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ABSTRACT: The interactions of several pyrrolo[2,1-c][1,4]benzodiazepine (PBD) antitumor antibiotics with
linearized plasmid pGEM-2-N-rasDNA have been analyzed by quantitativein Vitro transcription (QIVT)
and in Vitro transcription footprinting (IVTF) methods. A concentration-dependent inhibitory effect of
the PBDs on transcription is observed using both techniques. The rank order for overall inhibition of
transcription by the QIVT method is found to be: sibiromycin> tomaymycin> anthramycin> DC-81
> neothramycin, whereas the IVTF experiments show a different ranking: sibiromycin> anthramycin
> neothramycin> tomaymycin. In addition, stimulation of transcription was observed at low PBD
concentrations in both the QIVT and IVTF experiments. These results demonstrate unequivocally that
the formation of PBD-DNA adducts at AGA-5′ base sequences on the transcribed strand results in
transcription blockage for all PBDs examined. Furthermore, the sequence of flanking base pairs appears
to influence the degree of blocking, with the sequences ACAGAAA-5 ′, AAAGATG-5′, AGAGATA-5′,
and CAAGAAC-5′ providing the most pronounced blocks for all PBDs studied in this system.
Neothramycin and tomaymycin cause additional blocks at some GGA-5′ and TGA-5′ sequences. Parallel
MPE-Fe(II) footprinting studies have revealed PBD binding sites on both the transcribing and
nontranscribing strands, although all transcription blocks determined from the IVTF assays are due to
drug bound on the transcribing DNA template strand.

Pyrrolo[2,1-c][1,4]benzodiazepines (PBDs;1 Figure 1) are
a class of sequence-selective DNA-binding antitumor anti-
biotics that form covalent adducts (Figure 2) with the
exocyclic N2 of guanine in the minor groove of double-
stranded DNA (Remers, 1988; Thurston, 1993). These
agents are characterized by an (S)-configuration at the B-C
ring junction which causes a right-handed envelope-type
molecular twist when viewed from the aromatic A-ring
toward the C-ring. This feature provides the appropriate
three-dimensional shape for isohelical interaction with the
minor groove of B-form DNA, leading to a snug fit at the

binding site. Well-known members of the PBD family
include tomaymycin, anthramycin, sibiromycin, DC-81, and
neothramycin (Figure 1).

Previous footprinting-type studies have shown that the
adducts span 3 base pairs with a rank order of preference
for 5′-Pu-G-Pu> 5′-Pu-G-Py or 5′-Py-G-Pu> 5′-Py-G-Py
sequences (Hertzberg et al., 1986; Hurley et al., 1988;
Thurston, 1993). Recent high-field NMR, crystallographic,
and molecular modeling studies have provided detailed
information about the precise three-dimensional structure of
DNA-PBD adducts, including orientation of the molecule
within the host minor groove and stereochemistry at the C11
position (Kopka et al., 1994; for a review, see: Thurston,
1993). Thermal denaturation (∆Tm), ethidium bromide
displacement (EB60), and restriction endonuclease digestion
(RED100) studies have shown that the rank order of DNA
reactivity for the naturally-occurring PBDs is sibiromycin
> anthramycin> tomaymycin> DC-81 > neothramycin
(Puvvada et al., 1993). However, there is little understanding
of the relationship between DNA-binding affinity, sequence
selectivity, and eitherin Vitro cytotoxicity or in ViVo
antitumor activity.

