3880 Biochemistry2004,43, 3880-3890

Allosteric Inhibition of Zinc-Finger Binding in the Major Groove of DNA by
Minor-Groove Binding Ligand's

Doan H. Nguyen-HackleY: Elizabeth Ramni;” Christina M. Taylog J. Keith Jound, Peter B. Dervan;* and
Carl O. Pab®

Howard Hughes Medical Institute and Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, andi§lon of Chemistry and Chemical Engineering, California Institute of Technology,
Pasadena, California 91125

Receied October 15, 2003; Resed Manuscript Receed January 14, 2004

ABSTRACT: In recent years, two methods have been developed that may eventually allow the targeted
regulation of a broad repertoire of genes. The engineered protein strategy involves selectiig,Cys
zinc finger proteins that will recognize specific sites in the major groove of DNA. The small molecule
approach utilizes pairing rules for pyrretémidazole polyamides that target specific sites in the minor
groove. To understand how these two methods might complement each other, we have begun exploring
how polyamides and zinc fingers interact when they bind the same site on opposite grooves of DNA.
Although structural comparisons show no obvious source of van der Waals collisions, we have found a
significant “negative cooperativity” when the two classes of compounds are directed to the overlapping
sites. Examining available crystal structures suggests that this may reflect differences in the precise DNA
conformation, especially with regard to width and depth of the grooves, that is preferred for binding.
These results may give new insights into the structural requirements for zinc finger and polyamide binding
and may eventually lead to the development of even more powerful and flexible schemes for regulating
gene expression.

Recent developments in the design and selection 0f-Cys pends on binding in the minor groove with side-by-side
His; zinc fingers (, 2) and in the design of novel polyamides amino acid pairings. Simple rules were developed for
(3, 4) suggest that each method can be used to target specifidesigning polyamides that can target desired DNA sequences
sites in the genome. Cyldis; zinc finger proteins, in which ~ (4). These rules have been carefully validated through
each domain contains 280 amino acid residues, are the characterization of synthesized polyamides via DNase |
most common DNA-binding motif in higher eukaryotes. footprinting, affinity cleavage, two-dimensional nuclear
Each zinc finger has a conservgtlo. motif, and amino acids ~ magnetic resonance (NMR)2), and X-ray crystallographic
near the N-terminus of the-helix contact bases in the major methods {3—15). To illustrate the docking arrangement,
groove of B-DNA @, 5—7). The X-ray crystal structure of  Figure 1B shows the X-ray crystal structure of a polyamide
the three-finger Zif268 protein (Figure 1A, ref§, 7) (15) bound in the minor groove of B-DNA.
illustrates the basic features of recognition and has provided |n this work, we have begun studies to investigate how
the basis for most of the Subsequent work in this field. The p0|yamides and zinc fingers may interact as they bind to
CysHis; zinc finger framework appears to be very adaptable, overlapping sites on double-stranded DNA. Earlier studies
and specific variants have been selected that bind to manyhave explored how polyamides interfere with the binding of

different desired target sites in duplex DN8=11). several classes of transcription factat§+23). Polyamides
Another strategy for recognition and regulation has been have inhibited minor-groove binding proteins such as TATA-
developed that uses polyamides consistindlehethylpyr-  pinding protein (TBP), as well as minor groove contacting

role (Py} andN-methylimidazole (Im) rings, which can be  proteins like the lymphoid enhancer factor (LEF-1¥); In
linked together to recognize a predetermined DNA sequencethe case of the purely major-groove binding protein GCN4,
(3, 4). Sequence-specific polyamie®NA recognition de-  polyamides were clearly shown to co-occupy in the minor
groove of the GCN4 binding site2l). An extended Arg-
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Ficure 1: (A) Crystal structure of the Zif268 zinc finger protein (red, with ribbon representing protein backbone) bound in the major
groove of B-DNA (blue, with ribbon connecting phosphates) [coordinates are from ref 6] anc (B) crystal structure of a polyamide (red)
bound in minor groove of B-DNA (blue) [coordinates are from ref 15, 1CVY].

