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On the pairing rules for recognition in the minor groove of DNA

by pyrrole-imidazole polyamides
Sarah White, Eldon E Baird and Peter B Dervan

Background: Cell-permeable small molecules that target predetermined DNA
sequences with high affinity and specificity have the potential to control gene
expression. A binary code has been developed to correlate DNA sequence with
side-by-side pairings between N-methylpyrrole (Py) and N-methylimidazole (Im)
carboxamides in the DNA minor groove. We set out to determine the relative
energetics of pairings of Im/Py, Py/Im, Im/Im, and Py/Py for targeting G-C and
AT base pairs. A key specificity issue, which has not been previously
addressed, is whether an Im/Im pair is energetically equivalent to an Im/Py pair
for targeting G-C base pairs.

Results: Equilibrium association constants were determined at two five-base-
pair sites for a series of four six-ring hairpin polyamides, in order to test the
relative energetics of the four aromatic amino-acid pairings opposite G-C and
A-T base pairs in the central position. We observed that a G-C base pair was
effectively targeted with Im/Py but not Py/Im, Py/Py, or Im/Im. The A-T base pair
was effectively targeted with Py/Py but not Im/Py, Py/Im, or im/Im.

Conclusions: An Im/Im pairing is energetically disfavored for the recognition of
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both AT and G-C. This specificity will create important limitations on
undesirable slipped motifs that are available for unlinked dimers in the minor
groove. Baseline energetic parameters will thus be created which, using the
predictability of the current pairing rules for specific molecular recognition of
double-helical DNA, will guide further second-generation polyamide design for

DNA recognition.

Introduction

Crescent-shaped polyamides containing N-methylpyrrole
(Py) and N-methylimidazole (Im) amino acids bind coop-
eratively as antiparallel dimers in the minor groove of the
DNA helix [1]. Their sequence-specificity depends on the
side-by-side pairings of the N-methylpyrrole and N-methyl-
imidazole amino acids. A pairing of Im opposite Py
(Im/Py) targets a G-C base pair, while Py/Im targets C-G
(see Figure 1) [1-5]. A Py/Py pairing is degenerate and
targets both T-A and A-T base pairs [1-9]. Pyrrole—imida-
zole polyamides have been shown to be cell permeable
and to inhibit the transcription of genes in cell culture
[10]. This provides impetus to explore the scope and
limitations of their use for DNA recognition, particularly
the energetics and structural details of their remarkably
simple binary code.

Recognition of a G-C base pair in the DNA minor groove

Recognition of a G-C base pair by the Im/Py pairing
requires precise positioning for the key hydrogen bond
between the Im N3 and the exocyclic amine of guanine
[11,12]. Given the central location of the guanine exocyclic
amine group in the DNA minor groove [13-15], the ques-
tion arises of whether an Im/Im pairing might also target a

G-C base pair [16]. Remarkably, even in the first report on
the binding specificity of the three-ring polyamide homo-
dimer (Im-Py-Py-Dp), (Dp: dimethylaminopropylamide),
there were qualitative data to suggest that there was
indeed a binding preference for placing the Im/Py pair
opposite the G-C base pair [1] (Figure 1). It would be
useful to determine the generality of the aromatic amino
acid pairing preferences and to compare the relative ener-
getics of the four possible pairings of Im and Py for the
recognition of G-C and T-A base pairs. Here, we describe
an experimental design that uses an oriented six-ring
hairpin polyamide to allow the relative energetic prefer-
ences of four different binary combinations (Im/Py, Py/Im,
Im/Im, and Py/Py) to be tested opposite a G-C or an AT
base pair (Figure 2).

The hairpin polyamide motif

Three-ring polyamide subunits covalently coupled by a
v-aminobutyric acid linker (y) form hairpin structures
with five-base-pair target DNA sequences. [17-20]. For
cxample, according to the pairing rules, polyamides with
the sequences Im—Im—Py-y-Py-Py~Py-B (B: B-alanine)
and Im—-Py-Py-y-Py—Py-Py-B (central amino acid pairing
italicized) would be expected to bind to 5-TGGTA-3
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Figure 1

