50000. Some samples were al-
ternatively precipitated in 5% trichloroacetic acid after addition
of 50 ug of bovine serum albumin (BSA), with similar but less
reproducible results; the activity data of Figures 7 and 8 were
obtained in this way.

Under the conditions used, the incorporation of CTP with
poly(dG-dC)-poly(dG-dC) is approximately linear from about
1.5 to 10 min, whether the bulk of the polymer is B or Z
(converted by hexaamminecobalt). For poly(dG-dm*C)-
poly(dG-dm*C), the incorporation of CTP involves a shorter
initial lag, about 0.5 min, and linearity extends for only up
to about 4 min; this is the case for both B and Z, whether Z
is produced with [Co(NH;)¢]** or Mg?*. We routinely made
use of single-time activity determinations in the linear time
range, at 3 min for the methylated polymer and at 10 min for
the unmethylated polymer.

Check for Aggregation. The polynucleotide UV absorbance
spectra of samples prepared for CD measurement (in which
transcription had been allowed to proceed) were taken as
differences against appropriate blanks containing NTPs and
enzyme. The spectra were of the type expected for B and Z
(Behe & Felsenfeld, 1981) and showed zero absorbance at
wavelenigths greater than 300 nm. The UV spectra of some
samples were also examined after centrifugation at 10000g
for 5 min [cf. van de Sande & Jovin (1982)]; no changes were
found, indicating no depletion of polymer. Additionally; the
sedimentation characteristics of some of these samiples were
examined during high-speed centrifugation (Beckman Model
E analytical ultracentrifuge with ultraviolet scanning optics).
The sedimentation patterns showed no grossly aggregated
material and yielded average s values similar to those of the
starting polymer in the B form, as also found by Behe &
Felsenfeld (1981) for the Z forms of the GC polymers alone.

Results

Effect of Reagents Required for RNA Synthesis on the CD
of Polynucleotides. The circular dichroism of the poly-
nucleotide solutions served as the criterion for establishing the
conformation, as previously demonstrated for this system
(Eichhorn et al., 1983; Behe & Felsenfeld, 1981; Thamann
et al., 1981). The B and Z forms register the one- and two-
peak 3'P NMR spectra, respectively, characteristic of these
conformers (Patel et al., 1979), thus confirming the confor-
mations determined by CD, but the transitions are best and
most easily followed by CD. Since for purposes of parallel
measurement the CD must be measured under the conditions
which obtain during RNA synthesis, it is important to know
whether the reagents used for RNA synthesis have significant
effects on the CD spectra of the polynucleotides. For this
reason, the CD changes induced by the action of [Co(NH,)¢])**
on poly(dG-dC)-poly(dG-dC) and by Mg** on poly(dG-
dm*C)-poly(dG-dm°C) are compared (Figure 1) before and
after addition of NTPs plus enzyme, and incubation under the
conditions used in most of this work. No significant effects
on the CD are detected; therefore, we conclude that these
reagents have not perturbed the conformation of the bulk of
the polynucleotide. As will be indicated later, higher RNA
polymerase concentration leads to CD changes compatible with
some reconversion of Z to B.

Effect of [Co(NH,)] Cly on Template Activity and CD of
Poly(dA-dT)-Poly(dA-dT) and Calf Thymus DNA. One of
the ways to differentiate between effects on template activity
of the B to Z transition, and effects of the agent used to
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FIGURE 1: CD spectra of 20 uM each of the B and Z forms of (A)
poly(dG-dC)-poly(dG-dC) and of (B) poly(dG-dm’C)-poly(dG-dm*C),
in 50 mM NaCl and 5 mM Tris buffer, pH 8 (---), and difference
spectra of the polynucleotides under these conditions after reaction
for 5 min at 37 °C with 25 uM each of CTP and GTP and 20 nM
RNA polymerase (—), the ellipticity of the NTPs and RNA po-
lymerase being subtracted from the total ellipticity. (A) Poly(dG-
dC)-poly(dG-dC): 0.5 mM Mg?* plus no [Co(NH,)¢]** (B form)
or 70 uM [Co(NH3)‘52 3+ (Z form). (B) Poly(dG-dm°C)-poly(dG-
dm’C): 0.5 mM Mg?* (B form) or 3 mM Mg?* (Z form).
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FIGURE 2: Effect of [Co(NH;)e]** concentration on RNA polymerase
transcription activity with poly(dA-dT)-poly(dA-dT) (O) and with
calf thymus DNA (@). All samples contain 0.5 mM MgCl,, 50 mM
NaCl, and 5 mM Tris buffer, pH 8, 20 uM polynucleotide, 25 uM
each of UTP and ATP for poly(dA-dT)-poly(dA-dT), plus CTP and
GTP for calf thymus DNA, and 20 nM enzyme. Activity is in units
of millimoles of UTP or CTP incorporated per base pair of template
per minute.