shown to inhibit the binding of a zinc finger protein, TFIIIA  plasmid. Cultures were grown and induced as described
(16, 20). However, inhibition of this zinc finger protein was  (Novagen). After the cells were harvested, they were lysed
the result of the polyamide being targeted to and displacing and sonicated as recommended (Novagen). The peptides were
the minor-groove-spanning fourth finger of the nine-finger denatured and reduced in 6.4 M guanid€l, 150 mM
protein. Therefore, studies to date on polyamide/protein DTT, and 50 mM Tris-HCI, pH 8.0, at 78C for 30 min
interactions would suggest that an unmodified polyamide and acidified to pHx 2.0 by addition of 10% trifluoroacetic
should co-occupy the minor groove face of a purely major acid (TFA). The peptides were purified by reverse-phase
groove zinc finger protein binding site. batch extraction on Sep-pack C-18 cartridges (Waters) as
In this study, the interaction of polyamides and zinc fingers described 29), followed by purification on a C4 reversed-
that bind to opposing grooves of the same DNA target site phase (Vydac) high-performance liquid chromatography
was explored. The zinc finger proteins chosen for this study column using a gradient of 2235% acetonitrile (ACN)
included Zif268 and a set of Zif268 variants that had been containing 0.1% TFA. The purified peptide fractions were
selected to recognize rather different DNA sequen&s (  then refolded anaerobically in the binding buffer that we used
These three other variants had been selected to recognizéor gel shifts, after supplementing it with a 0.5 M excess of
the TATA box, the nuclear receptor element, and the p53 ZnCl,. Refolded peptides were stored-a80 °C in 10 uL
binding sites, and they are referred to (respectively) as aliquots; each aliquot was used once for binding studies and
TATAZz, NREz, and p53¢. All these proteins bind their  then discarded. The active concentrations of peptides were
sites with nanomolar dissociation constants, recognizing sitesdetermined in stoichiometric competition experiments.
in the DNA major groove and discriminating effectively TATA z, NREz, and p53¢ zinc finger peptides, selected
against nonspecific DNAY 24). For this project, polyamides  from residues 333421 of Zif268 @4), used in these studies
1-4 were designed to specifically target the very same were purified by Scot A. Wolfe, Robert Grant, and Sandra
TATA, NRE, p53, and Zif268 binding sites. These hairpin  Fay-Richard, respectively. Since they were preparing these
polyamides bind their sites with at least nanomolar dissocia- samples for crystallographic studies, they used several
tion constants, as determined by quantitative DNase | additional purification steps, essentially as descrit@@). (
footprinting experiment26—28). Biochemical studies, using Hairpin Polyamide Syntheses and Characterizatithe
gel mobility shift experiments and DNase | analysis, give pyrrole—imidazole hairpin polyamides—4 were prepared
information about how these compounds interact as they by manual and machine-assisted solid-phase mettgis (
bind. Computer modeling based on previous structural StUdieS(Figures 2 and 3). Purity and identity of each compound were
of zinc finger-DNA and polyamide-DNA complexes help  yerified by a combination of analytical HPLEH NMR, and
us to interpret these results. matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF). Polyamide$—3 have been
MATERIALS AND METHODS described previoushy3@, 33) and polyamidet, Pylm3-Im-
Protein Production and PurificationThe Zif268 zinc (R"2Ny-PylmPyPyB-Dp, is described here: UV @) Amax
finger region (residues 333421) was subcloned into a pET- 304 (60 800); MALDI-TOF MS 1230.65 (1230.59 calcd for
21d expression vector (Novagen) and was transformed into[M + H] CssH72N230117). Lyophilized samples of polyamides
the Escherichia colstrain BL21(DE3) containing the pLyse  were stored in at-80 °C. Polyamide concentrations were
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and unshaded circles represent imidazole and pyrrole carboxamides, v Z_\H,ﬂ NNt
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diamond. Boxes enclose the nine base pair sites that are recognized
by the corresponding zinc finger proteiﬁs. ? 4 Pylm-B-lm-(R)*y-PylmPyPy-B-Dp

Ficure 3: Full chemical structures of the hairpin polyamides:
determined spectrophotometrically with extinction coef- PApsa IMPyPyPyy-ImPyPyPyS-Dp (1), PArata, IMPyPyPy-

e - i i o (R)F2Yy-PyPyPyPyB-Dp (2), PAwre, IMImImPy-y-PyPyPyPyS-
ficients estimated based on the number of aromatic rings Dp (3), and PAres, IMPyPYPy-R)"2Ny-PyPyPyPys-Dp (4).

using the relation 8690 M cm™* per aromatic ring for the
absorption maximum at 29815 nM @8). Each 27 bp strand of these binding sites was synthesized
Gel Mobility Shift AssayDouble-stranded oligonucleotides using standard phosphoramidite chemistry on an Applied
used for gel mobility shift assays were essentially identical Biosystems model 392 DNA synthesizer. Following depro-
to DNA sites usedq) when selecting the TATA, NREz, tection, oligonucleotides were purified by denaturing poly-
and p53¢ zinc finger proteins. A few nucleotides in the acrylamide gel electrophoresis. Duplexes were annealed and
sequence flanking the zinc finger binding sites also were quantified, and then 0.3 pmol of each DNA fragment were
changed so that the zinc fingers and polyamides would haveend-labeled withd-3?P]-ATP (New England Biolabs) using
overlapping binding sites. The 27 bp DNA duplexes that Klenow exo to fill-in the overhangs. Unincorporated
were used for gel mobility shift assays are boxed in Figure nucleotides were removed by use of Sephadex G-25 quick
4, and the nine base pair zinc finger target sites near thespin columns (Boehringer Mannheim), and the DNA was
center of each duplex are underlined. (Note that in the form resuspended in 1 mL of the buffer used for all gel shift
shown in Figure 4, 27 bp duplexes are embedded within experiments, which contained 5 mM HEPES, pH 7.8, 50 mM
larger DNA segments that were later used for footprinting KCI, 50 mM KGlu, 50 uM KoAc, 5 mM MgC}, 5%
studies.) The oligonucleotide binding site for wt Zif268 was glycerol, 0.1% NP-40, 20 uM ZnSQ100 ug/mL BSA, 1
slightly different from that used by Greisman et &) ( MM CaClh, and 1 mM DTT. The nucleotides were stored at
containing GCGGGGGCG rather than GCGTGGGCG. How- —20°C.
ever, this construct was advantageous because it readily Using the buffer above, we performed binding reactions
provided an overlapping polyamide binding site and should and equilibrium binding studies for zinc finger proteins in
have no other effect. (Zif268 binds extremely well to either both the presence and absence of polyamides. Zinc finger
site and there is no direct contact with this base in the crystal dissociation constants were determined as previously de-
structure 6)). scribed Q), except that 0.5 pM of labeled duplex DNA was
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OLIGONUCLEOTIDE 1

TATA-SITE
5'AATTCTGC C%AGGGGGGCTATAAAACATGGT

GACGGT! TCCCCCCGATATTTTGTACCATT

NRE-SITE
TTGCCGTCAAGGGTTCAGTGGGG!
CGGCAGTTCCCAAGTCACCCCTT

P53-SITE

ACGTAE ‘ ’I"I‘GCTGTTGGGACATGTTCATGAAAAAFCCTGGATCCACTAGT’I‘CTAGAGC

TGCAT! CGACAACCCTGTACAAGTACTTTTT[CCACCTAGGTGATCAAGATCTCGCCGGS !