<—3 Py/Im targets C-G
<—3 Py/Py targets A-T andT-A

<= Im/Py targets G-C

— Binding models for antiparallel three-ring
polyamide subunits, Im—Py-Py-Dp (Py,
N-methylpyrrole, blue; Im, N-methylimidazole,
red; Dp, dimethylaminopropylamide), in
complex with 5-TGTCA-3". Circles with two
dots represent the lone pairs of the N3 atoms
of purines and the O2 atoms of pyrimidines.
Circles containing an H represent the N2
hydrogens of guanines. Putative hydrogen
bonds are illustrated by dotted lines. in the
schematic binding model (inset), the Py and
im rings are represented as blue and red
circles, respectively.
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and 5-TGTTA-3" (central base italicized) sequences,
respectively. Selective substitution of the central amino
acid of each three-ring polyamide subunit allows four
possible ring pairings at a unique central location within
the hairpin structure that can be placed opposite a G-C or
T-A base pair (Figure 2).

Figure 2

1 Im-im-Py-Py-Py-Py-p-Dp

2 Im-Py-Py-y-Py-Im-Py-$-Dp

3  Im=-Im-Py-y-Py-Im-Py-B-Dp

4 Im-Py-Py-rPy-Py-Py-§Dp

CORCTONCTNCT )

Models of the expected hairpin complexes of Im-Im-Py-y-Py~Py-Py-
B-Dp (B: B-alanine; 1), im—Py—Py-y-Py~Im-Py-B-Dp (2), Im-Iim—Py-
¥Py-Im-Py-B-Dp (3), and Im--Py—Py-y-Py~-Py-Py-B-Dp (4) complexed
with 6-TGGTA-3’ and 5-TGTTA-3". Unfilled white circles may be
either Py or Im; and blue and red circles, are Py and Im, respectively.
Diamonds represent B-alanine and the curved line joining the two
polyamide subunits represents the y-aminobutyric acid linker. The
central pairings of Im/Py, Py/Im, Im/Im and Py/Py with G-C and T-A are
highlighted with yellow boxes.

Four six-ring polyamides (Figure 3), Im-Im-Py-y-Py-Py-
Py-B-Dp (1), Im—Py-Py-y-Py-Im-Py-B-Dp (2), Im-Im~
Py-v-Py-Im-Py-B-Dp (3), and Im-Py-Py-y-Py-Py-Py-
B-Dp (4), containing central amino pairings of Im/Py,
Py/Im, Im/Im, and Py/Py in a hairpin structure were syn-
thesized by solid phase methods [21]. The corresponding
EDTA analogs (Figure 3), Im—Im-Py-y-Py-Py-Py-B-Dp-
EDTA (1-E), Im-Py-Py-y-Py-Im-Py-3-Dp-EDTA (2-E),
Im-Im-Py-y-Py-Im-Py-B-Dp-EDTA (3-E), and Im-Py-
Py-y-Py—-Py-Py-B-Dp-EDTA (4E), were also constructed,
in order to confirm the single binding orientation of each
hairpin~DNA complex.

Here, we report the DNA-binding affinities, orientations,
and sequence-selectivity of the four polyamides for two
five-base-pair binding sites, 5-TGTTA-3" and 5-TGG-
TA-3’, which vary at one unique third position (italicized).
Three separate techniques were used to characterize the
DNA-binding properties of the polyamides: affinity cleav-
age [22,23]), MPE-Fe(Il) footprinting (MPE: methidium-
propyl-EDTA) [24,25], and DNase I footprinting [26-28].
Affinity cleavage studies were used to determine the spe-
cific binding orientation and stoichiometry of each hairpin—
DNA complex. The binding location and site size were
determined accurately by MPE-Fe(II) footprinting, and
quantitative DNase 1 footprint titration was used for mea-
suring the equilibrium association constants (K,) for the
binding of the polyamide to the designated sequences.

Results and discussion

Binding-site size by MPE-Fe(ll) footprinting

MPE-Fe(Il) footprinting on 3’ and 5" %P end-labeled
302-base-pair restriction fragments (see the Materials and
methods section) revealed that the polyamides bind and
discriminate the two five-base-pair sites, 5-“TGTTA-3" and
5-TGGTA-3’ (Figure 4). At micromolar concentrations,



polyamides 1 and 3 (Figure 3) bound to 5"TGGTA-3' >
5 TGTTA-3", whereas polyamides 2 and 4 (Figure 3)
bound to 5-TGTTA-3’ > 5-"TGGTA-3.

