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ABSTRACT. The polyamide f-ImPylm has a higher affinity for its cognate DNA than either the parent
analogue, distamycin A (10-fold), or the structural isomer, f-Pylmim (250-fold), has for its respective
cognate DNA sequence. These findings have led to the formulation of a two-letter polyamide “language”
in which the -ImPy- central pairings associate more strongly with Wat€yick DNA than -PyPy-,
-Pylm-, and -ImIm-. Herein, we further characterize f-ImPylm and f-PylmIim, and we report thermodynamic
and structural differences between -ImPy- (f-ImPylm) and -Pylm- (f-PylmIm) central pairings. DNase |
footprinting studies confirmed that f-ImPylm is a stronger binder than distamycin A and f-Pylmim and
that f-ImPyIm preferentially binds CGCG over multiple competing sequences. The difference in the binding
of f-ImPylm and f-PylmIm to their cognate sequences was supported by thel®&@ndent nature of
DNA melting studies, in which significantly higher Na@oncentrations were needed to match the ability

of f-ImPyIm to stabilize CGCG with that of f-PylmIm stabilizing CCGG. The selectivity of f-ImPylm
beyond the four-base CGCG recognition site was tested by circular dichroism and isothermal titration
microcalorimetry, which shows that f-ImPylm has marginal selectivity foT(&GCG(AT) over (GC)-
CGCG(GCQC). In addition, changes adjacent to this 6 bp binding site do not affect f-ImPylm affinity.
Calorimetric studies revealed that binding of f-ImPylm, f-PylmIim, and distamycin A to their respective
hairpin cognate sequences is exothermic; however, changes in enthalpy, entropy, and heat ddpacity (
contribute differently to formation of the 2:1 complexes for each triamide. Experimental and theoretical
determinations oAC, for binding of f-ImPylm to CGCG were in good agreementld2 and—177 cal

mol~! K~1, respectively)!H NMR of f-ImPylm and f-Pylmim complexed with their respective cognate
DNAs confirmed positively cooperative formation of distinct 2:1 complexes. The NMR results also showed
that these triamides bind in the DNA minor groove and that the oligonucleotide retains the B-form
conformation. Using minimal distance restraints from the NMR experiments, molecular modeling and
dynamics were used to illustrate the structural complementarity between f-lmPylm and CGCG. Collectively,
the NMR and ITC experiments show that formation of the 2:1 f-ImPy@®@&GCG complex achieves a
structure more ordered and more thermodynamically favored than the structure of the 2:1 f-Pylmim
CCGG complex.

Pyrrole and imidazole-containing polyamides bind the Itis the composition of these polyamides, particularly the
minor groove of DNA and selectively target specific DNA heterocyclic moieties, that can be programmed to recognize
sequencesl(-3). Therefore, polyamides are being developed specific DNA sequences. For example, the pyrrole (Py)
as therapeutics4¢7) and biosensors8] for medicinal moieties in distamycin A (Figure 1A) stack with the pyrrole
purposes. In addition, the interactions between polyamidesmoieties in a second distamycin A molecule to form an
and DNA provide a better understanding of the structure and antiparallel dimer in the DNA minor groove. These-Py
function of DNA (6, 9—-12). pairs target AT and T-A base pairs 13, 14). In addition,
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Ficure 1: Polyamides, DNA sequences, and their expected recognition motifs. (A) Structures of naturally occurring distamycin A and its
synthetic analogues, f-lmPylm and f-PylmIm. (B) Triheterocyclic polyamide (triamide) binding diagram. Central pairings consist of heterocyclic
dimers (Py and Im are white and black squares, respectively), and terminal pairings consist of formyhétmalyycle pairings. (C)

Binding diagrams for triamides and their cognate DNA. (D) Synthetic 10 bp DNA hairpins and the palindromic 10-base oligomers used in

the NMR studies.

pairs by Pylm pairs (L3—20). This recognition is analogous

higher affinity than its structural isomer f-Pylmim (Figure

to a simple, single-letter language in which one heterocyclic 1A) binds its cognate sequence, CCG@6,(27). The

pair reads one DNA base pair.

investigation of triheterocyclic polyamides (triamides), which

This single-letter code allows for easy design of poly- includes f-ImPylm and f-Pylmim, led to the discovery of
amides for targeting specific (cognate) sequences; howeveran expanded two-letter polyamide langua@®)( In the
the affinity of closely related polyamide molecules for their context of triamides, the central pairings (Figure 1B) dictate
cognate DNA can vary considerably. For example, the the cognate DNA sequence and also the affinity of the

hairpin polyamide ImHpPyPyR)"Ny-ImHpPyPy binds its

polyamide dimer for the cognate DNA. The central pairings

cognate DNA 26- and 160-fold better than ImPyHpPy- rank from strongest to weakest affinity for their respective

(RHNy-ImPyHpPy and ImPyPyPyR)HNy-ImHpHpPy bind

Watson-Crick cognate DNA (-ImPy-> -PyPy-> -Pylm-

their cognate sequences, respectively, even though these three -Imim-), leading to formulation of the “central pairing

polyamides each contain two t®Py and two HpPy pairs
(25). Another example is formyl (f)-ImPylm (Figure 1A),

rules” (27). The formyl group improves binding by at least
10-fold compared to triamides that lack the formyl group

which binds its cognhate sequence, CGCG, with a 250-fold (28). However, the terminal pair (Figure 1B) provides little
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benefit for sequence selectivity, with the exception of the
f-Im pair in the f-ImPylm dimer. In this context, thelrn
pairing is highly selective for the G base pairZ9).

For its relatively small size, f-ImPylm binds its cognate
DNA very strongly Keq= 1.9 x 108 M~1). This interaction
is 10-fold stronger than the affinity of its parent analogue,
distamycin A, for ATz and 200-fold stronger than the affinity
of its structural isomer f-Pylmim for CCG®&6, 27). To
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DNase | Footprinting.A 132 bp fragment of DNA was
synthesized (Figure 2B) and amplified by PCR using the
forward primer (5CTCCAGAAAGCCGGCACTCAG) and
32p-radiolabeled reverse primer{8TCGGTTAGGAGA-
GCTCCACTTG). DNase | cleavage reactions were con-
ducted with distamycin A, f-Pylmim, or f-ImPylm. The
labeled DNA fragment (300 cps) was incubated for 30 min
at room temperature in 50 mM KCI, 1 mM Mg£I0.5 mM

better understand the two-letter language, we have furtherEDTA, 0.5 mM DTT, and 20 mM HEPES (pH 7.9) (5Q

investigated the binding of f-ImPyIm, f-PylmIim, and dista-

total). DNA was then cleaved by the additione10 units/

mycin A to their respective cognate sequences (Figure 1C).uL DNase | (final concentration) in 83 mM Mg&183 mM