produce the transition, is to study the effect of that agent on
a template that does not undergo the transition. Neither
poly(dA-dT)-poly(dA-dT) nor the bulk of calf thymus DNA
is knowri to exist in the Z form, and neither template exhibits
CD changes under the experimental conditions. The effect
of [Co(INH,)¢]?* on the transcriptional properties of these
templates can be taken as being due to the direct action of the
cobalt complex rather than any conformational transition.
Figure 2 shows that [Co(NH;)¢]?* is an activator of RNA
polymerase activity with these templates.

Effect of [Co(NH,)g]Cl; on Template Activity and CD of
Poly(dG-dC)-Poly(dG-dC). The effects of the cobalt complex
on the template activity of poly(dG-dC)-poly(dG-dC) are very
different. Figure 3 compares the CD with the template activity
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FIGURE 3: Effect of [Co(INH;)e]** concentration on RNA polymerase
transcription activity (@) and polynucleotide CD under transcription
conditions (O) with poly(dG-dC)-poly(dG-dC). Conditions as in
Figure 2 except that NTPs are CTP and GTP only.
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FIGURE 4: Effect of [Co(INH,)s]** concentration on RNA polymerase
transcription activity (@) and polynucleotide CD under transcription
conditions (0) with poly(dG-dm>C)-poly(dG-dm3C). Conditions as
in Figure 3.

as a function of the concentration of cobalt complex. At low
concentrations of cobalt, before the conformational transition
occurs, a somewhat increased activity is observed. The sig-
nificant result contained in this figure is the decreased template
activity, on the order of 50%, that accompanies the transition
to the Z form.

Effect of [Co(NH,)e] Cl; on Template Activity and CD of
Poly(dG-dm’C)-Poly(dG-dm*C). Methylation of poly(dG-
dC)-poly(dG-dC) at the 5-carbon of cytosine greatly stabilizes
the Z conformation so that the B to Z conversion occurs at
a much lower concentration of the Co(III) complex. This
conversion is reflected by the CD change at ~2 uM hexa-
amminecobalt shown in Figure 4. With the unmethylated
polymer, the transition is at ~50 uM (Figure 3). The con-
formational transition is nevertheless accompanied by a de-
creased template activity, on the order of 60%. Thus, this
decrease is correlated with the conformational transition, re-
gardless of the cobalt complex concentration required for the
transition.

BUTZOW, SHIN, AND EICHHORN
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FIGURE 5: Effect of Mg?* concentration on RNA polymerase tran-
scription activity and polynucleotide CD under transcription conditions
with poly(dG-dm*C)-poly(dG-dm’C). Curve A (4), activity data for
poly(dG-dC)-pogy(dG-dC) as a control. Curve B (@), activity data
for poly(dG-dm>C)-poly(dG-dm3C). Curve C go), polynucleotide
CD under transcription conditions for poly(dG-dm°C)-poly(dG-dm’C).
All samples contain 50 mM NaCl, 5 mM Tris buffer, pH 8, 25 uM
each of CTP and GTP, and 20 nM enzyme.

Effect of Mg** on Template Activity and CD of Poly(dG-
dm’C)-Poly(dG-dm*C). It is of some importance to determine
whether the template in RNA synthesis can also be affected
by conformational transitions induced by Mg?* jons, since the
latter have physiological significance. While the B to Z
transition cannot be produced in poly(dG-dC)-poly(dG-dC)
by Mg?* concentrations in the range required for RNA syn-
thesis, it does occur with poly(dG-dm*C)-poly(dG-dm*C) in
the millimolar Mg?* concentration range. The use of Mg?*
is complicated by the fact that since Mg?* is the natural
activator of RNA polymerase, a competition is set up between
its function as an activator and possible inhibition due to
conformational transition. We have therefore carefully in-
vestigated the activity of the methylated polymer in the
transitional region of Mg?* concentration,