The aim of this study was to investigate the effects of five
PBDs (Figure 1) of differing inherent reactivity uponin Vitro
transcription, and to identify the DNA sequences that may
be responsible for blockage of transcription. Two methods
were employed: (i) a quantitativein Vitro transcription assay
(QIVT) using TCA precipitation, which involves monitoring
the effect of a PBD upon inhibition of T7 RNA polymerase
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transcription, and (ii) anin Vitro transcription footprinting
(IVTF) technique established by Phillips and co-workers
(Phillips & Crothers, 1986; Skorobogaty et al., 1988; White
& Phillips, 1988, 1989a-c; Phillips et al., 1989, 1990a-c,
1994; Trist & Phillips, 1989; Gray et al., 1991; Cullinane et
al., 1994; Masta et al., 1994; Panousis & Phillips, 1994).
The IVTF method involves the formation of a stable ternary
complex consisting of a DNA template (pGEM-2-N-ras;
pGEM with T7 promoter and 300-bp N-ras), T7 RNA
polymerase, and a nascent labeled 14-mer RNA fragment.
Following exposure to the PBD, this stable complex was
elongated and the blockage of transcription resulted in RNA
fragments of various lengths that relate directly to the PBD
binding sites.
In addition, MPE-Fe(II) footprinting (Hertzberg et al.,

1986) was carried out on the same DNA fragment in order
to enable comparison of the footprint sites with the blockages
observed in thein Vitro transcription experiments.

MATERIALS AND METHODS

Materials. Anthramycin and tomaymycin methyl ethers,
neothramycin (as a mixture of isomeric 3-O-butyl ethers),
and sibiromycin were gifts from Hoffmann-La Roche Corp.
(New Jersey, U.S.A.), Fujisawa Corp. (Ibaraki, Japan), the
Institute of Microbial Chemistry (Tokyo, Japan), and Kyowa
Hakko Kogyo Co. Ltd (Tokyo, Japan), respectively. DC-
81 was synthesized in this laboratory (Bose et al., 1992; Bose
& Thurston, 1993). Stock solutions of each PBD (1 mM)
were prepared by dissolving the compounds in the minimum
amount of methanol (Aldrich, HPLC grade) before making
up to volume with sterile water. All solutions were stored
at 4 °C.
Ultrapure nucleotide triphosphates (rGTP, rATP, rCTP,

and rUTP) were purchased from Pharmacia. Bacteriophage
T7 RNA polymerase, ribonuclease inhibitor (rRNasin),
dithiothreitol (DTT), and bovine serum albumin (BSA;
RNase/DNase-free) were purchased from Promega. 3′-

Deoxyribonucleotides drGTP, drATP, drCTP, and drUTP
were purchased from Boehringer Mannheim. Bacterial
alkaline phosphatase, polynucleotide kinase, andHindIII and
EcoRI restriction enzymes were purchased from BRL and
used as supplied. Methidiumpropyl-EDTA (MPE, Dervan’s
reagent) was a gift from Prof. P. Dervan (UCLA, U.S.A).
All chemicals and reagents were purchased from BRL and
were of molecular biology grade. Radionucleotides [R-32P]-
UTP (800 Ci/mmol and 10 mCi/mL), [R-32P]ATP (3000 Ci/
mmol and 10 mCi/mL), and [γ-32P]ATP (3000 Ci/mmol and
10 mCi/mL) were obtained from Amersham plc (U.K.).
Whatman GF/A glass filter discs and Ecoscint scintillation
fluid were purchased from Sigma and National Diagnostics,
respectively.
DNA Source. A 334-bp N-ras fragment was ligated into

theBamHI site of pGEM-2. The resulting plasmid, denoted
pGEM-2-N-ras, was transformed intoEscherichia coli
JM101 by using the calcium chloride procedure, then isolated
and purified as described previously (Maniatis, 1989). The
plasmid was subsequently linearized by digestion withEcoRI
to produce a full-length transcript of 390 bases. The
concentration and integrity of the DNA were determined by
spectrophotometry using a molar extinction coefficient at 260
nm of 6600 M-1 cm-1.
QuantitatiVe in Vitro Transcription (QIVT) Assay. The