EXPERIMENTAL PROCEDURES

f-ImPylm, f-Pylmim, and Distamycin ASynthesis of
f-PylmIm was previously reported in r&8, and distamycin
A was purchased from Sigma-Aldrich. The synthesifNef
[2-(dimethylamino)ethyl]-1-methyl-4-[1-methyl-4-(4-forma-
mido-1-methylimidazole-2-carboxamido)pyrrole-2-carboxa-
midolimidazole-2-carboxamide (commonly named f-ImPylm)
is described below. A solution -[2-(dimethylamino)eth-
yl]-1-methyl-4-[1-methyl-4-(4-nitro-1-methylimidazole-2-
carboxamido)pyrrole-2-carboxamido]imidazole-2-carbox-
amide (0.70 g, 1.44 mmol) in MeOH (30 mL) was
hydrogenated over 5% Pd/C (200 mg) overnight. Upon

removal of the catalyst, the filtrate was concentrated under

reduced pressure and the residue was treated®@t With
freshly prepared acetic formic anhydride (9.0 mL). The

CaCh, and 5 mM Tris (pH 7.5). Digestion was limited to
less than 30% of the starting material to minimize the
incidence of multiple strand cuts. After 3 min, digestion was
guenched by addition of 2 volumes of 200 mM NacCl, 30
mM EDTA, and 1% SDS (pH 8.1). Finally, DNA was
precipitated with ethanol and resuspended i 4f loading
dye (80% formamide, tracking dyes bromophenol and cyanol
blue). The samples were denatured at°@and rapidly
cooled on ice prior to being loaded onto a denaturing 10%
polyacrylamide gel. After electrophoresis (150 min, 70 W,
1800 V, at 55°C in TBE buffer), the gel was transferred
onto Whatman 3 MM paper, dried under vacuum, and
exposed overnight to X-ray film at80 °C.

Isothermal Titration MicrocalorimetryExperiments were
performed on a VP-ITC microcalorimeter (MicroCal). The
triamide solutions were prepared from the solid by resus-

reaction mixture was kept under a drying tube and was pension in either P{D or PQ20, as indicated. The isothermal
allowed to warm to room temperature overnight. The reaction titration microcalorimetry (ITC) system was equilibrated at

was quenched with MeOH~560 mL) and the mixture

the noted temperature, and after an initial delay of 300 s,

concentrated under reduced pressure. The residue was taketine triamide (5QuM) was titrated 50 times (gL for 7.2 s,

up in CHCI; (50 mL) and washed with saturated NaH£O
(50 mL) followed by HO (50 mL). The aqueous layer was
extracted with CHGI(3 x 50 mL). The organic layers were
collected, dried with Ng&5Qy, and concentrated under reduced

repeated every 240 s) intoa DNA. The solution was
constantly mixed at 300 revolutions per minute. The refer-
ence cell contained PO or PQ20 as appropriate for the
experiment. The data were imported into Origin 7.0, and the

pressure. The residue was purified on a silica gel column area under the curve was integrated as a function of time.

using a stepwise gradient from CHGb a 20% MeOH/
CHCI; mixture. The desired fractions were collected and
evaporated to dryness to yield a light yellow solid product
(30 mg, 43%): mp 158C; TLC (10% MeOH/CHG)) R =
0.30; IR (Nujol) 3080, 1661, 1581, 1545, 1532, 1204, 1133,
1071, 664 cm'; *H NMR (DMSO-ds) 10.39 (s, 1H), 10.37
(s, 1H), 10.50 (s, 1H), 8.22 (d, 1.5, 1H), 7.74 (t, 5.5, 1H),
7.51 (s, 1H), 7.49 (s, 1H), 7.37 (d, 2.0, 1H), 7.18 (d, 2.0,
1H), 3.96 (s, 3H), 3.95 (s, 3H), 3.86 (s, 3H), 3.34 (q, 6.0,
2H), 2.39 (t, 6.0, 2H), 2.18 (s, 6H); FAB-M&Vz (relative
intensity) 485 (M+ H*, 3); HRMS (FAB) for GiH29N 1004

(M + H*) calculated 485.2373, observed 485.237%; =

24 000 Mt cm™ in aqueous solution.

DNA SequencesDNA molecules (10 bp) containing
CTCT hairpin loops (Figure 1D and Table 1A) were designed
for the isothermal titration microcalorimetry, circular dichro-
ism, and thermal melting experiments. These DNA were

The integrated heat generated after DNA saturation was
subject to a linear fit. This fit was then subtracted from the
reaction integrations to normalize for nonspecific heat
components, including the heat of dilution. The data were
fit by the two-sets-of-sites, nonsequential model using the
MicroCal version of Origin 7.0 30). AG was calculated
using eq 1

(1)

whereRis 1.987 cal mol* K-t andT is represented in units
of kelvin for the appropriate temperature.

Each experiment was repeated at least twice, and error
values reflect the standard deviation among different runs.
The standard deviation, even when as many as five inde-
pendent experiments were performed, is consistently less than
10%, which indicates they are high-quality data. When

AG = —RTIn Kq

chemically synthesized and desalted by Qiagen Inc. andavailable, binding constants previously determined by surface

resuspended in either 10 mM phosphate, 13 mM,Mad 1
mM EDTA (pH 6.2) (PQO) or 10 mM phosphate, 200 mM
Na", and 1 mM EDTA (pH 6.2) (PG20). Nonhairpin,
palindromic DNA sequences,-ECACGCGTGG (CGCGn-
mr) and 3-CCACCGGTGG (CCGGnmr), were used for the

plasmon resonance®, 27) were used to help refine the
binding isotherms; however, the final values were not fixed.
The isotherms were well-defined, and false local minima in
the fits were avoided by careful probing of the fitting
parameters.

NMR experiments and the associated control experiments Circular Dichroism and DNA Thermal Denaturation

(Figure 1D). The DNA designed for footprinting is described
below.