Binding orientation by affinity cleavage

Affinity cleavage experiments using hairpin polyamides
modified with EDTA-Fe(Il) at the carboxyl terminus
were used to determine the orientation and stoichiometry
of polyamide binding. Experiments were performed on
the same 3’ and 5’ 32P end-labeled 302-base-pair restric-
tion fragments (Figure 5; see the Materials and methods
section). In all cases, the observed cleavage patterns were
3’ shifted, consistent with minor-groove occupancy [22]. A
single cleavage locus proximal to the 5’ side of both the
5. TGTTA-3 and 5-TGGTA-3" binding sites confirmed
that the four polyamides bound each discreet site with a
single orientation. The observation of a single cleavage
locus is consistent only with an oriented 1:1 complex in
the minor groove of DNA and rules out dimeric over-
lapped or extended binding motifs [29]. A 1:1 oriented but
extended motif would require at least an 8-base-pair
binding site, which is inconsistent with the high-resolu-
tion MPE footprinting data on both target sites. The
hairpin complex Im—Py-Py-y-Py-Py-Py-Dp-5-TGTTA-3
has recently been characterized by direct nuclear magnetic
resonance methods [30].

Energetics by quantitative DNase | footprint titrations
MPE-Fe(Il) footprinting combined with affinity cleavage
experiments indicated that each polyamide bound the des-
ignated five-base-pair target site as a 1:1 hairpin complex in
the minor groove. This single and consistent mode of
binding allowed a valid thermodynamic comparison for the
central-ring amino acid pairing of each polyamide that rec-
ognized the central base pair of each designated target site.
Quantitative DNase 1 footprint titration experiments
[24-26] (seec the Materials and methods section) were per-
formed to determine the equilibrium association constants
for the bound sites (Figure 6). The 5-TGGTA-3" site was
bound by the polyamides with decreasing affinity: Im—fm—
Py-y-Py—Py-Py-B-Dp (1) >> Im-Py-Py-y-Py-Im-Py-p-Dp
(2) = Im-Im-Py-y-Py-Im-Py-p-Dp (3) = Im—Py-Py-y-Py-
Py-Py-B-Dp (4). The 5-TGTTA-3" site was bound with
decreasing affinity: Im-Py-Py-y-Py-Py-Py-B-Dp (4) >
Im—Py-Py-y-Py-Im-Py-B-Dp (2) = Im-Im—Py-y-Py-Py-Py-
B-Dp (1) > Im~Im-Py-y-Py—Im—Py-B-Dp (3). Remarkably,
the association constant for each site varied 100-fold
between the four polyamides, indicating a sensitivity to a
single atomic substitution within the central-ring amino
acids (Figure 7).

The Im/Py pair

Among the four ligands, Im—I/m-Py-y-Py-Py-Py-B-Dp (1;
central Im/Py pairing italicized) bound to the 5-TGG
TA-3 site, which contained a central G-C base pair, with
the highest affinity (K, = 9.0 x 107 M~1). This selectivity
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Figure 3

(1) R = CHg, Im~Im-Py-y-Py-Py-Py-p-Dp
(1-E) R= RE Im-Im-Py-y-Py-Py-Py-B-Dp-EDTA-Fe(ll)

(2) R = CHg, Im—Py-Py-y-Py-Im-Py-3-Dp
2-E)R= RE. Im-Py-Py-y-Py—Im-Py-B-Dp-EDTA-Fe(ll)
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(3) R = CHj, Im-Im-Py-y-Py-Im-Py-3-Dp
(3-E) R = Re, Im-Im-Py-y-Py-Im—Py-B-Dp-EDTA-Fe(ll)
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(4) R = CHy, Im-Py-Py-y-Py-Py-Py-§-Dp
(4-E) R = Rg, Im—Py—Py-y-Py-Py—Py-B-Dp-EDTA-Fe(ll)

Structures of the four polyamides and their EDTA analogs. Im—Im—Py-
+Py-Py-Py-8-Dp, 1; Im-Py~Py-y-Py-Im~Py-8-Dp, 2; Im—Im—Py-
+Py-Im~Py-8-Dp, 3; and Im~Py~Py-y-Py~Py—Py-B-Dp, 4; Im—im—Py-
+Py—Py-Py--Dp-EDTA-Fe(ll), 1-E; im-Py—Py-y-Py~Im—Py-B-Dp-
EDTA-Fe(ll), 2-E; Im—im-Py-y-Py—Im~Py-B-Dp-EDTAFe(ll), 3-E; and
Im-Py—Py-y-Py—-Py—Py-3-Dp-EDTA-Fe(ll), 4-E.
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Figure 4
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Affinity cleavage experiments on the 3’ 32P end-labeled 302-base-pair
EcoRI/Pvull restriction fragment derived from the plasmid pDEH4.