linearized pGEM-2-N-ras was equilibrated in transcription
(Tc) buffer (40 mM Tris-HCl, pH 7.5, 6 mM MgCl2, 2 mM
spermidine, and 10 mM DTT) containing 1 unit/µL RNase
inhibitor, 2.5 mM each of the four rNTPs, and [R-32P]UTP.
The PBD was added at different PBD:DNA concentration
ratios prior to addition of T7 RNA polymerase (20 units),
and the final reaction mixture (20µL) was incubated at 37
°C for 1 h inorder to observe any concentration-dependent
response. Reactions were stopped by the addition of 10 mM
EDTA.
The percentage incorporation of the radiolabeled rUTP was

determined by TCA precipitation. A 10-µL aliquot of each
reaction mixture was spotted on a Whatman GF/A glass filter
disc, dried, and counted using a Beckman LS1800 scintil-
lation counter. The remaining reaction mixture was treated
with ice-cold TCA solution [0.5 mL of 5% (w/v) trichloro-
acetic acid] and carrier nucleic acid tRNA, and the precipitate
was captured on pre-wetted (1 mL of 5% TCA) Whatman
GF/A glass filter discs held in a 12-position vacuummanifold
(Millipore). The filters were washed free of unincorporated
rUTP radiolabel with 10 mL of 5% TCA, followed by 10
mL of absolute ethanol, and then air-dried and placed in vials
containing 5 mL of scintillation fluid; and the activity (cpm)
was counted. The total counts and TCA precipitate counts

FIGURE 1: Structures of the pyrrolo[2,1-c][1,4]benzodiazepine (PBD) compounds used in this study, showing the ring numbering scheme.

FIGURE 2: Proposed mechanism for covalent reaction with DNA,
showing formation of an aminal bond between the C11 position of
the PBD and the exocyclic N2 of a guanine base.
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were used to calculate the percentage incorporation of
radiolabeled rUTP.
In Vitro Transcription Footprinting (IVTF) Assay. The

transcription (Tc) buffer described above was employed. A
ternary complex was formed by incubating the linearized
plasmid with T7 RNA polymerase (20 units) in the presence
of 200µM rGTP, 5µM rATP, 5 µM rCTP, and [R-32P]ATP
for 10 min at 37°C. Low concentrations of rNTPs were
used to maximize incorporation of the radiolabel, thereby
improving the sensitivity, and to optimize the production of
a synchronized population of initiated complexes (i.e.,

minimize misincorporation and/or the effects of contaminat-
ing nucleotides). These conditions resulted in the production
of a ternary complex with a nascent 14-mer RNA due to
exclusive initiation at the+1 position. Heparin was added
to a final concentration of 400µg/mL to remove any
nonspecifically bound RNA polymerase, and the mixture was
incubated for 5 min at 37°C. The PBD was then added at
different PBD:DNA concentration ratios, and the mixture
was incubated for 1 h inorder to observe any concentration-
dependent response. Following equilibration with the PBD,
a nucleotide mix containing all ribonucleotides was added
to achieve a final concentration of 2.0 mM for all ribonucle-
otides, and incubation was continued for 15 min at 37°C.
The elongation reaction was stopped by the addition of an
equal volume of loading/blockage buffer comprising 90%

FIGURE 3: Inhibition of in Vitro transcription by the PBD
compounds at a concentration of 100µM using the QIVT procedure.
Each inhibitory activity was determined from the extent of
incorporation of radiolabeled rUTP following TCA precipitation
(see text).

FIGURE 4: Autoradiogram illustrating the fragment patterns pro-
duced by the PBDs in the QIVT assay. A 2-µL aliquot from each
experiment was electrophoresed on a 6% polyacrylamide gel and
autoradiographed as described in Materials and Methods. The
control (Ctrl) lane shows the full-length (334-base) RNA transcript
produced as described. The remaining lanes show RNA fragments
generated following incubation with sibiromycin (S), tomaymycin
(T), anthramycin (A), DC-81 (D), or neothramycin (N). The
positions of induced fragments I-V were established using the
IVTF technique.