StudiesCircular dichroism (CD) studies were performed on
a JASCO J-710 instrument with initial DNA concentrations



Table 1
(A) Thermodynamic Properties of Binding of f-ImPyIm to CGCG with Altered Flanking Sequences
ITCd
no. of AT ATyP Tw® Keg AGeq AH TAS
DNA sequence DNA name base pairs °C) (°C) M (kcal/mol) (kcal/mol) (kcal/mol)
5-GAA CGCGTCG ACGCGT 3 9 78.5 6.9x 107 -10.7 -7.6 3.1
5'-GAT CGCGACG TCGCGA 3 8 76.0 6.k 10 —10.6 -7.2 34
5'-GAG CGCG CCG GCGCGC 1 0 78.0 1410 —-9.7 —54 4.3
5'-GAC CGCG GCG CCGCGG 1 0 78.0 1.310° —-9.7 -3.1 6.6
5-GAA CGCGTTG AACGCGTT 4 12 77.5 6.5 10 —10.6 —-8.0 2.6
5'-GTA CGCGTCG 3 10 78.5
5'-GAA CGCGTGG 3 10 78.0
5'-CCA CGCGTGG® hpinCGCGnmr 2 8 80.5 7.6 10 -10.7 —-8.4 2.3
5'-GGA CGCGTCG 2 8 80.0
(B) Thermodynamic Comparison of Binding of f-ImPylm, f-PylmIim, and Distamycin A to Cognate and Noncognate DNA Hairpins
SPR ITCd
ATyb9 Keg K K2 Ked AGy AG; AGed AH; AH, AHed TAS TAS TASS
(°C) (M1 MY MY (MY (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
f-ImPyIm
ACGCGT 9 19x10¢ 9x10® 5x1C 7 x 10 —-95 —-11.9 —10.7 7.7 —7.6 -7.6 18 4.3 3.1
ACCGGT 1 22x 1> 8x 10 6x 10 2 x 1P —-5.3 —-9.2 —7.2 3.9 —4.5 -0.3 9.2 4.7 7.0
AAATTT 1 5.3 x 10¢ <1 x 10°
f-Pylmim
ACGCGT 0 3.2x 10°
ACCGGT 3 85x 1P 4x 10 9x10° 2 x 10 -7.6 -9.5 —8.6 0.7 -5.2 —-2.3 8.3 4.3 6.3
AAATTT 2.3 x 10
distamycin A
ACGCGT 0 3.2x 1¢° <1lx10°
ACCGGT 2 2.3x 10¢
AAATTT 14 1.7x 10 2x10® 4x10 3 x 10 —-11.3 -9.0 —10.2 —-4.7 —11.5 —-8.1 6.6 —-25 2.1

aSequence of the top strand of hairpin DNA. All DNA molecules havé-@BCT hairpin loop and a complementary bottom stradhtiTy experiments were performed in B8 which contains 13 mM

9002 ‘G¥ "ON ‘G ‘|oA ‘Ansiwayoolg #SSET

Nat. ¢ Ty of the bound complex at a 3:1 f-ImPyIm:DNA hairpin rattdTC experiments were performed at 26 in PQ:20, which contains 200 mM Na ¢ hpinCGCGnmr is the hairpin analogue to the

nonhairpin DNA CCACGCGTGG, which was used for the NMR experimérfsom ref27. ¢ From refs27 and28. " SPR experiments were performed at°25in PQ,20, which contains 200 mM Nd From

refs 26 and27. 1 Keq = (KiK2)Y23 AGeq = (AGIAG)Y2 ¥ AHeq = (AH1AHR)/2; TASq = (TAS x TAS,)/2.' Sequences shown in Figure 1D.

‘e 18 Ja|jenwiyong
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Ficure 2: DNase | footprinting. (A) Concentrations of distamycin A, f-Pylmim, and f-ImPylm. Asterisks denote the concentration of
triamide at which protection is initially observed. The positions of the corresponding cognate sequences are highlighted by double, dashed,
and thick lines for distamycin A, f-Pylmim, and f-ImPylm, respectively. Control lanes lack DNase |, and the ladders denote the GA
nucleotides. The lanes in each gel were internally normalized to nucleotides with a minimal variation in intensity (nucleotides 32, 46, and
46, respectively). (B) DNA used for the footprinting experiment. The top strantlabBled with32P. Arrows indicate the direction and

length of the primers that were used. Cognate sequences are identified by double, dashed, and thick boxes for distamycin A, f-Pylmim, and
f-ImPyIm, respectively. Thin boxes indicate sequences which f-ImPylm targets with lower affinity than its cognate ACGCGT.

of 9 uM in PO,20, as described previousl2g). Thermal increments to 2:1 f-ImPyIm:(CGCGnmrjatios and 2.5:1
denaturationTy) studies were performed using the Cary 100 f-PylmIim:(CCGGnmr) ratios. The iminotH NMR spectra
BioMelt system (Varian) with 1uM DNA in PO40, as were collected at 5°C. The binomial +3—3—1 pulse
described previously2@). sequence suppressed the HDO signal, which was set at 4.60

Nuclear Magnetic SpectroscogyMR experiments were ~ ppm @1). The spectral width was set at 10 000 Hz; the
performed on a Varian Inova 500 MHz NMR spectrometer. relaxation delay was set at 10 s, and 64 FIDs were collected
The 10-base, palindromic DNAs (Figure 1D) were synthe- for each experiment. The data were processed with a line
sized and desalted by Qiagen Inc. broadening factor of 2.