(a) The targeted binding sites are indicated on the right-hand side of the
autoradiograms. The storage phosphor autoradiograms were obtained
from the 8% denaturing polyacrylamide gels used to separate the
fragments generated by affinity cleavage experiments: lanes 1 and 2, A
and G sequencing lanes; lanes 3-8, digestion products obtained in the
presence of 1-E, 2-E, 3-E, or 4-E: 10 uM, 1 uM, and 0.1 uM polyamide,
respectively; lane 7, intact DNA. All reactions contained 20 kcpm 3’ 32P

restriction fragment, 25 mM Tris-acetate (pH 7.0), 20 mM NaCl,

100 uM/base pair calf thymus DNA. (b) An illustration of the 302-base-
pair restriction fragment with the position of the sequence indicated.
Results from affinity cleavage with 10 uM Im-Im~Py-y-Py—Py—-Py-B-Dp-
EDTA-Fe(ll), 1-E-Fe(ll); Im-Py—-Py-y-Py—Im—Py-B-Dp-EDTA-Fe(l),
2-E-Fe(ll); Im—Im—Py-y-Py-Im—Py-B-Dp-EDTA-Fe(ll), 3-E-Fe(ll); and
Im-Py—Py-y-Py—Py-Py-8-Dp-EDTA-Fe(ll), 4-E-Fe(l]). Line heights are
proportional to the relative cleavage intensities at each base pair. The
binding sites 5-TGGTA-3" and 5-TGTTA-3’ are highlighted in blue.
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Figure 6
Quantitative DNase | footprint titration
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indicates that Im/Py is the optimal ring pairing for recogni-
tion of a G-C base pair. The sequence specificity of the
Im/Py pairing was underscored by the 50-fold reduced
1.7 x 106 M-1) when the Im/Py pair was
placed opposite a T-A base pair at 3-TGTTA-3".

affinity (K, =

The Py/Im pair

The polyamide Im-Py-Py-y-Py-Im-Py-B-Dp (2; central
Py/Im pairing italicized) bound to the 5-TGGTA-3’ site

(central G-C base pair) with 100-fold reduced affinity rela-
tive to polyamide 1 (central Im/Py pairing). Remarkably,
given the central location of the exocyclic 2-amino group of
guanine in the minor groove, the Py/Im pairing is dis-
favored relative to the Im/Py pair for the recognition of a

G-C base pair. Although the nitrogen of the 2-amino group
of guanine was displayed in a similar location for both G-C

and C-G, the proton available for hydrogen bond recogni-
tion in the minor groove had a strand-specific directionality
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Models of the expected hairpin complex of
Im—im—Py-y-Py-Py-Py-B-Dp (1), Im-Py-Py-
¥-Py-Im-Py-B-Dp (2), Im—Im—Py-y-Py—Im—Py-
B-Dp (3), and Im-Py—Py-y-Py-Py-Py-B-Dp (4)
complexed with 5"-TGGTA-3’ and 5-TGT-
TA-3'. Blue and red circles represent Py and
Im rings, respectively. Diamonds represent
[-alanine and the curved line between the two
polyamide subunits represents the y-amino-
butyric acid linker. The central pairings of
Im/Py, Py/im, Im/Iim and Py/Py with G-C and
T-A are highlighted with yellow boxes. The £
binding affinity for each complex as | 3-AC|C|A
determined from quantitative DNase |
footprinting is shown to the right of each
complex. (b) A summary of the binding
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Ko< 1.0x108 M1 H=C~OH K, < 1.0x108 M
-5’ 3’-A C|A|A T-5

