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Endonuclease III Is an Iron-Sulfur Protein’
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ABSTRACT: Elemental analyses, Mdssbauer, and EPR data are reported to show that endonuclease III of
Escherichia coli is an iron-sulfur protein. Mdssbauer spectra of protein freshly prepared from E. coli grown
on S’Fe-enriched medium demonstrate that the native enzyme contains a single 4Fe—4S cluster in the 2+
oxidation state, with a net spin of zero. Upon treatment with ferricyanide, a fraction (<25%) of the clusters
is oxidized into a state which yields an EPR spectrum near g = 2.01 typical of a 3Fe—4S cluster. The magnetic
field dependence of the linear electric field effect verifies this assignment. Electron spin echo modulation
on the g = 2.01 form of the protein in deuterated solvent indicates the presence of exchangeable protons
in the vicinity of the 3Fe—4S cluster. The data obtained show that the [4Fe—4S]?* cluster of the native
enzyme is resistant to either oxidation or reduction, although photoreduction elicited a g = 1.94 type EPR
signal characteristic of a [4Fe—4S]!* cluster. These studies show that endonuclease III is unique in being
both a DNA repair enzyme and an iron—sulfur protein. The function of the 4Fe—4S cluster remains to be

established.

In general, iron—sulfur proteins containing 4Fe-4S clusters
are utilized for electron transport. However, it has been shown
in recent years that these clusters may also function as sub-
strate binding sites in catalytic reactions (Beinert & Thomson,
1983; Emptage, 1988). It has been shown by Méssbauer
spectroscopy (Kent et al., 1982) that substrate and inhibitors
bind to one of the iron atoms (site A) of the [4Fe—4S]?* cluster
of beef heart aconitase. In vivo, the active form of the cluster
is most likely the diamagnetic 2+ core oxidation state. By
reducing the aconitase cluster, one attains a state which can
be probed with electron paramagnetic resonance (EPR)! and
ENDOR as well as by Mossbauer spectroscopy (Kent et al.,
1985). ENDOR studies of reduced aconitase with isotopically
enriched substrates have shown that its active 4Fe-4S center
is part of a catalytic site that interconverts citrate, cis-aconitate,
and isocitrate (Telser et al., 1986; Kennedy et al., 1987).
Exposure of aconitase to air causes the loss of the iron of site
A from the cluster, resulting in a structure with a [3Fe—4S]'*
core (Kent et al., 1982). Such clusters yield, in the oxidized
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state, an EPR signal near g = 2.01. Similar signals are ob-
tained when certain 4Fe—4S clusters are treated with ferri-
cyanide (Beinert & Thomson, 1983).

Until 1980, it was thought that one could identify 2Fe-2S
and 4Fe-4S clusters by core extrusion techniques (Beinert &
Thomson, 1983; Kurtz et al., 1979). However, when such
methods were applied directly to aerobically purified aconitase
(which contains a 3Fe—4S cluster), it became clear that this
technique was unreliable and that spectroscopic techniques had
to be used for unambiguous cluster identification (Beinert et
al., 1983; Peisach et al., 1983).

The bacterial protein glutamine phosphoribosylpyro-
phosphate amidotransferase from Bacillus subtilis contains
a diamagnetic [4Fe—4S]?* center whose integrity is essential
for enzymatic function (Averill et al., 1980). The exact role
of this 4Fe~4S center in the catalytic mechanism is not yet
obvious (Vollmer et al., 1983). The enzyme is very stable in
the absence of oxygen and active in its diamagnetic [4Fe—4S]%**
state (Averill et al., 1980). Unlike aconitase, only a small

! Abbreviations: AP, apurinic and/or apyrimidinic; ENDOR, electron
nuclear double resonance; EPR, electron paramagnetic resonance;
ESEEM, electron spin echo envelope modulation; G, gauss (1 gauss =
107* tesla); LEFE, linear electric field effect; ptp, peak to peak; T, tesla.
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fraction of the amidotransferase can be converted to a para-
magnetic species with EPR features similar to other 3Fe-4S
proteins (Vollmer et al., 1983).