Titration of Triamides to the DNAFormation of the Nonexchangeable NMR Spectra for the DNB&iamide
triamide-DNA complex was monitored by changes in the ComplexesThe DNA—triamide solutions from the experi-
imino proton signals. f-ImPylm, f-Pylmim, and the palin- ment described above were lyophilized and redissolved in
dromic DNAs were independently dissolved in 10 mM 10 mM sodium phosphate (pH 7.2) in 99.9%@ The
sodium phosphate (pH 7.2) and a 90%QGAL0% DO sample was repeatedly lyophilized and redissolved in 99.96%
mixture. The triamides were titrated in 0.5 molar ratio D,O until the HDO peak was minimized in the one-
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dimensional (1D}H NMR spectrum. The experiments were monitoring using SYBYL 7.0. A 1000-step minimization was
carried out at 25C, and the sweep width was set at 8000 then run using SYBYL 7.0 with six layers of water to
Hz; 1024 scans were collected for each experiment, and theeliminate unfavorable van der Waals contacts. Using AM-
FIDs were processed with a line broadening of 2. AC25 BER 7.0 kleapsubprogram35)], 30 Na" ions and 14 Ci
the HDO signal was set at 4.80 ppR2). ions were added to neutralize the system, resulting in 0.15
TheT; relaxation times were determined using a nonselec- M NaCl, which correspond to the experimental conditions.
tive inversion recovery method. Experimental conditions The complex was solvated with 3372 TIP3P wate36),(
were as follows: sweep width of 8000 Hz, £8pulse of and the initial system had approximate dimensions of 50 A
19.8 us, 90 pulse of 9.9us, variable delay ¢ values of x 50 A x 60 A. The system was equilibrated, and 25 kcal
0.1, 0.2, 0.3, 0.4, 0.5, and 0.75 s, relaxation delay of 10 smol-* A-2 constraints were placed on the DNA, the
after each scan, temperature of°€5 and 32 scans collected f-ImPylm, and the counterions. In addition, NMR analysis
for each experiment. The FIDs were processed with a line provided distance restraints of 3.3 A15%) between the
broadening of 0.5. o CH; of f-ImPylm and AH2 of (CGCGnmr). The
1D NOE difference experiments with the DNAriamide temperature of the system was gradually increased to 300
complexes were conducted at 25. An irradiation time of K, and a series of constant-volume simulations were con-
0.2 s was used, and 256 FIDs were collected for each ducted while gradually releasing the energetic constraints and
experiment. A sweep width of 8000 Hz was employed, and distance restraint87—39). Distance restraints on the DNA
the results were processed with a line broadening of 5.  termini were maintained to ensure helical integrity. A 75 ps
The two-dimensional (2D) correlated experiments were constant-pressure simulation was conducted, and then the 3
performed using the COSY program with 64 increments. The ns production run was initiated.
acquisition time was 0.21 s, the pulse width 29for 9C, Sokent Accessible Surface Area from MD Simulations.
the temperature 25and the relaxation delay 2 s. The data The solvent accessible surface area (SASA) calculations were
were processed with a line broadening of 2 for both conducted using GRASRQ) with probe radii of 1.7683 A
dimensions, and the contour plot was symmetrized. (42), as previously described?). In brief, carbon, carbon-
NMR Peak AssignmentsThe nonexchangeable base bound hydrogen, and phosphorus atoms are considered
protons were identified for free DNA and the polyamidle  nonpolar and all others are polar. The change in SASA)(

DNA complexes using conventional 1BH NMR, T; was computed using eq 3.
relaxation, COSY, NOESY, and NOE experiments (described
above). Differences in buffer conditions between those AA= Aompiex ™ (Atee-ona T Arree-iigand 3)

previously reported for (CGCGnmr{33) account for slight

differences in peak assignments reported herein (Table S1AThe structure of the free DNA, d(CCACGCGTGGyvas
of the Supporting Information). obtained from the best representative structure from an

Determination of Distance Constraintsn the (f-Im- ensemble of 20 NMR conformers from PDB entry 1KKV

Pylm),—(CGCGnmr) complex, the distance between the (33). The heat capacity change was calculated using three
CH, groupsa andg to the dimethylamine moiety andsA previously derived equations (eq 4 from ref3—46, eq 5
H2 were determined to be 3.3:15%) and 3.8 A £15%), from refs47—51, and eq 6 from reb2).

respectively. These distances were determined using eq Z:ACpSASA: (0.32+ 0-04)AAnp — (0.14+ 0.04)AAp 4)

6 _ 0
r,°=(-5.68x 10° x 7)/(N;7,i/iN2) (2 AC,psn = (045 0.02NA, —
where the steady-state NOB;{ is the ratio of the induced (0.26+ 0.03AA; + (0.17+ 0.07AA,, (5)
over excited signal integrations,y is the midpoint of signal
relaxation, and the normalized for the system is based on  ACysasa = (0.382+ 0.026AA, — (0.121+ 0.077AA,
anr; of 2.7 A for the sCH;—TgH6 NOE signal 84). (6)
NMR Control ExperimentSamples of the 2:1 f-ImPylm
(CGCGnmn) and 2:1 f-Pylmim-(CCGGnmr) complexes The. two OH_groups at the’—:énds of the DNA d_up!ex'qre
were taken directly from the NMR tube after the experiments Notinvolved in complex formation and make an insignificant
were completed. The solutions were diluted in 10 mM contribution to_the total area change. Thus, only eq 4 includes
phosphate, 50 mM Na and 1 mM EDTA (pH 7.0) (Pgs)  these groups in the polar term\Aon).
for C_D and Ty experiments. In _addition, CD andy RESULTS AND DISCUSSION
experiments were performed using fresh samples of f-
ImPyIm, f-PylmIim, and the nonhairpin, palindromic DNA DNase | Footprinting: Sequence Seleitti of f-ImPylm.
molecules. Binding of distamycin A, f-PylmIim, and f-ImPylm to a 125
Molecular Dynamics Simulationgwo f-ImPylm polya- bp DNA was investigated by DNase | footprinting. DNase
mide molecules were docked into the minor groove of a DNA | does not cleave well at the -A-rich site, but cleavage
decamer representing its cognate sequence, (CGC@nmr) protection upon addition of 0.6M distamycin A is visible
The DNA decamer coordinates were obtained from the mostaround nucleotide 64, which corresponds tol A(double
representative conformation of this DNA (PDB entry 1KKV) lines in Figure 2). Additional protected regions that center
determined by NMR analysi88). The f-lmPylm dimerwas  on A-T-rich sequences are visible for distamycin A. For
modeled by modifying the f-Imimim dimer structure from example, nucleotides 356 are protected from cleavage at
PDB entry 1CYZ (0). The f-ImPylm dimer was docked 0.50uM, and this 11 bp segment contains eighiTAase
into (CGCGnmr) by distance and electrostatic energy pairs.
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At 10 uM f-PylmIm, modest protection of ACGCGT is CCGG are 5x 10° and 2 x 10° M™%, respectively,
exhibited, and this region is completely protected au®0 significantly lower than the affinity of f-ImPylm for ACGCGT
f-PylmIm. The region centering on nucleotide 79 is the only (27). Thus, the footprinting results show that f-ImPyIm is
region visibly protected from DNase | cleavage (dashed lines selective for its cognate DNA when other DNA sequences

in Figure 2). Alternatively, only 0.0«M f-ImPylm is are equally available for binding. Under these competitive
required to protect ACGCGT (thick lines in Figure 2). conditions, the relative affinities of these triamides for their

Surface plasmon resonance (SPR) has provided reliablecognate sequences agree well with the SPR experiments.
binding constants for well-defined target sequencs—( Selectiity of f-ImPyIm for Sequences Flanking the CGCG