In this case, the unmethylated poly(dG-dC)-poly(dG-dC)
acts as a control template, since it is not converted to the Z
form by Mg?* concentrations in the experimental range. Curve
A of Figure 5 shows the increasing activity of the unmethylated
polymer as a function of [Mg?*]. Curve B represents the
results with the methylated polymer and reveals a plateau in
the range of [Mg?*] between 1 and 2 mM. As curve C dem-
onstrates, this magnesium concentration range is also the range
in which the methylated polymer is transformed from the B
to the Z conformer. At higher Mg?* concentrations, the
enzyme activity with the methylated polymer (curve C) again
increases, but with a lesser slope than that of the initial in-
crease. The initial increase can be taken as that characteristic
for transcription with template in the B form, while the
postplateau increase can be taken as that characteristic of
template in the Z form. The significant finding is that the
conformational transition is again accompanied by an inhib-
ition of RNA polymerase activity.

In the Mg2* concentration range between about 0 and 0.5
mM, both methylated and unmethylated polynucleotides are
in the B form, and the enzyme activity with the methylated
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FIGURE 6: Proportion of B form for poly(dG-dm*C)-poly(dG-dm*C)
from the data of Figure 5: (@) calculated as described in the text
from the activity data for both methylated and unmethylated polymers;
(O) calculated from the CD data for the methylated polymer.
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FIGURE 7: Effect of increasing RNA polymerase concentration on
transcription activity and B-Z equilibrium with poly(dG-dC)-poly-
(dG-dC). All samples contain 0.5 mM MgCl,, 50 mM NaCl, S mM
Tris buffer, pH 8, and 25 uM each of CTP and GTP. The RNA
polymerase assay procedure used in the experiments shown in this
figure and in Figure 8 differed from that used for the experiments
shown in the other figures, as described under Experimental Proce-
dures. (A) Activity data in the presence of 80 uM [Co(NH,)e]**
and in its absence. (B) Polynucleotide CD under transcription con-
ditions in the presence of 80 uM [Co(NH;)¢]**.

polymer is approximately 60% that of the unmethylated
polymer (Figure 5). One can estimate a theoretical Mg?*
activation curve for the B form of the methylated polymer for
the whole range of Mg2* concentrations by multiplying curve
A of Figure 5 by 0.6; one can estimate a theoretical Mg?*
activation curve for the Z form of the methylated polymer by
extrapolating the high Mg?* concentration region of curve B
of Figure 5 to zero Mg?* concentration. The actual activity
demonstrated by curve B can then be interpreted by means
of these theoretical curves for the B and Z conformers. As
Figure 6 shows, the proportion of the B conformation predicted
on the basis of the theoretical Mg?* activation curves agrees
well with that estimated from the CD data (curve C of Figure
5).
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FIGURE 8: Effect of increasing RNA polymerase concentration on
transcription activity with poly(dA-dT)-poly(dA-dT) in the presence
of 80 uM [Co(INH,)]** and in its absence. Conditions as in Figure
7, except NTPs are UTP and ATP.
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FIGURE 9: Effect of high RNA polymerase concentration (80 nM)
on the [Co(NH,)]**-induced B-Z transition of poly(dG-dC)-poly-
(dG-dC) under transcription conditions, as seen in the polynucleotide
CD spectrum: 70 uM [Co(NH,)¢]** without () and with (—--)
enzyme and NTPs; 80 uM [Co(NH;)]** without (---) and with (—)
enzyme and NTPs. Conditions as in Figure 1, except that the enzyme
concentration is 80 nM. Note the changes in the spectra in both the
290- and 250-nm regions, which indicate changes in the amounts of
B and Z forms present.