Endonuclease III has been shown to have both N-glycosylase
activity on DNA that contains damaged bases and AP en-
donuclease activity (Demple & Linn, 1980; Katcher &
Wallace, 1983; Breimer & Lindahl, 1984). The glycosylase
activity releases a number of ring-saturated and ring-frag-
mented derivatives of thymine, including thymine glycol,
5,6-dihydrothymine, urea, 5-hydroxy-5-methylhydantoin, and
methyltartronylurea (Demple & Linn, 1980; Breimer &
Lindahl, 1980, 1984, 1985; Katcher & Wallace, 1983). In
addition, endonuclease III also releases an unidentified cytosine
photoproduct (Doetsch et al., 1986; Weiss & Duker, 1986)
and incises damaged DNA at cytosines (Doetsch et al., 1986,
1987; Helland et al., 1986; Weiss & Duker, 1986, 1987). The
AP endonuclease activity is the result of the enzyme catalyzing
a B-elimination reaction at AP sites (Bailly & Verly, 1987;
Kow & Wallace, 1987). Recent studies suggest that the
N-glycosylase and the AP endonuclease activities act in con-
cert, and it was determined that the product thymine glycol
inhibits the N-glycosylase activity (Kow & Wallace, 1987).

In this paper, we describe the iron—sulfur clusters in native
and oxidized endonuclease III. Using a combination of
spectroscopic methods together with chemical analysis, we
demonstrate that the active protein 4Fe—4S cluster in the
divalent oxidation state, upon ferricyanide oxidation, loses an
iron atom to form an EPR-active 3Fe cluster.

MATERIALS AND METHODS

Preparation of Endonuclease III. Endonuclease II1 was
prepared, purified, and assayed according to methods of the
preceding paper (Asahara et al., 1989). For Md&ssbauer
samples, the Escherichia coli were grown on a minimal me-
dium containing a concentration of 5 uM 95.15% 5’Fe (Siegel
et al., 1973). The specific activity of this latter, ’Fe-containing
enzyme was the same as non-*’Fe-enriched enzyme (Asahara
et al., 1989). Photoreductions of endonuclease III were done
following the procedures of Massey and Hemmerich (1978)
using 0.005 mM deazaflavin, 5 mM potassium oxalate, and
1 mM dithiothreitol in 0.1 M potassium phosphate, pH 6.6.
Anaerobic samples in glass-stoppered EPR tubes were irra-
diated with light originating from a 500-W projector lamp
using a 12-cm path-length glass container as an IR filter. The
extent of reduction was determined by taking optical spectra
through the EPR tube on 2 HP8451A diode array spectro-
photometer using a specially constructed black delrin EPR tube
holder with a 2-mm light slit.

Fe and S Analysis. Iron analysis was done by the method
of Kennedy et al. (1984), and sulfide analysis was done by the
method of Fogo and Popowsky (1949) as modified by Beinert
(1983). These analyses were also carried out on the Mdssbauer
sample and subsequent enzyme preparations.

EPR Methods. In uncovering some of the first clues that
endonuclease III was an Fe—S protein, EPR spectra were taken
for the protein as initially prepared in pH 6.6, 0.1 M phosphate
buffer, and next on protein oxidized by potassium ferricyanide.
EPR studies of oxidized samples gave results highly remi-
niscent of previously studied 3Fe-4S proteins (Beinert &
Thomson, 1983). A mole ratio of about 3:1 ferricyanide to
protein and a 10-30-min reaction time gave the optimum
signal.? It was found that the EPR signal was occasionally

2 Those samples that were allowed to remain oxidized overnight in the
presence of ferricyanide were found bleached and smelled of H,S the next
day.
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enhanced but resolution of g-value details lost if the sample
was warmed and refrozen.