29, 53, 54). Herein, the ability of ligands to protect DNA  Binding SiteThe footprinting and SPR2{, 29) results show
from cleavage by DNase | is utilized to probe the relative that f-ImPylm is selective for the CGCG sequence over
affinity and not to quantify binding constants. f-ImPylm related and unrelated DNA sequences. The binding prefer-
protects its cognate sequence, ACGCGT, at a concentratiorence of f-ImPylm for DNA sites that comprise the CGCG
10-fold lower than that at which distamycin A protectglA site but have different flanking sequences has been probed.
This difference corresponds well to SPR-determined binding A series of DNA hairpins (10 bp) were designed to probe
affinities for f-ImPylm and distamycin A binding short DNA  the flanking sequence selectivity (sequences of the top strand
hairpins that contain ACGCGT (1.2 10®* MY and ATz are shown in Table 1A). Sequences discussed in further detail
(1.7 x 10" M71), respectively 26, 27). f-ImPylm protects are given shorter names (Figure 1D and Table 1A). The
ACGCGT from DNase | cleavage at a concentration 200- ability of f-ImPylm (3:1 excess ratio of ligand to DNA
fold lower than that at which f-PylmIm protects ACCGGT. hairpin) to stabilize the melting for each of these DNA
This difference agrees with previous SPR results where sequences is monitored by the change in transition midpoint
f-PylmIm binds a DNA containing the sequence ACCGGT (ATw). The ATy values range from 0 to 12C for the
with an affinity of 8.5x 10° M1 (26). Thus, as judged by  sequences that were tested, witiTAich DNA exhibiting
DNase | footprinting, f-ImPylm binds its cognate sequence larger ATy values than @&C-rich DNA (Table 1A). In
better than distamycin A and f-PylmIm bind their cognate contrast, thely values for the complexes are clustered at
DNA, and this observation agrees well with SPR-determined 78.5+ 1 °C. Therefore, there is an appardit maximum
binding affinities @6, 27). for the stabilization of f-lImPylm bound to CGCG-containing
Footprinting assesses the sequence preference of théNA molecules.
triamide when multiple DNA sequences are available in a CD studies of f-ImPylm titrated into ACGCGT and
single solution mixture; 286200-fold higher concentrations GCGCGC are shown in Figure 3A. The resulting spectra,
of f-ImPylm are necessary to protect theGarich sites, including maxima and intensities of the induced peaks, are
AGCGCT and ACGTGT, respectively (thin boxes in Figure nearly identical. The ellipticities of the induced peaks are
2B). Interestingly, CCGG is not protected by f-ImPylm. The plotted against the molar ratio of f-ImPyIm to DNA (Figure
SPR-determined affinities of f-ImPylm for ACACGT and 3B), and both DNA sequences are indistinguishable and
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saturated at 2.5:1 f-ImPyIm:DNA ratios. Thus, as judged by three triamides to their cognate DNA sequences is exother-
CD, f-ImPylm binds both sequences well. mic; however, f-Pylmim releases less heat than the other
Several of these DNA sequences were studied by isother-two triamides upon binding their respective cognate DNA
mal titration microcalorimetry (ITC). ThAGgq AHeq and sequences. The lower magnitude of heat released correlates
TASqVvalues for binding of the f-ImPyIm dimer to ACGCGT, to the significantly weaker binding observed for f-Pylmim
TCGCGA, CCGCGG, and GCGCGC DNA hairpins that compared to that of both f-ImPylm and distamycin 26(
differ only in the identity of the base pairs that immediately 27). The integrated data are best fit by a two-sets-of-sites
flank the CGCG site are given in Figure 1D. Th&,values and nonsequential 2:1 binding isotherm, and formation of
for GCGCGC and CCGCGG are only 1 kcal/mol lower than the 2:1 complex is consistent with previous resut§ 7).
with the other DNA sequences. Binding of f-ImPylm to The fit data provide thermodynamic constants for formation
GCGCGC and CCGCGG has smaller favorable enthalpic of the entire complex (subscript eq) and binding of each
contributions (Figure 3C) and larger favorable entropic molecule of the triamide to the DNA (subscripts 1 and 2).
contributions than f-ImPylm exhibits in binding to the other Table 1B compares thiéeq values determined by SPR and
CGCG-containing DNA sequences. Previous structural stud- ITC. The two-sets-of-sites, nonsequential model implies that
ies (10, 55), and the structural studies discussed below, show the oligonucleotide presents two binding sites for the
that dimethylamine groups interact well withAbase pairs.  triamides within the self-complementary hairpin DNA. The
Placement of G base pairs incurs a slight enthalpic penalty, triamides would saturate the sites independently to form the
which is mostly recouped by favorable entropic interactions stacked 2:1 complexes. Since the one-site model and the
(Table 1A). Thus, f-ImPylm has a slightly stronger, but not sequential model could not fit the data, it further suggests
very significant, preference for-A& base pairs immediately  that the triamides would not be likely to bind its cognate
adjacent to the CGCG sequence. sequence in a single step as a predimerized unit. It is also
The flanking sequences of hpinCGCGnmrand AACGCGTT unlikely that the triamides would sequentially saturate one
DNA differ from the DNA discussed above by several base site before beginning to fill the second complementary site.
pairs (Figure 1D). ThAG of f-ImPylm is neither enhanced f-ImPyIlm, f-Pylmim, and distamycin A each exhibit
nor reduced as a consequence of the larger changes irpositiveTASvalues for formation of the 2:1 complex, which
flanking sequence (Table 1A). Therefore, f-ImPylm has are consistent with the recently proposed thermodynamic
selectivity for only the 4 bp sequence CGCG, with a very signature for minor groove binder$6). The binding of
slight binding preference for (A_T)CGCG(A _T) over (G_C)- intercalators is typically less favored or disfavored entropi-
CGCG(G_QO). cally due to the significant structural changes in DNA upon
The ATy data (Table 1A) showed a significant preference binding by the intercalator. Minor groove binders do not alter
for A-T-rich DNA, which is misleading. The A" content DNA structure as significantly and consequently do not pay
(bold in Table 1A) appears to affect the stability of the the same entropic penalty as intercalators. This binding mode
complex. The ITC experiments showed that theATy is supported by the NMR studies discussed below.
value is not the result of weak binding; it is rather the result ~ f-ImPylm and distamycin A (Figure 4B,C) each exhibit
of the inability of f-ImPylm to further stabilize GCGCGC negatively sloped, temperature-dependent thermodynamic
against thermal melting. However, it is the lowergg of profiles. TheAGgq values (data not shown) are independent
A-T-rich (78°C), unbound DNA that artificially implies that  of temperature over the range that was tested. However,
A-T-rich flanking sequences are preferred. As a comparison,increased experimental temperatures result in an increase in
the ATy values for f-ImPylm bound to the noncognate DNA the enthalpy magnitudes and a concurrent decrease in the
sequences containing the sequence§;AACCGGT, and favorable entropic components (Figure 4B,C). The temper-
CACG were <1 °C, and theTy values for the DNA ature-dependent slopes fakH and TAS are parallel.
complexed with f-ImPylm are 62, 70, and 7, respectively Therefore, changes in one compensate changes in the other,
(data not shown). SPR27), DNase | footprinting (Figure  which results in the constattG value observed within the
2), and ITC (Table 1B) studies have confirmed the poor temperature range that was tested.
binding of f-ImPyIm to noncognate DNA sequences. These The individual thermodynamic parameters (eAdH; and
findings suggest that monitoringTy values does not provide  AH,) are reported for each experiment. Distinct values were
an accurate reflection of the relative binding affinities of determined for binding of two separate molecules; however,
f-ImPyIm for cognate DNA sequencesTy values obtained  the ITC experiment alone cannot distinguish between which
from thermal melting experiments are often utilized to screen values correspond to binding of the first and second
for relative differences in binding affinities; however, these polyamide molecules. This problem was circumvented
experiments intrinsically monitor binding affinity at higher through the use of results from both SPE®,(27) and NMR
temperatures and do not necessarily correlate to the affinitiesexperiments (Figure 5A13, 14), which show that binding
at considerably lower temperatures (i.e., room temperature).of f-ImPylm and f-Pylmim to their cognate DNA is
Therefore, as shown by these experiments, thermal melts carpositively cooperative and that distamycin binding is nega-
result in the inaccurate determination of relative binding tively cooperative. Thus, the thermodynamic parameters were