Effects of Enzyme Concentration. The results described
so far have been obtained at a relatively low enzyme:poly-
nucleotide ratio. Initially, we explored a range of enzyme
concentrations. A difference in RNA polymerase activity
supported by the B and Z conformers of poly(dG-dC)-poly-
(dG-dC) was observed over a wide range of enzyme concen-
trations, as shown in Figure 7. Studies at high enzyme
concentration turned out to be less reproducible than those
at lower enzyme concentration, and they are complicated by
a variety of other factors, including the fact that increasing
enzyme concentration leads to CD changes compatible with
partial reconversion of Z DNA to the B form, as can be seen
at the bottom of Figure 7 and in Figure 9. Nevertheless, the
difference between the activities of the two conformers at all
enzyme levels is clear. The companion experiment with
poly(dA-dT)-poly(dA-dT) as template, as shown in Figure 8,
displays the activating effect of hexaamminecobalt at all en-
zyme concentrations. Thus, the opposing effect of [Co(N-
H,)¢]1Cl; on dA-dT and dG-dC polymers (noted in Figures 2
and 3 for low enzyme concentrations) occurs over a wide
enzyme concentration range.
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Table I
templates showing
templates showing inhibition of activation of RNA
reagent RNA synthesis synthesis
[Co(NH;)e]**  poly(dG-dC)-poly(dG-dC) Pol()é(:x‘:i-_g;r)'mly-
poly(dG-dm*C)-poly(dG-dm°C) calf thymus DNA
Mg?* poly(dG-dm*C)-poly(dG-dm*C)* poly(dG-dC)-poly-
(dG-dC)

9Inhibition superimposed on activation.

As already noted, we observed changes in the CD spectra,
on increasing the RNA polymerase concentration, that are
compatible with partial reconversion of Z to B (Figures 7 and
9). This reversion can be counteracted by increasing the
hexaamminecobalt concentration (Figure 9). We have made
similar observations with poly(dG-dm3C)-poly(dG-dm°C) and
millimolar Mg?* concentrations. Thus, interaction of the
enzyme with the polynucleotide may alter the equilibrium
between B and Z.

Discussion

As indicated in the introduction, to make a valid comparison
of the RNA synthesis template properties of DNA conformers,
one must distinguish between the effects due to the confor-
mational differences and the effects of the agent that brings
about the conformational transition. We feel that this diffi-
culty has been overcome and that we have demonstrated
conclusively that DNA in the Z conformation is a considerably
less active template than in the B conformation. The evidence
may be summarized as follows:

(1) Three conformational transitions from the B to the Z
form were studied, using two reagents. In all three cases, the
conformational transition monitored by CD was closely cor-
related with the decrease in RNA synthesis.

(2) One reagent, [Co(NH;)¢]Cl,, induces the transition with
two different polynucleotides at very different concentrations
of the reagent, ~50 uM for poly(dG-dC)-poly(dG-dC) and
only ~2 uM for poly(dG-dm3C)-poly(dG-dm3C); yet the
change in RNA polymerase activity occurred at the same
concentration as the CD change in both cases.

(3) Both reagents inhibit RNA synthesis with templates that
are converted to Z but not with templates that cannot go to
Z under the same conditions. The effects of the reagents on
the template activity of various polynucleotides are compared
in Table I.

Now that we have shown that RNA polymerase activity is
considerably inhibited by conversion of DNA from the B to
the Z form, we should perhaps consider how the inhibition is
produced. Since the degree of inhibition under our experi-
mental conditions is on the order of 50-60% (Figures 3 and
4), not 100%, when the GC polymers are in the Z form, the
latter appears to be able to support some RNA polymerase
activity. The significance of this residual activity can be
explained in various ways. One explanation is that the Z form
as such is quite inactive and that any transcription requires
some conformational conversion. We must remember that the
CD measurements perceive the total polynucleotide confor-
mation; they do not detect the conformation specifically at the
site of enzyme binding. The ability of a polynucleotide to
function as a template could depend on the rate at which the
RNA polymerase is able to induce local conformational con-
version to a suitable form. There is already evidence that
localized unwinding (Reisbig et al., 1979) and other confor-
mational changes (Wachsman & Anthony, 1980) occur at this
site, and as we have indicated in this paper, at high RNA
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polymerase concentrations CD changes occur which are in line
with partial reconversion of Z to B. It is possible that the ease
of local conversion from Z to B or to another duplex confor-
mation, or unwinding directly from Z, could limit the degree
of inhibition, but we have as yet no evidence to support such
possibilities. In understanding the degree of inhibition, we also
have to take into account the fact that the template in our
model is a linear alternating copolymer and possesses no other
regulating sequences or complex topology. The presence of
such features could complement the effect of the Z
structure—as in the relaxation of negative supercoiling in
circular DNA (Stirdivant et al., 1982).