FIGURE 5: Concentration dependence forin Vitro transcription
blockage by anthramycin. Transcription initiation, DNA-PBD
adduct formation, and elongation were carried out as described in
Materials and Methods. The control (Ctrl) lane represents the full-
length transcript following elongation in the absence of added PBD.
Lanes rG, rA, rC, and rU are sequencing lanes generated for the
appropriate ribonucleotides. The remaining lanes represent increas-
ing concentrations of anthramycin (25-500µM). The lengths and
corresponding sequences (with the modified guanine underlined)
for the major blockage sites are indicated.
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formamide, 50 mM EDTA, 0.1% xylene cyanol, and 0.1%
bromophenol blue.
RNA Sequencing. The method employed used 3′-deoxy-

ribonucleotides of GTP, ATP, CTP, and UTP. Sequence
information was obtained by adding one of four elongation
nucleotide mixes, each containing the appropriate 3′-drNTP
(300µM) and rNTP (1 mM), where N is G, A, C, or U. The
elongation reactions were continued for 10 min at 37°C and
stopped by the addition of the loading/blockage buffer.
MPE-Fe(II) Footprinting Analysis. The pGEM-2-N-ras

plasmid was 5′-singly end-radiolabeled and purified using
published procedures (Maniatis, 1989). A series of PBD
concentrations were then incubated with the DNA for 1 h at
37 °C. The concentration used for each PBD was ap-
proximately equivalent to the concentration determined to
inhibit in Vitro transcription by 50%. Solutions were added
to give final concentrations of 5µM MPE, 4µM Fe(II), and
2 mM DTT in each reaction mix. The mixtures were allowed
to react at room temperature for 6 min, and then the reactions
were stopped by cooling in a dry ice/ethanol bath for 5 min.
Each frozen reaction mix was then lyophilized, and the
resulting pellets washed with 0.3 M NaOAc and precipitated
with ethanol. Loading/blockage buffer was added to all drug-
treated and sequence marker samples prior to gel electro-
phoresis.
Sequence Marker Depurination. An aliquot of the 5′-end-

labeled DNA (1µg) was treated with 75% formic acid for 7
min at room temperature, which resulted in depurination of
the DNA. An equal volume of “stop mix” containing 0.6
M NaOAc, 20 mM Na2EDTA, tRNA (100 µg/mL), and
ethanol 95% was added, and the mixture was chilled and
centrifuged prior to supernatant removal. The pellet was
lyophilized and digested in 10% aqueous piperidine solution,
heated for 30 min at 90°C, and then lyophilized after snap
freezing. The resulting pellet was washed with water and
then re-lyophilized prior to gel loading. RNA fragment

analysis was performed using a Molecular Dynamics model
400B PhosphoImager, with quantitation using the supplied
ImageQuant software.
Gel Electrophoresis of RNA and DNA Fragments. Samples

from both the IVTF and MPE-Fe(II) footprinting experi-
ments were heated for 5 min at 90°C and then cooled in
ice. Samples (5µL) were loaded onto a 0.35 mm× 80 cm
denaturing (6-8%) polyacrylamide gel in TBE buffer. Gels
were pre-electrophoresed for 1 h at 3000 V to raise the
temperature of the gel to∼60 °C and to ensure denaturing
conditions. Electrophoresis was continued until the xylene
cyanol marker migrated approximately two-thirds down the
gel length. Following electrophoresis, gels were dried at 80
°C onto one layer of Whatman 3MM and one layer of DE81
filter papers on a Bio-Rad model 583 gel dryer connected to
a vacuum. Autoradiography was performed with Hyperfilm
MP (Amersham) for 12 h at-70 °C without an intensifying
screen for sharper images.