affinities. assigned accordingly.
Isothermal Titration Microcalorimetry: Thermodynamic f-ImPylm exhibits essentially identicaAH; and AH,
Profiles of f-ImPyIm, f-Pylmim, and Distamycin iother- values (Figure 4B). The positive cooperativitg,(> K;) of

mal titration microcalorimetry (ITC) measures the change bhinding of f-ImPylm to ACGCGT [as observed by SPR)

in heat when f-ImPyIm, f-PylmIm, and distamycin A bind appears to be the result of differences in the entropic
to their cognate sequences, ACGCGT, ACCGGT, agtsA contributions (Table 1B)TAS; is more favorable, by 2.5
respectively (Figure 4A and Table 1B). The binding of all kcal/mol, thanTAS, at 25°C. As a resultK; is greater than
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FiGure 4: |Isothermal titration microcalorimetry and thermodynamic parameters. (A) Sample thermograms for the three triamides and the
resulting integrated data and data fits. The first data point was eliminated in the data-fid) @Bffects of temperature on the enthalpic

(AH) and entropic TAS) parameters for binding of f-ImPylm to ACGCGT, binding of distamycin A 4 and binding of f-Pylmim to
ACCGGT. Filled squares, solid lines, and the subscript 1 denote binding of the first triamide in the dimer. Empty squares, dashed lines, and
the subscript 2 denote binding of the second molecule. (E) The change in heat cap@gjtis (the slope of the line generated by plotting

AHeq as a function of temperaturdHeq values for f-ImPylm, distamycin A, and f-Pylmim are shown as circles, diamonds, and squares,
respectively. Error bars are generated from the standard deviation of multiple experiments.

K1 by 60-fold (ITC), which is lower than the-3000-fold which is further supported by NMR studies discussed below.
difference observed by SPRY). This technique-dependent It appears that binding of both molecules of f-ImPylm to
discrepancy irK,/K; may be a result of the higher ligand ACGCGT results in formation of favorable structural inter-
concentrations (5@M) necessary for the ITC experiments actions (negativdH) and that complex formation is further
to be performed compared to the low concentrations in SPRimproved by favorable changes in entropy (positiveS).
(<0.2 uM) or the result of physical differences in the two The favorable entropic contributions may include release of
techniques. Regardless of the magnitude difference, f-restrained water molecules from the (f-ImPylmpACGCGT
ImPyIm binds its cognate DNA with positive cooperativity, complex upon binding of the second f-ImPylm molecule.
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entropically driven TASq = 7.0 kcal/mol) with minimal
favorable enthalpic contributiong&\Heq = —0.3 kcal/mol).
Binding is positively cooperative, which is mostly due to an
unfavorable AH; and favorableAH; and TAS; values.
Titration of f-ImPylm into AsT5 produced no detectable heat;
therefore, the affinity is reported to bel x 10° M~

The ITC thermogram of binding of distamycin A ta;Fs
(Figure 4A) shows the initial heat evolution and then decrease
in the magnitude of heat evolved with sequential titrations.
The integrated data (Figure 4A) exhibit maximum heat
emission at a 1:1 distamycin A& ratio, and the DNA is
saturated between triamide:DNA molar ratios of 2:1 and 3:1.
Thus, when the DNA is approximately half-saturated, it has
switched from one mode of binding to another. This titration
pattern is consistent with the negatively cooperative binding
of distamycin A to ATs3, as shown previously by SPRE),

CD (57), and NMR (4). Binding of the first molecule of
distamycin A is entropically driven, and binding of the
second molecule is significantly disfavored entropically
(TAS; is negative at each temperature that was studied;
Figure 4C).AH; is marginally favored, buH; has a large
negative value. Together, these findings show that the
disfavored TAS, value contributes significantly to the
observed negative cooperativity. The ITC data reported
herein agree with reported results for distamycin 58)(
Thus, binding of the first molecule of distamycin A, which
is entropically driven, may involve significant release of
bound water and an increase in the level of water disorder.
The highly negativéAH,, which promotes dimer formation,
may involve favorable interactions between distamycin A
and AgT; that are not present in the 1:1 complex.