CAAC
GTTG

OLIGONUCLEOTIDE 2
ZIF268-SITE

5'AATTCTGC CAATACGTAACGAQ::;AGCAGTTAAAGCGTGGGCGT

GACGGTTATGCATTGCT. TCGTCAATTTCGCACCCGCATTTT,

TATA-SITE
[TTTAGGGGGGCTATAAAACATGGT.
TCCCCCCGATATTTTGTACCATT

P53-SITE
CC’ GCTGTTGGGACATGTTCATG: CTGGATCCACTAGTTCTAGAGC
TGG;ji::CG:C::CCC?G?ZCZ:GﬁzcmzcC?zGGI;GZI;C::G:?C?CGCCGGS '
Ficure 4: Oligonucleotide sequences used for DNase | footprinting experiments, with each of the nine base pair target sites for the zinc
finger proteins underlined. Oligonucleotide 1 contains the TATAREz, and p53¢ binding sites; oligonucleotide 2 contains the Zif268,
TATAz;, and p53¢ binding sites. Gel mobility assays used shorter oligonucleotides (27 bp segments each containing a single binding site),

and the corresponding segments used in these experiments are shown as boxed regions surrounding each of the nine base pair binding sites
In this orientation, the site that has been cleavedtogRl is at the left end of the oligonucleotide; the site cleavedNioy is on the right.

'ACGTA
TGCAT!

used and equilibration was done at room temperature fer 16 precipitated. The reactions were resuspendeduin 4f TBE/

18 h for all gel shift experiments. The reaction mixtures were 80% formamide loading buffer, denatured by heating at 80
then subjected to 12% native polyacrylamide gel electro- °C for 10 min, and placed on ice. The reaction products were
phoresis for abau2 h with 0.5x TBE running buffer. separated by electrophoresis. Radioactive signals were
Radioactive signals were quantitated by Phosphorimagevisualized with a Molecular Dynamics Typhoon phospho-

analysis (Molecular Dynamics).
Equilibrium dissociation constantkg’'s) were determined
by linear regression using the Scatchard equation:
O/[P] = /KKy — O/K, (1)

in which ® equals the fraction of DNA bound ([PD]/([PD]
+ [D])), and [P] equals the free protein concentration (after

rimager followed by quantitation using ImageQuant software
(Molecular Dynamics). Equilibrium association constants for
the polyamides were calculated as previously describgd (
and found to be identical in both TKMC buffer and the gel
shift buffering conditions.

Computer Modeling Experimentstructures of poly-
amide-DNA complexes were taken from the Protein Data
Bank (13—15) and were compared with known zinc finger

applying corrections to account for the percent of the protein Ha complexes for TATA (34), p53+ (35), and Zif268

that was active for DNA binding).
DNase | Footprinting.Oligonucleotides used for foot-

(6). The structures were aligned (using the PROTEUS
Program 86)) via phosphorus atoms, Cdtoms, or common

printing experiments (Figure 4) were designed so that they 5¢,mg in the set of superimposed base pairs. Several different

included the sequences of the 27 bp duplexes that had beenjisyment strategies were tested, including schemes in which
used for gel mobility shift assays, and additional six to seven (1) the entire zinc finger DNA binding site was aligned with

base pair “spacers” were added so that the protein—bindingthe polyamide DNA, (2) the polyamide binding sites in the

sites would be slightly further apart. Oligonucleotide 1
contains binding sites for TATA, NREz, and p53F;
oligonucleotide 2 contains binding sites for Zif268, TAZA

and p53¢. The synthetic duplexes were designed such that

the ends were ready for cloning into a pBluescript Il $#(
plasmid (Stratagene) that had been cut wiboRl and
BanHI. After growth inE. coli, DNA probes for footprinting

were prepared by digestion of the appropriate plasmids with

EcdRl and Notl restriction enzymes, giving a 134 bp
fragment for oligonucleotide 1 and a 143 bp fragment for
oligonucleotide 2. After digestion, these DNA fragments
were radioactively labeled by using Klenow enzyme (New
England Biolabs) and-3?P labeled nucleotides to fill in the

overhanging ends. The labeled oligonucleotides were purified

using 5% native PAGE, were precipitated with EtOH, and
were counted for specific activity.

Footprinting experiments were done essentially as previ-

ously described25—28). Quantitative footprinting for poly-
amidesl—4 was performed using the appropriate restriction
fragment (oligonucleotide 1 or 2) in triplicate under both
conventional TKMC buffer (10 mM Tris-HCI (pH 7.0), 10
mM KCI, 10 mM MgChk, and 5 mM CaGJ)) and the same
binding buffer used in the gel shift experiments. Polyamide
DNA solutions were allowed to equilibrate at 22 for 16—

18 h. Footprinting reactions were initiated by the addition
of the appropriate amount of DNase | to giv&0% intact
DNA and allowed to proceed for 7 min at 2Z. The
reactions were stopped by addition of sD of a solution
containing 1.25 M NaCl, 100 mM EDTA, 0.2 mg/mL
glycogen, and 2@M base-pair calf thymus DNA and ethanol

known polyamide-DNA structures were aligned with the
expected polyamide binding sites on the zinc finger DNA,
(3) the GC or AT base pair in the polyamie®NA structure
was aligned with the corresponding base pair in the DNA
zinc finger structure, or (4) all the common atoms in a base
pair were aligned. The RMS deviation was noted for each
of the alignments, and a visual inspection of the alignment
was made using Insigh87).