Samples for pulsed EPR were concentrated with an Amicon
ultrafiltration device to a concentration of about 0.5 mM; the
ferricyanide was added before completion of the concentration
process so that a 10-fold dilution of ferricyanide with respect
to protein took place during the final concentration process.
The deuterated samples for pulsed EPR were concentrated vs
two changes of deuterated buffer to an approximate 95%
exchangeable deuterium enrichment.

Standard EPR measurements as in Figures 2 and 5 were
carried out with an IBM-Bruker ER-200 EPR spectrometer
fitted with an Air Products Model LTD 3-110 liquid helium
flow system and temperature controller. Simulations of the
spectrum of Figure 2 were done by the methods of Salerno
and Ohnishi (1980) in order to determine the g values and
concomitant line widths. Also, a simulation of the EPR
spectrum from a sample of myoglobin azide was done for
comparison purposes in determining the number of spins in
the oxidized endonuclease III sample. The number of spins
in the photoreduced sample was estimated by comparing the
double integral of its EPR signal to that of a Cu?**-EDTA
standard.

Electron spin echo experiments were perfomed at pumped
helium temperatures using a spectrometer described elsewhere
(McCracken et al., 1987). In the LEFE experiments, the
two-pulse echo was diminished by an applied electric field,
where the electric field (E) and the applied magnetic field (H)
were oriented either parallel (E,Hy) or perpendicular (E | Hy)
to each other. LEFE shift parameters, ¢, were calculated by
the half-fall method, i.e., the electric field required to reduce
the spin-echo amplitude to half its unperturbed value (Mims,
1974; Mims & Peisach, 1979), and plotted vs magnetic field,
as in Figure 3. Electron spin echo envelope modulation
(ESEEM) experiments, both two- and three-pulse, were done
to probe for exchangeable protons near the paramagnetic metal
center.

The Mossbauer sample was stored in liquid nitrogen. For
the measurements, it was transferred into a Janis SuperVar-
itemp cryostat or into a dewar fitted with a 6.0-T supercon-
ducting magnet. The isomer shift, 4, is referred to Fe metal
at room temperature.

RESULTS

Elemental Analyses. In preliminary qualitative experiments,
release of H,S upon acidification of the protein made us aware
that endonuclease III might be an Fe-S protein. Initial
quantitative analyses on a sample which had been stored at
-20 °C for three months yielded 2.7 £ 0.2 Fe and 2.1 £ 0.2
labile sulfides per 23.5-kDa monomer. The freshly prepared
Massbauer sample used here yielded 3.9 = 0.2 Fe per mo-
nomer, and that freshly prepared for enzyme studies yielded
3.8 £ 0.2 Fe per monomer.

Mbéssbauer Results. Figure 1 shows a 4.2 K Massbauer
spectrum of a ’Fe-enriched sample of endonuclease III. The
zero-field spectrum shown in Figure 1A consists of a symmetric
quadupole doublet with quadrupole splitting, AEq = 1.18 £
0.02 mm/s, and isomer shift, 6 = 0.44 &+ 0.01 mm/s (relative
to Fe metal at 300 K). The absorption lines are sharp, with
a full width at half-maximum of 0.27 mm/s. AEj is essentially
independent of temperature, and the isomer shift displays the
typical second-order Doppler shift as the temperature is in-
creased; at 103 K, we found AEq = 1.13 £ 0.02 mm/s and
6 =042 £ 001 mm/s.

Figure 1B shows a 4.2 K spectrum recorded in a parallel
field of 6.0 T. The observed spectral pattern is typical of a
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FIGURE 1: 4.2 K Massbauer spectra of 3’Fe-enriched E. coli endo-
nuclease I1I. (A) Spectrum recorded in zero field. (B) Spectrum
recorded in an applied field of 6.0 T. The solid lines in (A) and (B)
are a least-squares fit and a spectral simulation, respectively. The
relevant parameters are AEg = +1.18 mm/s, n = 0.5, 6 = 0.44 mm/s,
and 0.27 mm/s line width.

diamagnet; i.e., the spectrum could be simulated by assuming
that the iron nuclei experience only the applied field but no
internal field. The solid line drawn through the data is a
theoretical spectrum assuming four equivalent sites with AEq
> 0and 5 = 0.5, where 7 is the asymmetry parameter of the
electric field gradient tensor. It can be seen that the theoretical
curve, simulated with the assumption of diamagnetism, fits
the data very well.