Binding of distamycin A to the €-rich DNA, ACGCGT,
was also studied by ITC. The addition of distamycin A to
ACGCGT produced no heat; therefore, the binding affinity
is reported to be<l x 10°® M1 This weak binding is
supported by previous SPR data (Table 1B and28f

Binding of f-Pylmim to ACCGGT is considerably more
complex than that of the other two triamides discussed above
(Figure 4D and Table 1B). ThAG values are constant at
the temperatures that were tested; however, binding of the
first and second molecules of f-Pylmim shows very different
temperature profilesAH; andTAS, exhibit slightly parallel,
negative slopes as a function of the increasing temperature.
Binding of the first molecule is not favored enthalpically,
but this binding is driven by favorable entropic interactions

assignment of these imino protons to the two adjacent peaks in thethat are comparable in magnitude TAS, for binding of

top panel. G, G7, Gy, and Gy are nonspecifically assigned to one

distamycin A to ATs. Binding of the first molecule may

of the two peaks at 12.76 and 12.35 ppm in the bottom panel. jnyolve significant dissociation of water from the DNA

Nucleotide numbering is indicated in the sequence written at the

top of each panel. (B) Expanded COSY spectra for the BNA
triamide complexes. £and G cross-peaks in COSY spectra in

(positive TAS)), but net accumulation of favorable contacts
does not occur between the triamide and the DNA (positive

the absence (speckled) and presence (solid) of f-ImPylm (left) or AHz). In contrast to binding of the first molecul&dH, and
f-PylmIim (right). Shifts of the central cytosines are indicated _by TAS, exhibit parallel positive slopes as a function of
the dashed arrows. (C) Sample NOE spectra show the '"ad'atedtemperature. This positive slope exhibits a temperature-

proton (circled) and the corresponding excited protons. The top

two panels show irradiation of the polyamide C-terminus agd A
H2 of the DNA. The bottom panels show the NOE control of the
2:1 f-ImPylm—(CGCGnmr) complex irradiated at 12.67 ppm and
the 'H NMR of the free DNA. The peaks at 4.80 ppm are HDO.

The binding affinity of f-ImPylm for the @&C-rich,
noncognate DNA, ACCGGT, was determined by ITC to be
2 x 10° M1, which is comparable to thi.q observed by

dependent loss of favorable enthalpic interactions coinciding
with a gain in favorable entropic interactions. Nonetheless,
the second molecule has both favoralflel, and TAS,
components. Thus, positive cooperativity for f-Pylmim is
the result of disfavored changes in enthalpic interactions upon
binding of the first molecule to DNAAH,). It is binding of

the second molecule of f-PylmIim that allows for favorable
interactions with the DNA and the polyamide in the 1:1

SPR (Table 1B). Binding to this sequence is predominantly f-Pylmim—DNA complex (negativeAH,). K, is 20-fold
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greater tharK; as measured by both ITC (Table 1B) and ppm and correspond to/@nd G, but these two peaks have
SPR @6). The opposing temperature profiles for binding of not been further assigned. One guanine imino proton shifted
the two molecules of f-PylmIm to its cognate sequence may significantly upfield to 11.38 ppm. This peak is most affected
correlate to the overall poor binding affinity of this triamide upon binding of the triamide and is, therefore, assigned to

to ACCGGT. the central base in the duplex,s.GThis assignment is
Heat Capacity and Seént Accessible Surface Area corroborated by the assignment of a similarly shifted peak
Calculations The changes in heat capacith@,) of (f- to the central G of the GAACT*G*GTTC duplex upon

ImPylm),—ACGCGT, (f-Pylmim}—ACCGGT, and (dista-  binding by the f-ImImIm dimer. 3G mismatches (denoted
mycin A),—A3T3 complexes were determined from the slope with an asterisks) are bound strongly by-Im pairings (0,
of AHeq as a function of temperature (Figure 4E). Both 59). This G base is involved in DNA recognition of the

distamycin A and f-ImPyIm exhibit negativAC, values, central pairing motif, -ImPy-, by which two imidazoles of
—322 and—142 cal mot! K1, respectively. In contrast, the two central InFPy pairs bind each £n the duplex DNA
f-PylmIm demonstrates a positiveC, value of 46 cal mol* (Figure 1C).

K~1. The opposite signs akC, observed for f-ImPylm and f-lImPylm was titrated into (CGCGnny)n 0.5:1 molar
f-Pylmim are additional evidence of the fundamental dif- ratio increments (0.5:1 and 1.5:1 not shown). The disap-
ference between these two structural isomers and their abilitypearance of the free DNA peaks requires titration of a 2:1
to bind their cognate DNA sequences. molar ratio of f-ImPylm to (CGCGnms)(Figure 5A, top
NegativeAC, values have been observed using ITC for a panel). Spectra of the 1:1 complex retain free DNA signals
variety of polyamides and small molecules binding DNA and do have distinct signals that correspond to the 2:1
(42, 52, 53, 58, 59). The change in the solvent accessible complex. There are no peaks present in the 1:1 titration that
surface area (SASA) has been shown to be a large componerdire unique to this spectra. Thus, at the 1:1 ratio, the DNA
of AC,; however, it has become clear that SASA is not the exists both in an unbound state and as a 2:1 complex, which
sole contributor toAC, (42). Other physical contributions  implies that there is no formation of a distinct (f-ImPyl)
include changes in protonation, covalent bond vibrations, and (CGCGnmr) complex. This result affirms that f-ImPylm
covalent bond stretchingd®). In the simplest terms, the binds with positive cooperativity to its cognate DNA that
negativeAC, values relate to favorable changes in SASA agrees well with prior SPR dat®%) and the ITC data
upon formation of the complex. SASA can be theoretically discussed above. In addition, the observation of five distinct
determined from the three-dimensional model of the (f- and reasonable sharp peaks for the 2:1 complex indicates a
ImPyIm),—CCACGCGTGG complex (modeling will be  well-structured and less dynamic DNA compared to the free
described below). The Cornell et a41j probe radii (1.7683  DNA.
A) were used to calculate th€C, from the solvent accessible Titration of f-Pylmlm into (CCGGnmg)was also observed
surface area, and values ranging frem77 to —222 cal in a 90% HO/10% D,O solution (Figure 5A, bottom panel).
mol~* K~* were determined according to eqs @ (Table Prior to titration of f-PylmIm, (CCGGnms)has three peaks
S2 of the Supporting Information). The calculated and corresponding to the five possible imino peaks. The peak at
experimental {142 cal mof! K1) AC, values are in 13.50 ppm is §, and the other two peaks at 12.59 and 12.43
reasonably good agreement. In addition to the other physicalppm correspond to the four guanosine imino protons. Upon
contributions toAC, that have been described, the DNA addition of 2 molar ratio equivalents of f-Pylmim, the peak
molecules were different for experimental (hairpin) and corresponding to #has undergone a shift of less than 0.01
theoretical (nonhairpin) studies. ppm. After saturation, only two peaks are visible for the four
Nuclear Magnetic Resonance: Stoichiometry, Cooperat- guanine imino protons (12.76 and 12.35 ppm). Integration
ivity, and Structure of f-ImPylm and f-Pylmim-DNA of the three peaks indicates that the peak at 12.76 ppm
ComplexestH NMR studies were performed in an effort to  corresponds to three of the imino protons and the peak at
understand the global structures and dynamics of DNA 12.35 ppm to one imino proton. Unlike formation of the (f-
complexed with f-ImPylm and f-PylmIm. These studies have ImPylm),—(CGCGnmr} complex (Figure 5A, top panel),
provided a framework for better understanding the differ- there is no upfield shift observed for the imino proton signal
ences between the -ImPy- and -Pylm- central pairings. for CG core sequence to the region of 14.4 ppm. Thus,
Exchangeable Imino Proton NMR Studieghe (f-Im- this lack of an upfield shift provides strong evidence that a
Pylm)—(CGCGnmr} and (f-PylmIim}—(CCGGnmr} com- strong correlation exists between the upfield shifting of the
plexes were formed in a 90%,8/10% D,O solution, and central guanine imino proton signal and binding by a central
the imino proton signals were monitored as a function of pairing, such as -ImPy-. In contrast, weak central pairings
the mole ratio of triamide to DNA (Figure 5A). In the (-Pylm-) do not exhibit this shift.
absence of f-ImPylm, (CGCGnmras two peaks between The imino *H NMR spectra for the 1:1 titration of
14.0 and 11.0 ppm that correlate to imino protons of the f-Pylmim to (CCGGnmr) show a mixture of 0:1 and 2:1
guanosine and thymidine residues (Figure 5A, top panel). complexes (Figure 5A, bottom panel). No additional peaks
The peak at 13.49 ppm is,Tand the other peak corresponds are observed in the 1:1 ratio that do not correspond to the
to all four guanosine imino protons. Peaks corresponding to 0:1 or 2:1 spectra. f-Pylmim was also titrated at 0.5:1 and
all five possible imino protons (due to duplex symmetry) 1.5:1, and the spectra provide evidence of mixtures between
are visible upon addition of 2 molar ratio equivalents of 0:1 and 2:1 complexes (data not shown). These results
f-lImPylm to (CGCGnmr). Tg shifted downfield by 0.07  provide evidence that f-Pylmim binds (CCGGnmwith
ppm. It is likely that Go of (CGCGnmr) was least affected  positive cooperativity, which supports the data from the ITC
by binding of f-ImPyIlm and has therefore been assigned to data discussed above and SPR res@@. (f-Pylmim was
12.38 ppm. Two new peaks appeared at 12.82 and 12.68titrated to a ratio of 2.5:1, and no difference is observed
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between the spectra of the 2:1 and 2.5:1 ratios (data notrelatively well resolved peaks for the 2:1 complex, indicating
shown). Thus, the 0.5 molar ratio excess of f-Pylmim to that the structure is well-defined. In contrast, the NMR
(CGCGnmn}is free in solution, and the compound forms a spectrum for the 2:1 f-Pylmlm(CCGGnmr) complex (data