As another strategy for comparison of the DNA structures,
Curves 88) was run on all the polyamideDNA complexes
and all the zinc finger DNA complexes. In addition, Curves
also was run on B-DNA3J9). Comparisons of the output
from Curves focused on the width and depth of the major
and minor grooves and on base pair parameters such as
buckle, shear, propeller twist, opening, a2\dndY displace-
ment. For major and minor groove comparisons, the groove
dimensions were taken from (1) the region of the poly-
amide-DNA complex closest to the polyamide binding site
and (2) the region on the zinc fingeDNA complex that
was closest to the expected polyamide binding site present
in our experiments. The average of the buckle, shear,

/ propeller twist, and opening parameters were taken from the

global base-base parameter output of Curves. Parameters
for individual base pairs were also compared separately.

RESULTS

Gel mobility shift experiments and DNase | footprinting
experiments were used to analyze binding of the zinc finger
proteins, binding of polyamides, and interactions between
the zinc fingers and the match polyamides that recognized
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Ficure 5: Quantitative DNase | footprint titration experiments used to monitor binding of polyamides to the oligonucleotides shown in
Figure 4. Oligonucleotides were obtained BsoRI/Notl restriction fragments from the pBluescript Il SKplasmid and were '3$2P-

labeled. Panel a contains RA (1) on oligonucleotide 1: lanes 1 and 21, intact DNA; lanes 2 and 20, A-specific chemical sequencing
reaction; lanes 3 and 19, G-specific chemical sequencing reaction; lanes 4 and 18, DNase | digestion products in the absence of polyamide;
lanes 5-17, DNase | digestion products in the presence of 20, 10, 5, 2, 1, 0.5, 0.2, and 0.1 nM and 50, 20, 10, 5, and 2 pM polyamide,
respectively. Panel b contains P&a (2) on oligonucleotide 2: lanes 1 and 19, intact DNA; lanes 2 and 18, G-specific chemical sequencing
reaction; lanes 3 and 17, DNase | digestion products in the absence of polyamide;tdeDMNase | digestion products in the presence
of5,2,1,0.5,0.2,and 0.1 nM and 50, 20, 10, 5, 2, 1, and 0.5 pM polyamide, respectively. Panel ¢ contain@Peén oligonucleotide

1: lanes 1 and 21, intact DNA; lanes 2 and 20, A-specific chemical sequencing reaction; lanes 3 and 19, G-specific chemical sequencing
reaction; lanes 4 and 18, DNase | digestion products in the absence of polyamide;tdimePBblase | digestion products in the presence

of 100, 50, 20, 10, 5, 2, 1, 0.5, 0.2, and 0.1 nM and 50, 20, and 10 pM polyamide, respectively. Panel d conjain&iPan oligonucleotide

2: lanes 1 and 19, intact DNA; lanes 2 and 18, G-specific chemical sequencing reaction; lanes 3 and 17, DNase | digestion products in the
absence of polyamide; lanes-46, DNase | digestion products in the presence of 5, 2, 1, 0.5, 0.2, and 0.1 nM and 50, 20, 10, 5, 2, 1, and
0.5 pM polyamide, respectively.
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FiGure 6: Binding isotherms derived from the DNase | quantitative footprint titration experiments (Figure 5) as shown fopgh@RA

PArata (b), PAuRe (€), and PAires (d) polyamides. In each case, isotherms represent binding at the match target site in the minor groove,
which has the sequence shown in the lower right panel of the figure and which overlaps with the nine base pair site in the major groove
recognized by the corresponding zinc finger protéqem, points were obtained using storage phosphor autoradiography and processed as
previously described2@). Each data point represents the average of three independent quantitative footprint titration experiments, and the
solid curves are the best-fit Langmuir binding titration isotherms obtained from a nonlinear least-squares algorithm=where

° 10

10

overlapping sites. In competition studies, control experiments determination of the binding constants. These footprinting
also were performed with mismatch polyamides to help experiments (Figure 5) show that P& and PAriies
ensure the specificity of the observed effects. To facilitate polyamides also bind specifically to other match and single
comparison of different studies, all experiments were carried base pair mismatch sites (as defined by the pairing rules)
out with identical buffer conditions, temperature, equilibra- found on the restriction fragment at the same or higher
tion times of the binding reactions, and order of the addition concentration, respectively. Quantitative analysis of the
of the components into the reaction mixtures. degree of protection observed at each polyamide concentra-

Polyamide Equilibrium Dissociation Constan®s.set of tion allowed us to present the data of the DNase | footprinting
pyrrole—imidazole polyamides was designed, synthesized, experiments as binding isotherms (Figure 6). The apparent
and purified for our competitive binding studies. Structures Kp, equal to 1Ka, was determined from the binding
of these polyamides and their expected modes of bindingisotherms by fitting the data points with a modified Hill
with the DNA minor groove, as predicted on the basis of equation, as previously describe@8). These binding
“pairing rules” @), are shown in Figures 2 and 3. Polyamides isotherms and apparent dissociation constants for each
1—4 are referred to as RAs PArata, PAwre, and PAipes polyamide represent the average of three independent experi-
(where our nomenclature indicates which binding site each ments, and all these polyamides have at least nanomolar
polyamide has been designed to recognize). affinity for their expected target sites.