RESULTS

QIVT Assay. The percentage incorporation of radiolabeled
rUTP was calculated in order to determine the rank order
for inhibition of in Vitro transcription by the PBDs examined
in this study. The data presented in Figure 3 show a
sibiromycin > tomaymycin> anthramycin> DC-81 >
neothramycin ranking order for inhibition at a PBD concen-
tration of 100µM. Interestingly, stimulation of transcription
was evident for sibiromycin and neothramycin at low doses
of added compound (data not shown). An autoradiogram
of the transcription experiments (Figure 4) reveals that both
sibiromycin and anthramycin induce premature termination
of transcription that results in the formation of shorter RNA
fragments.
IVTF Assay. An autoradiogram produced from the IVTF

assay with anthramycin is shown in Figure 5. Using
phosphoimage analysis, the full-length and short fragments

FIGURE 6: Inhibition of in Vitro transcription by (A) anthramycin, (B) neothramycin, (C) sibiromycin, and (D) tomaymycin. The relative
inhibition is based on the amount of full-length RNA fragment present due to PBD binding to the DNA template compared to that present
in the drug-free control reaction.
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observed on each gel were quantitated. From these data, a
concentration-dependent response was found, and a rank
order for inhibition of transcription was determined as:
sibiromycin> anthramycin> neothramycin> tomaymycin
(Figure 6). Interestingly, stimulation of transcription was
seen at low concentrations of sibiromycin and anthramycin,
as also indicated from the QIVT experiments. Tomaymycin
also showed some evidence of stimulation at low concentra-
tions, although to a much lesser extent.

Figure 5 reveals that this DNA sequence has discrete
binding sites for anthramycin that cause blockage of tran-
scription. Using the sequence lanes (rG, rA, rC, and rU), it
can be established that the blockage sites correspond
exclusively to AGA-5′ sequences. Furthermore, there is a
preferred order of blockage-site sequences for both anthra-
mycin and sibiromycin which evidently relates to the
sequences of flanking base pairs. Phosphoimaging analysis
for anthramycin indicates a preferred order for ACAGAAA-
5′ (119-mer)> AGAGATA-5′ (157-mer)> AAAGATG-5′
(127-mer)> CAAGAAC-5′ (217-mer)> GCAGAAC-5′
(145-mer)> ATAGAAC-5′ (161-mer)> ACAGAGA-5′
(155-mer)> ACAGACC-5′ (166-mer) sequences, where the
indicated guanine base is alkylated (Figure 7A). In contrast,
the preferred order for site blockage by sibiromycin is given
by ACAGAAA-5′ (119-mer)> GCAGAAC-5′ (145-mer)
> AAAGATG-5′ (127-mer)> ACAGAGA-5′ (155-mer)>

AGAGATA-5′ (157-mer)> ATAGAAC-5′ (161-mer)>
CAAGAAC-5′ (217-mer)) ACAGACC-5′ (166-mer) (Fig-
ure 7B).
Tomaymycin and neothramycin produced blockages at the

equivalent sites (data not shown), but showed no particular
order of preference for these sequences. However, additional
blockage sites were observed at AGG-5′ (293), GGA-5′
(302), and TGA-5′ (194 and 208) for both compounds.
MPE-Fe(II) Footprinting. Figure 8 shows an MPE-

Fe(II) footprinting autoradiogram obtained for the four PBDs
examined, at drug concentrations equivalent to those required
to cause 50% inhibition of transcription in the IVTF study
and with the same incubation period (1 h). As expected from
the IVTF results, neothramycin and tomaymycin did not

FIGURE 7: Percentage of RNA fragments present relative to the
full-length fragment in the IVTF experiments for (A) anthramycin
and (B) sibiromycin at different concentrations..

FIGURE 8: Autoradiogram for DNA binding by the PBDs deter-
mined using MPE-Fe(II) footprinting. The left-hand lane (Pu) is
a purine sequence marker lane involving formic acid and piperidine
treatment as described. The corresponding base numbers are
indicated on the left-hand side. Lanes: (Ctrl) MPE-Fe(II)-treated
DNA in the absence of a PBD; (A) 20µM anthramycin; (N) 100
µM neothramycin; (S) 1µM sibiromycin; and (T) 300µM
tomaymycin. Each PBD was incubated with the 5′-end-labeled
pGEM-2-N-ras for 1 h. The estimated positions and sequences (with
the covalently-modified guanines underlined) of the major binding
sites are indicated on the right-hand side.