The spectra of Figure 1, and spectra recorded with expanded
velocity sweeps, showed no evidence for iron other than that
associated with the 4Fe-4S cluster, and we conclude that
impurity iron, if present, was less than 5% of the total Fe.
After completing the Massbauer studies, we used some of the
sample to record an optical spectrum. This spectrum was
identical with that reported by Asahara et al. (1989). Sub-
sequently, we determined the Fe concentration of this sample,
from which we obtained an extinction coefficient of 1.7 X 10?
M- cm™ at 410 nm.

We have also added a 5-fold excess of thymine glycol, an
inhibitor of N-glycosylase activity, to S’Fe-enriched endo-
nuclease III and then recorded a Missbauer spectrum. The
spectrum was identical with that obtained for the native en-
zyme. However, we have not yet optimized the conditions for
inhibitor studies, and this result, therefore, should be viewed
with some caution.

EPR Studies. Oxidation of many protein-bound [4Fe—4S]*
clusters with ferricyanide causes the loss of one iron from the
cluster, producing a [3Fe-4S]'* cluster (Beinert & Thomson,
1983). The latter typically exhibit EPR signals with g values
near 2.01. An EPR spectrum of ferricyanide-oxidized endo-
nuclease III, recorded at 10 K, is shown in Figure 2A. The
spectrum is remarkably similar to that of oxidized beef liver
cytoplasmic aconitase (Beinert & Thomson, 1983). At 10K,
the signal showed no evidence for power saturation at least
up to 10 mW; at 50 K, the signal broadened to undetectability.
Oxidations with a 3-fold molar excess of ferricyanide typically
yielded 0.10-0.15 spin per 23.5-kDa monomer; the sample of
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FIGURE 2: (A) EPR spectrum from endonuclease 111, at a concen-
tration of about 100 uM. The 0.2-mL sample was oxidized for about
10 min with a 3-fold molar excess of ferricyanide. Solvent was 0.1
M, pH 6.6 phosphate containing about 15% glycerol. Field modulation
was 10 G ptp, and microwave power was 2.0 mW; field sweep of 400
G centered at 3380 G took 200 s with a 0.3-s experimental time
constant. Temperature was 10 K. (B) Simulation of (A). g values
were 2.030, 2,007, and 1.990, and the line widths corresponding to
these g values were 8.0, 11.5, and 24.0 G, respectively.
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FIGURE 3: Magnetic field dependence of the linear electric field effect
(LEFE). This figure shows the results of the LEFE experiment on
ferricyanide-oxidized endonuclease IIl. The microwave frequency
used was 9.209 GHz, the time between pulses was 750 ns, and the
sample thickness was 0.2 cm. The parameter ¢ is proportional to the
mean fractional shift in g per unit of applied electric field and was
determined by using the procedure outlined by Mims and Peisach
(1979). In the study shown, the electric field E was aligned either
parallel to (E,H,) or perpendicular to (E ; Hy) the magnetic field.

Figure 2A had about 0.25 spin per monomer. The spectrum
shown in Figure 2B is a theoretical curve generated with the
parameters quoted in the caption. (The EPR spectra of some
samples of native enzyme exhibited a feeble g = 2.01 signal,
accounting for less than 0.05 spin/cluster.)