We used quantitative DNase | footprint titration analysis = Determination of Zinc Finger Dissociation Constarisis
to determine the apparent dissociation constants for thestudy used Zif268 and three variants, specific for the p53,
polyamides. Oligonucleotide 1 was used for j2Aand NRE, and TATA binding sites, that had been selected via
PAnrg; oligonucleotide 2 was used for R&a and PAites phage display. (Note that the sequential selection protocol
(Figure 4). The oligonucleotides were labeled from the 3 (9) used to obtain these variants allowed extensive changes
end. DNase | footprinting experiments (Figure 5), done at a in the recognition site, since six amino acids in each finger
series of different polyamide concentrations, reveal the had been randomized.) Quantitative gel shift analysis was
location of the binding site for each polyamide and allow used to determine the fraction of the DNA fragment bound
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(A) Zif268 [ Table 1: Equilibrium Dissociation Constants and Free Energies of

PAZif268m m m mmmmmmm === == g PSR Ao & ;
DNA S Fd P F P F PP FF PR E P4 DNA—Zinc Finger Protein Binding in the Absence and in the

Presence of Polyamides
e St et polyamide/protein Kb (nM)2
- pP53F 0.240+ 0.018
- - ——— PAsap53F 3.200+ 0.283
TATAZz 0.204+ 0.030
PATATA/ TATA z¢ 4.320+ 0.582
(B) Zif2es - ——— NREz 0.101+ 0.009
Zif268 -+ +++++++++++++++ PAnre/NREZE 3.5204+ 0.248
DNA +4++++++++ Zif268 0.010+ 0.003
PAzi268/Zif268 0.182+ 0.009
wmm—— - aThe reported equilibrium dissociation constants are apparent for
- - the proteins in the presence of polyamides. All constants are the mean
values obtained from three or more gel mobility shift experiments.

but competition studies clearly revealed that the polyamides
affected formation, stability or both of the zinc fingedDNA
complexes. Two types of competition experiments were done
to analyze the effects of polyamides on zinc finger binding.
The first set of experiments used a fixed polyamide
concentration that would have giver90% occupancy of
the free DNA site, and gel shift experiments were used to
determine the apparent binding constant of the zinc finger
proteins under these conditions. These gel shift experiments
were essentially identical to those done with the protein
alone. The long equilibration time, done for all gel shift
experiments, ensured that the apparent binding did not
depend on the order of addition of the components. Figure
7 shows one set of gel shift experiments, where the apparent
a1 m e e e binding constant of Zif268 is determined in the presence and
. i absence of the polyamide that recognizes an overlapping site.
Concentration of Zif 268 (pM) Binding isotherms for this reaction are shown in Figure 7C,
FiGURe 7: Gel mobility shift experiment showing that the Piéss and similar results were obtained for the other polyamide/
polyamide interferes with binding of Zif268 protein. Panel A = zine finger competitive binding titrations. In every case, the

presents binding of Zif268 protein in the absence of polyamide, . ; -
where upper band on the gel represents the pro@NA complex. presence of the corresponding polyamide significantly de-

Protein was diluted 1.5 between lanes, and the 27 bp DNA probe  creases (by 1335-fold) the apparent affinity of the zinc
had a concentration of 0.5 pM. Panel B presents a similar binding finger protein for the binding site (Table 1).

experiment to that in panel A, but this was performed in the  |nteractions between the polyamides and zinc fingers were
presence of a constant amount of polyamide. The concentrationyqq, sy died in experiments that used fixed zinc finger protein

was chosen as K& and thus is expected to give about 90% - - : :
saturation of the site in the absence of protein. Panel C presemsconcentratlons with variable amounts of polyamide. In each

the Zif268 binding isotherms in the absen®® &nd in the presence  ©f these experiments, the zinc finger proteins were present
(®) of PAziee. Each data point represents the average of the threeat active concentrations equal to x0their respective
independent gel mobility shift experiments. The binding curves dissociation constants, and thus about 90% of the DNA was
\?VT]%"% tr:g’“ %lp;%?égcig“‘;:gggtﬁ%” ?Ltlgnpg)r?icﬁstrgm%?cfgm initially shifted by the proteins. Similar binding reactions
is requireg tggive 50%poccupénc§when the polyamide is presgnt. with Increasing amountslt')f po'lyamlde were conducted, and
after allowing for full equilibration, we monitored the effect
at a series of protein concentrations (Figure 7), ldpdalues of the polyamides on formation of the zinc fingddNA
were calculated from the slope of Scatchard plots. Correc- complexes. Gel shift results obtained with the Z28s
tions were made for the active concentration of each protein, polyamide and the Zif268 protein (Figure 8A) show that the
which was estimated using stoichiometric competition ex- polyamide interferes with formation or stability of the zinc
periments. finger—DNA complex. Similar results were obtained using
The sequences of the 27 bp oligonucleotides used in gelother zinc finger proteins and polyamides that compete for
mobility shift experiments are boxed in Figure 4. (Note that the same binding sites. Protein bound was calculated as a
in this figure the oligonucleotides are shown embedded function of polyamide concentration, each data point repre-
within larger sites that were later used for DNase | foot- senting the average of three independent experiments. Data
printing.) The dissociation constants for the zinc fingers were fit with the modified Hill equation28), enabling us to
(Table 1) were determined from the average of three estimate “inhibition constants”. These represent the poly-
independent experiments, and the values are comparable t@amide concentrations that give 50% inhibition of formation
those previously reporte®), even though slightly different  of the respective proteinDNA complex, and we find that