-3 T A-3’
Im/Py with G-C Im/Py with T-A
K,=9.0x107 M"! K,=1.7x108 M

3
Py/Im with G-C Py/Im with T-A
K,<1.0x108 M1 K,=1.8x108 M
-5’ 3’-AC|A|A T-5 |

5-TG|T|T A-37
Py/Py with G-C @O0 Py/Py with T-A
K,<1.0x108 M Fe OO K, =9.0x107 M
-5’ 3-A C|A|lA T-5
GC T+A
Im/Py + -
Py/lm 2 £
Im/Im - =
PyPy | - "

(Figure 8). The directionality requirements for effective
hydrogen bond formation thus allow discrimination of G-C
by the Im/Py and Py/Im pairs. Validation of this interpreta-
tion awaits the completion of high resolution X-ray
crystallographic structure studies which are in progress
(C.L. Kielkopf, E.E.B., P.B.D. and D.C. Rees, unpublished
observations). Placing the Py/Im pair of 2 opposite T-A at
the 5-TGTTA-3' target site resulted in similar affinity (K, =
1.8 x 106 M1) to placing the Im/Py pair 1 opposite T-A. It
should be noted that the Py/Im hairpin polyamide 2 recog-
nized a 5~AGCTT-3" match site present on the restriction
fragment (central C-G base pair) with high affinity.

The Py/Py pair

The polyamide Im-Py-Py-y-Py-Py-Py-B-Dp (4; central
Py/Py pairing) bound to the 5’-T'GTTA-3’ site (central T-A
base pair) with 100-fold enhanced affinity relative to the
5-"TGGTA-3 site (central G-C base pair). The discrimina-
tion of A-T/T-A base pairs from G-C/C-G base pairs by the
Py/Py pairing is likely to be due to the exocyclic amine
groups of guanine which present a steric hindrance to deep
polyamide binding in the minor groove. Im-rich hairpin

polyamides, however, recognize G-C sequences with affi-
nities and specificities similar those of Py-rich polyamides
that recognize A-T rich sequences [31], indicating (as
will become evident below) that additional energetic
parameters may be important for high-affinity recognition.

The Im/Im pair

The hairpin Im-Im-Py-y-Py-Im-Py-B-Dp (central Im/Im
pairing italicized) bound to both designated sites, 5-TGT-
TA-3" and 5-"T'GGTA-3" with > 100-fold reduced affinity
relative to polyamides 1 and 4 (central Py/Py and Im/Py
pairs, respectively). The reduced binding energetics of
the Im/Im pair may result from desolvation of the N3 of
Im upon binding to DNA [32]. Such an unfavorable desol-
vation could be compensated for when a hydrogen bond is
formed between Im and the exocyclic 2-amino group of
guanine, but not compensated for upon placement of Im
opposite A, T, or C bases.

Alternatively, specificity may result from electrostatic
interactions between the aromatic ring carboxamides and
the floor of the DNA minor groove [33]. The DNA minor
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Figure 8

Figure 9

H
2 0= -H=N
HN\?/—(;-H- -7\
=0

N

N=H==0" H

H

C

Space-filling models of the G-C and C-G base pairs as viewed from
the minor groove of DNA, generated using B-form DNA coordinates
provided in Insightll. The O2 and N3 atoms are highlighted in red. The
asymmetrically directed amino proton is highlighted in blue.

groove displays a negative electrostatic potential at A-T
and T-A base pairs [34]. The only positive potential
located on the minor groove floor is at the exocyclic
2-amino group of guanine [34]. The Py ring displays a pos-
itive potential across the interface with the floor of the
minor groove, providing complementary electrostatic
interactions at A, T, and C bases (Figure 9). The Im ring
displays a negative potential which can interact favorably
with the 2-amino group of G, but may interact unfavorably
with the other three bases.

Significance

A binary code has been developed to correlate DNA
sequence with polyamide sequence composition. The
results described here demonstrate the sequence speci-
ficity of the four possible individual pyrrole and imidazole
ring amino acid pairings: the Im/Py pairing recognizes
G-C, but is disfavored when placed opposite C-G, AT
and T-A; the Py/Im pairing targets C-G, but is disfavored
opposite G-C, AT and T-A base pairs; the Py/Py pairing
recognizes T-A/A-T base pairs but is disfavored opposite

Electrostatic potential maps (left) and space-filling models (right) for
Im/Py with G-C (top) and Py/Py with T-A (bottom). Electrostatic
potentials were calculated using MacSpartan version 1.0 as described
in [39]. Areas of positive potential are represented as blue surface and
areas of negative potential as red surface; neutral regions appear
green. Space-filling models were generated using Insightll software.
Atoms involved in hydrogen bond formations are highlighted, with
donors and acceptors represented as biue and red, respectively.