Figure 3 shows the LEFE behavior of the ferricyanide-ox-
idized protein in which the LEFE parameter increased with
increasing magnetic field both for E\H, and for E, Hy; the
shift parameter is very similar for both orientations of any
magnetic field contained in the EPR absorption envelope. This
behavior is remarkably similar to that observed for oxidized
aconitase and other three-iron centers (Peisach et al., 1983;
Ackrell et al., 1984). LEFE behavior identical with that shown
in Figure 3, combined with the appearance of an EPR signal
from a wide range of 3Fe—4S proteins obtained from 4Fe—4S
proteins under oxidizing conditions, led Peisach et al. (1983)
to conclude that such an LEFE pattern is a signature for
oxidized 3Fe—4S centers. A comparison of the three-pulse
ESEEM signals of protein in protonated solvent (Figure 4A)
and deuterated solvent (Figure 4B) demonstrates the existence
of exchangeable deuterons near the oxidized Fe-S center. The
ESEEM “difference” spectrum obtained by FT of Figure 4C,
which was obtained from the ratio of data in Figure 4B to those
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FIGURE 4: Three-pulse, stimulated echo ESEEM data collected for
(A) a protonated sample and (B) a deuterated sample at g = 2.01.
The microwave frequency was 8.7 GHz, pulse power 40 W, pulse width
20 ns, sample temperature 1.8 K, and pulse sequence repetition rate
100 Hz. The  value used to collect these data was chosen to suppress
matrix proton modulation while enhancing the contribution of
magnetically coupled deuterons. (C) was obtained from the ratio of
data of (B) to (A), which was then Fourier transformed to reveal a
single peak near the deuteron NMR frequency of 2.01 MHz.

of Figure 4A, shows a single resonance at the deuteron NMR
frequency. Shallow, low-frequency modulations were observed
for samples suspended in aqueous buffer, but these components
were not of sufficient intensity to be clearly resolved by Fourier
transformation.

Upon photoreduction of an anaerobic sample of endo-
nuclease III for 1.5 min, maximum bleaching of the 410-nm
band was observed, suggesting that the 4Fe-4S cluster had
been fully reduced. EPR of this sample shows a spectrum with
g values at g = 2.04, 1.92, and 1.88 (Figure 5). Double
integration yielded a spin concentration of 0.1-0.15 spin/4Fe
cluster. In the presence of 10 mM thymine glycol, almost no
bleaching of the 410-nm band was observed after 3 min of
photoreduction. In addition, no EPR signals were observed.
As a control, the photoreduction of aconitase was not affected
by 10 mM thymine glycol. An oxidation of either photore-
duced endonuclease I1I or aconitase brought the intensity of
the 400-410-nm band to 80-90% of its original absorbance.
These observations suggest that the presence of the inhibitor
prevents the reduction of the cluster. The sample used ex-
hibited originally a weak g = 2.01 signal. Interestingly, the
3Fe-48S cluster accounting for this weak signal was reduced
in the presence of thymine glycol, as indicated by the disap-
pearance of its g = 2.01 signal.

DISCUSSION

According to chemical analyses, endonuclease III contains
iron and sulfide in roughly stoichiometric proportions. The
quadrupole and isomer shift parameters determined by
Madssbauer spectroscopy of endonuclease I1I were typical of
4Fe—4S clusters in the 2+ core oxidation state (Miinck &
Kent, 1986). [Clusters with 2Fe-2S cores tyically have AEg
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FIGURE 5: EPR spectrum of photoreduced endonuclease III at a
concentration of 100 uM. Experimental conditions for obtaining the
EPR spectrum were a temperature of 10 K, 1-mW microwave power,
8-G modulation amplitude, 9.419-GHz microwave frequency, 5 G/s
sweep rate, and 0.08-s time constant.