The inhibition we observe could be produced by the Z
conformation interfering with the binding of the enzyme to
the template (initiation) or with movement along the template
(elongation). This distinction is relevant to our system even
though initiation and termination of RNA synthesis can occur
anywhere on the chain of a DNA with an alternating base
sequence. While the changes in the overall incorporation rate
with respect to enzyme concentration might in principle be
used to evaluate the availability of the DNA to bind enzyme,
we have not pursued this line of experiment because of the
possible partial reconversion of Z to B at high enzyme:DNA
ratios. We have, instead, tried to measure initiation directly
with poly(dG-dm*C)-poly(dG-dm>C) by measuring the 5-G
end-group incorporation as well as internal nucleotide incor-
poration; preliminary results indicate similar end-group in-
corporation with B and Z forms, suggesting that the elongation
rate may be chiefly affected. Work on the mechanism of
inhibition continues in our laboratory.

Previously, van de Sande & Jovin (1982) explored various
properties of an aggregated Z (Z*) form of poly(dG-dC)-
poly(dG-dC); though transcription was reduced, their con-
clusion about template activity was that it was retained, i.e.,
not fully lost. Work on transcription properties of Z* was
recently extended by Durand et al. (1983) with wheat germ
RNA polymerase II (their paper appeared while this paper
was in preparation), who showed Z* to be a much poorer
template than the B form. Durand et al. also provided some
interesting information about the interaction of RNA polym-
erase and the Z* form: the K s with respect to enzyme and
polynucleotide suggest that the Z* form is less accessible to
the enzyme than the B form. Z* apparently shows little
tendency to be reconverted to B in contact with the enzyme.
It is now clear that nonaggregated Z and aggregated Z* forms
of poly(dG-dC)-poly(dG-dC) have substantially reduced
template activity with RNA polymerase; the extent to which
aggregated structure affects the template activity of Z* is not
clear. Neither the data of Durand et al. nor those of van de
Sande and Jovin can readily distinguish between the effects
of conformational change and aggregation. To help make this
distinction, Durand et al. measured the template activity of
the (unaggregated) Z form of poly(dG-dm3C)-poly(dG-dm*°C)
under their conditions and found it also was reduced consid-
erably compared with that of the B form of the unmethylated
polymer. Our Figure 5, however, shows that the B form of
the methylated polymer itself is less active than the B form
of the unmethylated one. Since the activity found by Durand
et al. for the Z form of the methylated polymer is not lower
but somewhat higher than that for the Z* form of the un-
methylated polymer, it appears that the aggregated nature of
the Z* form could be a significant factor in its reduced
template activity.

The inhibition of RNA polymerase action by conversion of
DNA templates to the Z form suggests the possibility that the
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B — Z transition could operate in genetic regulation by turning
off RNA synthesis. The results indicating that Z-DNA is not
as good a template for RNA synthesis as B-DNA suggest that
Z-forming sequences could act as negative control elements
in transcription, possibly in conjunction with other genomic
features that are not present in the alternating sequence DNA
model. Nordheim & Rich (1983) reported that the Z structure
is involved in transcription-enhancing regions of viral genomes.
They considered that an interaction of the Z sequences with
particular chromosomal proteins, or even specific Z-binding
proteins, could be responsible for the enhancement (Nordheim
& Rich, 1983; Nordheim et al., 1982). These results do not
necessarily conflict with our results, which indicate that RNA
synthesis is inhibited by direct interaction of template in the
Z form with the RNA polymerase. Z-DNA could be involved
in genetic regulation by enhancing RNA synthesis through
interaction with promoter proteins or by slowing RNA syn-
thesis through direct interaction with RNA polymerase, so that
either enhancement or inhibition could occur when the Z-DNA
is bound to different proteins. The viral enhancer sequences
studied by Nordheim & Rich (1983) are located 5’ to the site
of transcriptional initiation. Potentially Z-forming sequences
in the 5/ flanking region that exert an inhibitory effect are also
known, in the case of a tRNA gene (Hipskind & Clarkson,
1983). Thus, the Z conformation could serve to regulate
transcription in quite different ways.

We do not know whether the inhibition reported here is a
factor in genetic regulation; taken by itself, it certainly does
not constitute a mechanism of genetic regulation. We believe,
however, that these results make an important contribution
by establishing unequivocally that large-scale B to Z confor-
mational change does have a significant effect on RNA syn-
thesis.
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