G-C/C-G; and an Im/Im pairing is disfavored with any of
the four base pairs, breaking a potential degeneracy for
recognition by preventing unlinked polyamide dimers
from binding in certain slipped motifs. These results will
guide further second-generation polyamide design for
DNA recognition.

Materials and methods

The solid phase synthesis of six-ring hairpin polyamides has been
described [9,17]. Epicurian coli® XL-1 Blue supercompetent cells were
obtained from Stratagene (La Jolla, CA, USA). All enzymes were pur-
chased from Boeringher-Mannheim (Indianaoplis, IN, USA) and were
used according to the supplier's recommended protocol in the activity
buffer provided. Sequenase (version 2.0) was obtained from United
States Biochemical (Cleveland, OH, USA). [0-32P}-Thymidine-5"tri-
phosphate (= 3000 Ci/mmol), [a-32P]-deoxyadenosine-5'-triphosphate
(= 8000 Ci/mmol), and [y-32P]-adenosine-5'-triphosphate were purchased
from Du Pont/NEN (Boston, MA, USA).

Preparation of 32P-labeled DNA

Plasmid pDEH4 was prepared by hybridizing a complementary set of
synthetic oligonucleotides, 5-CTAGACGACGCGCATTATTAGACGA-
CGCGCATTGGTAGACGACGCGCATTGTTAGACGACGCGCATTG-
TCAGACGACGCGCATTGCA-3’ and 5-ATGCGCGTCGTCTGACA-
ATGCGCGTCGTCTAACAATGCGCGTCGTCTACCAATGCGCGTC-
GTCTAATAATGCGCGTCGT-3’ and ligating the resulting duplex to
the large pUC19 Xbal/Psi restriction fragment. The 3’ 32P end-labeled



EcoRI/Pvull fragment was prepared by digesting the plasmid with
EcoRl and simultaneously filling in using Sequenase, [o-32P]-deoxy-
adenosine-5'-triphosphate, and [0-32P]-thymidine-5"-triphosphate, digest-
ing with Pvull, and isolating the 302-base-pair fragment by nondenatur-
ing gel electrophoresis. The 5’ 32P end-labeled EcoRI/Pvull fragment
was prepared using standard methods. A and G sequencing were
carried out as described [35,36]. Standard methods were used for all
DNA manipulations [37].

MPE-Fe(ll) footprint titrations

All reactions were performed in a total volume of 40 ul. A polyamide
stock solution (1, 2, 3, or 4) or H,O (for reference lanes) was added to
an assay buffer containing labeled restriction fragment (30,000 cpm),
affording final solution conditions of 25mM Tris-acetate (pH 7.0),
10 mM NaCl, 100 uM/base pair calf thymus DNA, 5mM dithiothreitol
(DTT). Solutions were incubated at 22°C for 24 h. A fresh 50 uM
MPE-Fe(ll) solution was made from 100 pl of a 100 uM methidium-
propy-EDTA (MPE) solution and 100 uM ferrous ammonium sulfate
(Fe(NH,),(SO,),-6H,0) solution. Then, 4 p! of the 50 uM MPE-Fe(ll)
solution was added, and the solution was allowed to equilibrate for
10 min at 22°C. Cleavage was initiated by the addition of 4 p! of a
50 mM dithiothreitol solution and allowed to proceed for 15 min at
22°C. Reactions were stopped by ethanol precipitation, and were
resuspended in 1 x TBE/80% formamide loading buffer, denatured by
heating at 85°C for 15 min, and placed on ice. The reaction products
were separated by electrophoresis on an 8% polyacrylamide gel (5%
cross-link, 7 M urea) in 1 x TBE at 2000 V for 1.5 h. Gels were dried
and exposed to a storage phosphor screen [38]. Relative cleavage
intensities were determined by volume integration of individual cleavage
bands using ImageQuant software (Sunnyvale, CA, USA).