2482 Biochemistry, Vol. 36, No. 9, 1997 Puvvada et al.



produce pronounced footprints under these conditions.
However, both anthramycin and sibiromycin gave strong
footprints corresponding to binding sites on both the
transcribed and nontranscribed DNA strands. Interestingly,
the preferred binding sites (e.g.,-173,-176,-182, and
-185) did not correlate with those transcription blocks
observed in the IVTF study whereas, conversely, certain
sequence sites that caused T7 RNA polymerase blocks (e.g.,
-119,-155,-157, and-161) did not appear as signifi-
cantly strong MPE-Fe(II) footprints. The majority of
DNA-PBD adducts revealed by the MPE-Fe(II) footprint-
ing assay represent 5′-Pu-G-Pu target sequences and (to a
lesser extent) 5′-Pu-G-Py and 5′-Py-G-Pu sequences (e.g.,
-173,-176, and-233), whereas transcription inhibition
appears to be due mainly to 5′-AGA sequences.

DISCUSSION

The rank order of potency for the inhibition ofin Vitro
transcription determined from the QIVT assay is similar to
that established by unrelated studies of covalent DNA
reactivity (Puvvada et al., 1993), other than an apparent
reversal of activity for anthramycin and tomaymycin. Thus,
by QIVT, sibiromycin is the most potent PBD inhibitor,
followed by tomaymycin and anthramycin, with both DC-
81 and neothramycin providing markedly poorer inhibition.
From the QIVT experiments (Figure 4), it is clear that
formation of a DNA-PBD adduct can interfere with the
linear diffusion of a DNA-processing enzyme (as indicated
by shorter RNA fragments) and seriously hamper the
recognition capacity for key DNA sequences (as indicated
by a reduction in full-length RNA fragments) (Balcarova et
al., 1992).
The QIVT assays indicate that tomaymycin is a more

potent inhibitor ofin Vitro transcription than either anthra-
mycin or neothramycin, whereas the IVTF data (e.g., Figure
6) suggest that tomaymycin has the weakest activity. One
possible explanation for this observation may relate to

covalent binding of tomaymycin in the promoter region,
resulting in interference with recognition by the promoter
T7 polymerase and/or inhibition of formation of the initiation
complex. Although neothramycin and DC-81 also showed
evidence of inhibitingin Vitro transcription, they did not
show significant formation of fragments. This behavior
suggests that, as with tomaymycin, these PBD agents may
bind predominantly to the promoter region of the DNA
template, thereby inhibiting the T7 initiation process.

Molecular modeling studies using the same sequence of
pGEM-2-N-ras (to be reported elsewhere) suggest that AGA-
5′ represents the most energetically-preferred sequence for
adduct formation with the PBDs used. The IVTF data
therefore suggest that the T7 RNA polymerase may stop
transcribing at the most energetically-preferred PBD binding
sites on the duplex, whereas it can “read through” less-
energetically-favorable adducts. This phenomenon has also
been observed for established DNA intercalants, including
nogalamycin, actinomycin D, and adriamycin (White &
Phillips, 1989a-c). Interestingly, reported studies with
intercalators and bacterialE. coliRNA polymerase show the
same transcribing characteristics, suggesting that the catalytic
site and melted region of the RNA-DNA hybrid in the
ternary complex are virtually coincident for both types of
polymerase (Shi et al., 1987; White & Phillips, 1988).
Selective initiation of the T7 promoter from the+1 position
results in RNA from the initiated complex that is 14 bases
long (Figure 9). Comparative studies of the effect of
intercalators onin Vitro transcription have shown that T7
polymerase is far less stable thanE. coli RNA polymerase
when the elongation complex is paused at a DNA-drug
adduct (White & Phillips, 1989a-c). Furthermore, the
bacterial RNA polymerase revealed an ability to “read
through” past the drug site, whereas the phage RNA
polymerase resulted only in the termination of transcription.
This stability difference has been confirmed from observa-
tions thatE. coli transcription complexes survive nondena-