(©)

04

02

DNA bound to protein Zif 268

0

buffers were used. these “inhibition constants” are in the subnanomolar range
Dissociation Constant of Zinc Finger Protein in the (Table 2).
Presence of Specific Polyamid&nding of the polyamides Testing for Specificity of Zinc Finger/Polyamide Interfer-

could not be directly observed in our gel shift experiments, ence EffectsSeveral types of experiments were done to test
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Ficure 8: Specificity of polyamide interference effects. In these experiments, the active concentration of protein was constant and equal
to 1(1("Dr°t (giving ~90% of saturation of DNA binding sites when no polyamide was present). The DNA probe was present at 0.5 pM, and
the polyamide concentration varies 4-fold between adjacent lanes. Panel A presents representative gel mobility shift results for Zif268
protein binding to DNA probe in the presence of increasing concentrations ghdgAolyamide. Panel B presents the corresponding
experiments using the Zif268 protein, the Zif268 binding site, and the polyamiggsfAote that this polyamide will not bind to the site

and thus represents a “mismatch” control for the purposes of this experiment). Panel C presents the effects of polyamis6@)Rad

PAnre (H) on Zif268 protein binding. Each data point represents the average of three independent experiments, and the difference between
these curves emphasizes the specificity of polyamide binding and interference.

Table 2: Equilibrium Inhibition Constants ®

Phoss, o _ 4 4+ T Phure .. 4 + e+ et

- : a ity £11F £33y TR £ii: £iiy i3iic

polyamide/protein apKi (M) FS33 et 3 *

PAusIp53r 0.20+ 0.07 U IR OETRRG
PAratal TATA 26 0.044 0.02 A AR SR T T JIE I IR N

PAwRe/NREze 16.40+ 3.90 ¢ %\- - s - g 22 2% &

PAieg/Zif268 0.03+0.02 S S S 'EEEER

2 The reported equilibrium inhibition constants are the mean values TSees § - ;,_. ;__; : i ;_ -

obtained from three gel mobility shift experiments. =350 ; ga - gu 'n';t.

e . Ficure 9: DNase | footprinting analysis of polyamide/zinc finger
the specificity of the observed interference effects between protein interference effects. Panel A presents reactions using Zif268

ponamides and Zin(? finger;. For example, Figurg 8 shows protein, Zif268 DNA site, and PAxes polyamide. The first lane
gel shift data obtained with the Zif268 proteiDNA within each group of four has no protein and no polyamide; the
complex. This figure compares the interference effects second lane has protein but no polyamide; the third lane has protein
; ; ; i and polyamide; the forth lane has polyamide alone. When present,
gbsdgrve;j V\grt]h P'%‘ms (tze rtna]'fch polya?fmd? Wlkgh speglflc_th the concentration of Zif268 protein was equal tdka0concentra-
Inding Or. '_S site) an Interrerence e, ects o Ser_ve WITN tions of polyamides were 1 nM in the first set of reactions (i.e., the
PAnre (Which is specific for the NRE site and a mismatch  first four lanes), 5 nM in the second set of reactions, and 10 nM in
polyamide with no binding site on the 27 bp Zif268 the third set of reactions. Lanes labeled+& show markers
oligonucleotide). There is marked interference by-B4, B,feg_ared _¥V'thf thfihe”ggtgﬂgaxar? GHA éeggéon plr°t°<?g|x and
; H H H ; Inaing sites 1or the Zi protein an iReg POlyamide are
as indicated by the gel_shlft_ results in Figure 8A and.the marked on the left side of the gel. Panel B presents the control
sigmodal plot shown in Figure 8C. However, similar gyperiment (with a similar arrangement of lanes and choice of
concentrations of Pére have no measurable effect at this  concentration) using the Zif268 protein, Zif268 DNA, and A
site, as there is no reduction in Zif268 binding even at high polyamide (note that the RAe polyamide does not have a binding
polyamide concentrations (Figure 8B,C). Similar data were Site on this oligonucleotide and thus serves as a “mismatch” control
. ; I > L for these experiments).
obtained using other zinc finger/polyamide combinations, and
these results show that interference is dependent on havingSix sets of experiments were performed, using the;RA
a polyamide that can compete for the same binding site. polyamide at concentrations of 1, 5, and 10 nM (panel A)
Competitte DNase | Footprinting ExperimentSince and then using the R#e polyamide at corresponding
binding of polyamides could not be directly observed in any concentrations (panel B). When the Zif268 protein was
of our gel shift experiments, we used DNase | footprinting present, it was used at a concentration that would have been
to further explore the mechanism of polyamide/zinc finger expected to give approximately 90% occupancy of the free
interference effects. In principle, these experiments should DNA site. As indicated at the top of the respective lanes

allow us to directly monitor polyamideDNA interactions,
zinc finger—DNA interactions, and possible formation of the
ternary complex.

Figure 9 shows the results of DNase | footprinting

(Figure 9), four conditions were tested within each set of
reactions: (1) the first lane within each set has no protein
and no polyamide; (2) the second lane has Zif268 protein
but no polyamide; (3) the third lane has Zif268 protein and

experiments that explored interference effects between theone of the polyamides; (4) the fourth lane has the same

Zif268 protein and the PAres polyamide. These experiments
used oligonucleotide 2 (Figure 4), labeled from theBd,

to provide a Zif268 protein and BApolyamide binding site.
The PAre polyamide, which does not have a binding site
on this oligonucleotide, was used as a “mismatch” control.

polyamide but contains no protein.