Affinity cleavage reactions

All reactions were executed in a total volume of 40 ul. A stock solution
of polyamide (1-E, 2-E, 3-E, or 4-E) or H,0 was added to a solution
containing labeled restriction fragment (20,000 cpm), affording final
solution conditions of 256 mM Tris-acetate (pH 7.0), 20 mM NaCl,
100 uM/base pair calf thymus DNA. Solutions were incubated for a
minimum of 4h at 22°C. Subsequently, 4 ul of freshiy prepared
100 uM Fe(NH,),(SO,), was added and the solution allowed to equili
brate for 20 min. Cleavage reactions were initiated by the addition of
4 ul of 100 mM dithiothreitol, allowed to proceed for 30 min at 22°C,
then stopped by the addition of 10 ul of a solution containing 1.5 M
NaOAc (pM5.5), 0.28 mg/mi glycogen, and 14 uM/base pair calf
thymus DNA, and ethanol precipitated. The reactions were resus-
pended in 1xTBE/80% formamide loading buffer, denatured by
heating at 85°C for 15 min, and placed on ice. The reaction products
were separated by electrophoresis on an 8% polyacrylamide gel (6%
cross-link, 7M urea) in 1 x TBE at 2000 V for 1.5 h. Gels were dried
and exposed to a storage phosphor screen. Relative cleavage intensi-
ties were determined by volume integration of individual cleavage
bands using ImageQuant software.

Quantitative DNase | footprint titration experiments

All reactions were executed in a total volume of 40 ul. A polyamide
stock solution (1, 2, 3, or 4) or H,O (for reference lanes) was added to
an assay buffer containing radiolabeled restriction fragment (20,000
cpm), affording final solution conditions of 10 mM Tris-HCI (pH 7.0),
10mM KCI, 10 mM MgCl,, 5mM CaCl,, and either 0.1 nM-1uM
polyamide or no polyamide (for reference lanes). The solutions were
allowed to equilibrate at 22°C for 24 h. Footprinting reactions were ini-
tiated by the addition of 4 pl of a DNase | stock solution (at the appro-
priate concentration to give ~55% intact DNA) containing 1 mM
dithiothreitol and allowed to proceed for 7 min at 22°C. The reactions
were stopped by the addition of 10 ul of a solution containing 1.25 M
NaCl, 100 mM EDTA, 0.2 mg/ml glycogen, and 28 pM/base pair calf
thymus DNA, and ethanol precipitated. Reactions were resuspended in
1 x TBE/80% formamide loading buffer, denatured by heating at 85°C
for 15 min, and placed on ice. The reaction products were separated
by electrophoresis on an 8% polyacrylamide gel (5% cross-link, 7M
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urea) in 1 x TBE at 2000 V for 1.5 h. Gels were dried and exposed to a
storage phosphor screen (Molecular Dynamics, Sunnyvale, CA, USA).

" Quantitation and data analysis

Data from the footprint titration gels were obtained using a Molecular
Dynamics 400S Phosphorimager followed by quantitation using Image-
Quant software {Molecular Dynamics). Background-corrected volume
integration of rectangles encompassing the footprint sites and a refer-
ence site at which DNase | reactivity was invariant across the titration
generated values for the site intensities () and the reference intensity
(If- The apparent fractional occupancy (Bapp) of the sites were calculated
using the equation:

lsite /|
_q_ _site ! lref
Bape = 1= 0 M
site /' ref
where 19, and I°; are the site and reference intensities, respectively,

from a control lane to which no polyamide was added. The ([L,,, 8,,,)
data points were fit to a Langmuir binding isotherm (Equation 2, n=1)
by minimizing the difference between 8,,, and 8, using the modified
Hill equation: '

K, [ ot

2
1+ Kan[l-]ntot @

Bt = Opin + (Ornax —Oryin)
where [Ll,, is the total polyamide concentration, K, is the equilibrium
association constant, and 6, ;, and 8, are the experimentally deter-
mined site saturation values when the site is unoccupied or saturated,
respectively. The data were fitted using a nonlinear least-squares fitting
procedure with K, 6, ., and 6, as the adjustable parameters. All
acceptable fits had a correlation coefficient of R>0.97. At least three
sets of data were used in determining each association constant. All
lanes from each gel were used unless visual inspection revealed a data
point to obviously flawed relative to neighboring points. The binding
isotherms were normalized using the following equation:

ea - 0min
o B o ©
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