FIGURE 9: Sequence analysis for DNA-PBD adducts leading to transcription blockage. (A) Sequence of the T7 RNA polymerase promoter
region showing the lower 3′-5′ transcribing strand and the upper, nontemplate 5′-3′ strand. (B) Sequence of the 14-mer mRNA fragment
present in the ternary complex (* indicates the rATP radiolabel incorporated during formation of the ternary complex). The horizontal
arrow indicates the direction of transcription. (C) Transcribing N-ras fragment (bases 90-334). The vertical arrows correspond to the
positions at which transcription is blocked by covalent DNA adducts with the PBDs examined. Those positions due exclusively to neothramycin
and tomaymycin adducts are indicated by (N,T). Optimal 5′-AGA sequences on each strand are underlined.
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turing PAGE (Straney & Crothers, 1985), whereas T7
complexes dissociate under similar conditions (Shi et al.,
1987). This would suggest that the presence of a covalent
DNA-PBD adduct on the transcribing strand may be
sufficient to destabilize the T7 ternary complex, possibly due
to (i) localized DNA conformational changes and/or ac-
cumulated steric effects, and/or (ii) as a direct consequence
of drug-induced arrest of the elongation complex. On the
basis of comparing T7 polymerase withE. coli polymerase,
PBD-induced blockage of transcription in the IVTF studies
may be due to termination of the elongation process as
opposed to pausing, although an investigation of the effects
of elongation time would be required to confirm this
suggestion. Inhibition of transcription, however, may occur
by more than one pathway (e.g., inhibition of protein binding
and/or inhibition of elongation), and the results reported here
cannot distinguish between different modes of inhibition, but
instead represent an average of what must be occurring in
solution. Future experiments will seek to determine the
precise mode of inhibition for each compound.
Finally, the observed stimulation of transcription at low

concentrations of sibiromycin and neothramycin suggests that
the highest affinity sites (i.e., those sites that are most likely
to be “hit” at low PBD concentrations) actually stimulate
rather than inhibit transcription. We have no explanation
for this phenomenon at present, although it will be the subject
of future investigations.
In conclusion, the QIVT and IVTF studies described here

clearly demonstrate, for the first time, PBD-induced disrup-
tion of transcription. The possible importance of PBD
binding sites in the promoter region has also been established.
It appears that although the DNA-binding affinities of the
PBDs (as measured by assays such as the RED100 and also
molecular modeling studies) contribute to the inhibition of
transcription, the binding sequence involved and structural
characteristics of the DNA-PBD adducts may also play a
major role in determining the effectiveness of drug-induced
blockage. The difference between the DNA-PBD adducts
revealed by the MPE-Fe(II) footprinting assay (majority
represented by 5′-Pu-G-Pu and, to a lesser extent, 5′-Pu-G-
Py and 5′-Py-G-Pu) and transcription inhibition (predomi-
nantly 5′-AGA sequences) can be explained by the T7
polymerase halting only at the most stable covalently-bound
PBD-DNA adducts. It is conceivable that MPE-Fe(II)
footprinting may also detect noncovalently bound PBD-
DNA adducts for which there is some evidence of existence
(Thurston, 1993). The observed stimulation of transcription
by sibiromycin and neothramycin at low concentrations is
intriguing and will be the subject of future studies. Although
it is not possible to establish the precise mechanism of either
the inhibition or stimulation of transcription from the results
reported here, future studies involving kinetic experiments
and the use of DNA containing a known number of PBD
binding sites at defined sequences should address these
issues.
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