= 0.4-0.8 mm/s and § = 0.25-0.30 mm/s and thus have
distinctly different parameters than those observed here
(Miinck & Kent, 1986).] In the 2+ state, such 4Fe-4S
clusters exhibit pronounced valence delocalization, yielding
equivalent Fe sites at the formal oxidation level Fe*** (Miinck
& Kent, 1986). All [4Fe—4S]?* cubanes studied thus far have
a diamagnetic electronic ground state (Miinck & Kent, 1986).
Thus, the Mdssbauer studies show unambiguously that the
protein contains an iron-sulfur cluster with 4Fe—4S core
stoichiometry. In the native enzyme, the cluster occurs in the
diamagnetic 2+ core oxidation state which is the same state
as observed for active aconitase (Kent et al., 1982, 1985) and
glutamine phosphoribosylpyrophosphate amidotransferase
(Averill et al., 1980; Vollmer et al., 1983). The Mdssbauer
spectrum is quite similar to that of the amidotransferase
(Averill et al., 1980); thus, the clusters of both proteins have
sharp lines and essentially temperature-independent quadrupole
splittings. This is in contrast to aconitase (Kent et al., 1985)
and other proteins with 4Fe—4S clusters which have inequiv-
alent iron sites and pronounced temperature-dependent AEq
values (Kent et al., 1985). The absorption lines of the observed
quadrupole doublet are very sharp, indicating that the four
iron subsites of the cluster reside in very similar environments.
Although the electronic properties of 4Fe~4S clusters are
dominated by the core structure of the cluster, the pronounced
equivalence of the iron sites of endonuclease III suggests a
homogeneous ligand structure; i.e., we suspect that each iron
is coordinated to a cysteine residue.

The presence of an Fe-S cluster in endonuclease III is also
supported by the EPR studies. Oxidation with ferricyanide
yields a species with g = 2.01. Such signals are characteristic
of oxidized 3Fe-4S clusters which result from oxidative re-
moval of one iron from a 4Fe—4S cubane. Lack of deep N
features in the Fourier-transformed spin-echo pattern suggests
lack of nitrogenous ligands, at least in the [3Fe—4S]'* oxidized
form. The sensitivity to photoreduction of this oxidized
3Fe-4S endonuclease III in the presence of thymine glycol,
combined with accessibility of exchangeable water to the Fe-S
center, may suggest an altered conformation due to loss of one
Fe.

The experiments indicate that with this Fe~S protein the
(4Fe—4S]?* and [4Fe—4S]!* states are accessible but not the
[4Fe-4S]3* state since the [3Fe~4S]'* state results on oxi-
dation. Upon photoreduction, the [4Fe—4S]'* state is attained.
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The g values of the reduced form are typical for the S =1/,
form of a reduced [4Fe-4S]'* cluster (Cammack et al., 1985).
Since the bleaching of the optical spectrum of the sample
suggested full reduction, it is possible that the majority of the
cluster is in a spin state with S = 3/,. It has been shown
recently that the [4Fe~4S]'* clusters in proteins (Lindahl et
al., 1985; Auric et al., 1987) and synthetic analogues (Carney
et al., 1988) can exist in a spin mixture of S =1/, § =3/,
(and perhaps S = */,) states. The S = ¥/, form yields gen-
erally broad bands of low signal amplitude between g = 6 and
4. The sample used for the photoreduction was too dilute to
permit observation of such signals. The difficulties we en-
countered in oxidizing or reducing the Fe-S cluster of endo-
nuclease III are similar to those reported for amidotransferase
(Vollmer et al., 1983).

A number of Fe-S proteins have been sequenced, and it is
common to find cysteine-containing runs as reported in the
previous sequence paper on endonuclease III (Asahara et al.,
1989), e.g., Cys-X-Y-Cys, where the cysteine is bound to the
iron. Fe~S proteins have characteristic highly conserved se-
quences in the vicinity of the cluster (Fukuyama et al., 1988).
[2Fe-2S]?% proteins have the Cys-X-Y-Cys sequence, followed
by a third cysteine after a short segment of amino acid residues
(usually four); the fourth cysteine in the cluster’s set of ligands
is usually far removed in the sequence. 4Fe-48S clusters are
often associated with Cys-X-Y-Cys-X-Y-Cys sequences (Fu-
kuyama et al., 1988). The binding domain for the 3Fe—4S
cluster in the 7Fe ferredoxins involves three cysteines each
separated by seven or more amino acids (Stout et al., 1988).
However, examples of other sequences associated with all three
types of cluster are known. Sequence information alone is
therefore not sufficient to predict the occurrence of a cluster
or to determine its type in the absence of other data.