We used GilbertMaxam G+A sequencing reactions to
determine the precise base positions where cleavage occurred
in these footprinting experiments and to locate the binding
sites for the Zif268 protein and for the RAss polyamide,
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which are marked on the left side of the gels. (Note that Various zinc finger-DNA and polyamide-DNA com-
experiments in panel B used the f& polyamide, which plexes were superimposed, and these were compared in an
does not have a binding site on this oligonucleotide.) As attempt to understand the basis for the “negative cooperat-
expected, there is significant overlap between the regionivity” that we had observed in biochemical studies. Align-
where Zif268 footprints and the region where RAs ments done with the program PROTEEB) typically used
footprints: the PAigss binding site includes bases 339, 3—4 sets of phosphates or—3 sets of C1 atoms to
while the Zif268 protein binding site includes bases-33 superimpose the complexes. The rms deviations in these
(when counting from the'%end). However, it appears that alignments varied from about 0.6 to about 2 A, depending
band 43, at the far end of the Zif268 binding site, can only on (1) which structures were aligned, (2) which atoms were
be effectively protected by the protein. used for alignment, and (3) how many base pairs were
Results obtained with the mismatch polyamide (panel B) superimposed. However, there were striking and consistent
are entirely straightforward: Zif268 occupies its binding site differences in the groove width, and these were large enough
in lanes 2 and 3 of each experiment, and thengA  that they could readily explain how the polyamides interfere
polyamide (which is present in lanes 3 and 4 but has no with zinc finger binding. In nearly every alignment that we
binding site in this oligonucleotide) has no effect on the carried out, the polyamideDNA complex had a wider and
footprinting patterns. The results with the R4 polyamide  deeper minor groove than that observed in the zinc firger
(panel A) are somewhat more complicated, but they are the DNA complexes. There also were a number of cases where
real crux of the experiment. In this panel, lane 2 of each set superimposing the complexes indicated shifts in the precise
(protein alone) shows the expected footprint for the Zif268 arrangement of the base pairs, and these could affect the

protein. Lane 4 of each set (polyamide alone) shows the position of hydrogen bond donors and acceptors that are
footprints obtained when the Pfes polyamide is present  critical for recognition.

at concentrations of 1, 5, and 10 nM. Effects are localized
to the expected binding site at low concentration (1 nM),
but additional protection due to specific binding of a single
base pair mismatch site present in the restriction fragment
(near the top of the gel) is seen at higher concentrations.
Obviously, the most interesting results in each set of
reactions from panel A involve lane 3, in which both the
Zif268 protein and the PAxss polyamide were present. At
the higher polyamide concentrations (5 and 10 nM), the
footprinting patterns obtained with the polyamide/zinc finger
combinations (lane 3) appear surprisingly similar to those
obtained with the polyamide alone (lane 4). The simplest
interpretation of these patterns is that binding of the

olyamide displaces the zinc fingers, making the patterns .
E)OK very simiﬁ)ar in lanes 3 andg4. It is son?ewha? more general tendency for the polyamidBNA complexes to have

problematic to explain the pattern obtained in lane 3 of the wider minor grooves than the zinc fingeDNA complexes.

first set (a a 1 nM concentration of P&ZGS): but this may The initial SUperimpOSitionS indicated that the orientations
indicate a mixture of species with the Zif268 protein bound ©of the bases were slightly different in the two types of
to some fraction of the DNA sites and the R#s polyamide complexes, and these differences were confirmed and
bound to most of the remaining DNA. analyzed using the program Curves. In general, we find the
Computer Modeling of Polyamide and Zinc Finger Struc- following: (1) The two base pairs in the middle of the
tures.In a further attempt to understand the mechanisms of binding region have negative opening angles in the poly-
interference, we examined the structure of various zinc @mide-DNA complexes {-12.22 + 5.7T°). No such region
finger—DNA and polyamide-DNA complexes. X-ray crystal is observed in the zinc fingeDNA structures, which on

These initial qualitative observations of the structures were
confirmed by using the Curves progrard8) to calculate
dimensions of the major and minor grooves. We find that
the major grooves in zinc fingelDNA complexes are
consistently wider and deeper than the major grooves in the
polyamide-DNA complexes. In this set of structures, the
Zif268 complex has the deepest major grooveg&&\), while
the TATAz and p53r complexes have the widest major
grooves (13-14.5 A). The major groove width of the
polyamide-DNA complexes ranged from 9 to 10.5 A, while
the major groove depth ranged from 3 to 5.5 A. Differences
in minor groove width are not quite as consistent when
comparing the two classes of complexes, but there is a

structures are now available for the TAZA34), p53+ (35), average have more positive opening angles (1:86+.23
and Zif268 6) zinc finger-DNA complexes. X-ray crystal ~ averaged over the entire binding region of all of the
structures also are available for several polyamio&lA complexes). (2) The zinc finger complexes have a larger

complexes 12, 13, 15), and we thought that these structures negative X-displacement of the base pairs than do the
would be useful for initial modeling, even though the exact polyamide complexes. Averaged over the respective binding
sequences of the polyamides and of the binding sites aresites for each set of complexes, tKedisplacement values
somewhat different than those used in our current experi- are —1.54 + 0.28 A for the zinc finger DNA complexes
ments. Our first major conclusion is that we do not see any and—0.13+ 0.35 A for the polyamide DNA complexes.
obvious basis for a steric collision between the zinc fingers (3) X-displacement parameters for the polyamidNA

and the polyamides. All the polyamie®NA complexes complexes are generally closer to those of B-DNA, whereas
indicate that these compounds bind exclusively in the minor opening angles for zinc fingetDNA complexes are gener-
groove, while the zinc fingerDNA complexes show that ally closer to those of B-DNA. [For a typical B-DNA
these proteins bind in the major groove. [The only exception structure 89) averaged over the entire sequence, the values
here involves one lysine (Lys189) in the TATA structure are—0.52+ 0.25 A and—0.31° + 5.27, respectively.] No
with a high-temperature factor that might reach into the minor significant differences in shear or buckle were noted when
groove, but the polyamide binds at the opposite end of this comparing the zinc finger and polyamide complexes with
site, far from Lys189.] those of B-DNA.
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DISCUSSION