The presence of a 4Fe—4S cluster in endonuclease I1I leads
to speculation as to what role it plays in the enzyme. Possible
functions include a role in the catalytic mechanism such as
is seen in aconitase where the 4Fe—4S cluster binds substrates,
or it may have a regulatory or structural function as has been
proposed for the cluster of amidotransferase. With the advent
of cloning and overexpression of this enzyme (Asahara et al.,
1989), there is sufficient material for spectroscopic and ana-
lytical studies needed to elucidate the role of the 4Fe—4S cluster
in endonuclease I1I. Such studies are in progress.
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Specific Activation of Open Complex Formation at an Escherichia coli Promoter

by Oligo(/N-methylpyrrolecarboxamide)s: Effects of Peptide Length and
Identification of DNA Target Sites'
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ABSTRACT: It has previously been shown that open complex formation at a promoter containing a block
substitution of nonalternating A-T sequences in the spacer DNA separating the contacted —10 and —35 regions
could be accelerated by distamycin. No stimulation was observed at a promoter with a substitution of
alternating A-T base pairs in the same region or at the promoter with wild-type spacer. Here we compare
the effect of distamycin [tris(N-methylpyrrolecarboxamide), formally a P3] with that of its extended
homologues P4, PS5, and P6. It is found that the stimulatory potential of these synthetic oligopeptides which
bind in the minor groove of DNA ranks in the order P4 > (distamycin, P5S) > P6. The interaction of these
peptides with the three promoters was studied by monitoring the positions of the promoter DNA protected
from MPE-Fe(II) cleavage in the presence of different concentrations of ligand. The results suggest that
a higher affinity of oligopeptide for the spacer DNA than for the —10 and/or ~35 region is a necessary,
but not sufficient condition for stimulation. Different patterns of protected DNA regions are seen with
each of the three promoters; with distamycin, P4, and P5, a unique arrangement of protected regions is
observed for the variant containing nonalternating A-T base pairs in its spacer DNA. These data support
the hypothesis that differences in the ways the minor-groove binders interact with each of the promoter
variants account for the observed differential stimulation. We further postulate that it is a ligand-induced
structural change in the nonalternating A-T DNA which is responsible for the activation of open complex
formation at the promoter containing this substitution.

In the process of transcription initiation at a bacterial pro-
moter, RNA polymerase interacts specifically with two highly
conserved hexamers located at positions —10 and -35 relative
to the start site of transcription (von Hippel et al., 1984;
McClure, 1985). These sequences are separated by a spacer
DNA (consensus length 17 base pairs), which is devoid of
contacts with polymerase (Siebenlist et al., 1980; Auble et al.,
1986) over a stretch of about 10 base pairs. We have con-
structed a collection of promoter variants bearing, in this region
of the spacer, substitutions with nine base pairs of various
sequences that have the ability to adopt conformations other
than typical B-DNA. Using these variants, we have been able
to demonstrate that the intrinsic structure of the spacer region
can affect the interaction between RNA polymerase and
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promoter DNA (Auble et al., 1986). In subsequent studies,
promoter variants S(TT), S(AT), and S(wt) (Figure 1) were
exposed to sequence-specific DN A-binding ligands, in the hope
of targeting them to the spacer regions and thus extrinsically
altering the structure of these promoters. The addition of the
tripeptide distamycin to S(TT) resulted in a specific increase
in functional complex formation at this promoter (Bruzik et
al., 1987).

Distamycin, like the related antitumor antibiotic netropsin,
binds along the minor groove of DNA in A, T-rich regions of
DNA through hydrogen bonds and hydrophobic interactions
(Zimmer & Wahnert, 1986; Kopka et al., 1985; Coll et al.,
1987). The structures of distamycin and the synthetic ho-
mologues (P4-P6) studied in this paper are shown in Figure
2. The synthetic peptides differ from each other in the number
of N-methylpyrrolecarboxamide residues. Like distamycin,
P4, P5, and P6 bind preferentially to A,T-rich regions of DNA
(Schultz & Dervan, 1983; Youngquist & Dervan, 1985). The
binding site size on the DNA increases with increasing number
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