Compounds that can target specific sites on double-
stranded DNA may provide tools for the regulation of gene
expression. Excellent progress has been reported in (1) the
design and selection of Cydis, zinc fingers for these
purposes 1, 2) and 2) the design of pyrroleémidazole
polyamides that will bind according to well-defined “rec-
ognition rules” @). These two broad classes of compounds
may provide new reagents for molecular medicine and gene
therapy, and recent studies with zinc fingers specifically
designed to turn on the VegF gene have shown that such
designer transcription factors can work effectively in animal
models 40).

fi Our Cengal gloal '.”dth's paﬁter_ V;/as t(t) eﬁplor? hOV¥ Slntc Ficure 10: Superposition of zinc fingetDNA complex [coordi-
INgers and polyamides might interact when targeted 10 naieq are from ref34] (blue) and polyamide DNA complex
overlapping recognition sites. We thought this would be [coordinates are from ref 13] (red) oriented to highlight differences
interesting from a structural and physical/chemical perspec-in minor groove width. Such “allosteric” changes in the groove
tive, and we thought this work also might provide a basis dimensions may explain the “negative cooperativity” observed in
for the eventual development of new regulatory schemes ©Ur Pinding studies with polyamides and zinc fingers.

(perhaps where polyamides were used to help regulate thetends to be wider in the polyamic®NA complexes than

binding of zinc finger proteins of visa versa). Our sirategy in the zinc finger-DNA complexes (Figure 10), while (2)
in these studies was to (1) pick a set of zinc finger proteins . . .
the major groove tends to be wider (and often deeper) in

that had been carefully characterized, (2) design polyam|desthe zinc finger-DNA complexes than in the polyamicte

that would target sequences that overlap the binding sites of Y :
. . ~ DNA complexes. Quantitative comparison of the DNA
these proteins, and (3) carefully characterize the DNA structures (using output from the program Curves)y

binding affinity for each set of compounds under identical ; L
buffer conditions. We then used a set of biochemical studies reveals many other differences between zinc firgeNA .
and polyamide-DNA complexes, and many of these dif-

(involving gel mobility shifts and DNase 1 footprinting ferences will affect the precise position and orientation of

experirr_1ents) to see Wh.at happened when z.inc finger; andkey hydrogen bond donors and acceptors within the DNA
polyamides that recognized the same DNA site were mixed site. At this stage, it seems very plausible that differences in

together. . ) ) ~_ the preferred DNA conformations could explain the “negative
that polyamides interfere with the binding of zinc finger polyamides are targeted to the same site. We assume that
proteins when the two compounds recognize overlapping, (1) the free DNA is somewhat “plastic’ and that each
or partially overlapping, binding sites on the minor and major compound can induce an appropriate conformation when it
groove sides of the DNA, respectively. This is clearly pings alone but that (2) simultaneous binding is difficult
mobility shift assay to monitor zinc finger binding (Figures gifferent DNA conformations. (Note that if the conforma-
7 and 8), and this result holds for every combination of zinc tjonal preferences of a given DNA sequence were more rigid,
fingers and polyamides that we have tested, when theyit might be hard to design polyamides for one class of sites
recognize overlapping or partially overlapping binding sites. ang might be hard to design zinc fingers for another class
direct interactions of the polyamide with the zinc finger short, our modeling suggests that negative cooperativity may
binding site: polyamides directed to other DNA sites show jnyolve “allosteric” effects of changes in the DNA structure,
no interference with the binding of a given zinc finger protein  anq considering differences in the relative dimensions of the
(as indicated, for example, in the data of Figure 8B). major and minor groove (Figure 10) makes it easy to picture
In an attempt to understand the structural and energeticwhy these changes may be so important.
basis for this “negative cooperativity”, we have examined We undertook this study to investigate how polyamides
and compared crystal structures that are available for a setand zinc fingers interact when they bind to overlapping sites
of zinc finger—-DNA and polyamide-DNA complexes. In on double-stranded DNA and show here an example of
every case, structures of the relevant zinc finrgeNA allosteric inhibition of a major-groove binding protein by
complexes show that the proteins bind in the major groove, unmodified polyamides. One could envision that designed
while structures of polyamideDNA complexes show that  zinc finger proteins could be displaced by small molecule
these compounds bind in the minor groove. There does notpolyamides, thereby providing both an on and off switch
appear to be any basis for a van der Waals collision (or any for gene regulation. Furthermore, phage selection technology
other direct contact) between the protein and the polyamide may allow for the generation of artificial zinc finger proteins
when they bind to overlapping sites. However, structural that only bind their target DNA sites with high affinity in
comparisons do show striking differences between the DNA the presence of a bound polyamide in the minor groove of
conformations in the polyamideDNA complexes and those  the site. The results of this study give key insights into how
in the zinc finger-DNA complexes. Differences in the a zinc finger/polyamide system might be designed to regulate
groove dimensions are quite clear: (1) The minor groove gene expression.
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