2:1 complex with the DNA. Only three, instead of five, not shown) is less resolved and the peaks are broad,
relatively broad distinct peaks are observed for the 2:1 suggesting that the complex is less defined and undergoes
f-PylmIim—(CGCGnmr) complex, suggesting that within the  more dynamic exchange processes, within the NMR time
NMR time scale this complex is less structured and probably scale, than the 2:1 f-ImPylm(CGCGnmr) complex.

more dynamic than the 2:1 f-ImPyw{CGCGnmr) com- In the top two panels of Figure 5C, the irradiated protons
plex. are circled in the corresponding f-ImPylm or DNA structures.

Direct Evidence of Cognate Sequence Binding by f-ImPylm In the top panel of Figure 5C, the protons corresponding to
and f-PylmIm. Nonexchangeable Proton NMR Studiem- the dimethylamine group (3.04 ppm) were irradiated, result-

dimensional COSY proton NMR experiments were per- ing in excitation of the peak corresponding tgH®. The
formed in 99.96% BO with the free DNA sequences, AszH2 proton and ligand signals were identified by their slow
(CGCGnmr} and (CCGGnmg) and with the DNA se-  spin—lattice relaxation times as indicated by a nonselective
quences in 2:1 complexes with f-ImPylm and f-Pylmim, inversion-recovery 1) experiment described in Experi-
respectively (Figure 5B). There is a strong correlation mental Procedures (data not show84,(60). Irradiation of
between H5 and H6 within cytosine bases, and this correla-the dimethylamine tail also enhances signals for the, CH
tion is easily monitored by 2D COSY NMR. The behaviors protonsa andj to the dimethyl amine tail. In the second
of these cytosine residues were monitored in identifying the panel of Figure 5C, irradiation of #&18 does not enhance
f-lImPylm and f-Pylmim binding sites. any peaks that correspond to f-ImPylm, and these results
The H6-H5 cross-peaks for £and G of (CGCGnmr) indicate that f-ImPylm does not bind in the major groove.
undergo negligible shifts upon binding of the DNA by Irradiation of AH2 results in the simultaneous irradiation
f-ImPylm (Figure 5B, left panel). In the absence of f- of overlapping signals (Table S1 of the Supporting Informa-
ImPyIm, the G and G cross-peaks overlap, but, @ located tion), which does not result in the clear enhancement of NOE
at 7.28/5.35 ppm and {at 7.32/5.37 ppm (Table S1A of signals tied to AH2. Thus, the irradiation of 418 shows
the Supporting Information). When f-ImPylm binds, the that f-lmPylm is bound in the minor groove and not the major
cross-peaks corresponding tpdhd G are oppositely shifted  groove. Irradiation of AH8 enhanced the M1', AH2', C5-
(dashed arrow, Figure 5B, left panel). These shifts are dueH1', and GH5 peaks. These NOE signals indicate thaisA
to changes in the local environment of these bases. Thus,n the C2'-endo conformation, which is indicative that
the sequence GsCsG; is highly affected by binding of  complexed DNA is in the B-conformatior6@, 61).
f-ImPyIm, whereas the termini of the DNA (@nd G and Control Experiments for NMR Studid=resh solutions of
their complementary bases,o@nd Gg) are minimally (CGCGnmr) and (CCGGnmg) were studied by circular
affected by binding of f-ImPylm. Thus, f-ImPylm binds in  dichroism (CD), and f-ImPyIm and f-PylmIm were titrated
the center of the CGCGnmr DNA. ThegQross-peak into their respective cognate DNAs (Figure S1A of the
corresponds to the two base pairs that constitute the predictedSupporting Information). Induced peaks were observed upon
binding site for the -ImPy- central pairing. Interestingly, the addition of the triamides, which indicate binding in the minor

Cs cross-peak undergoes a larger shift thapy ®hich groove. The DNAs were saturated at 2:1 triamide:duplex
provides further evidence that links the importance of the DNA ratios (Figure S1B of the Supporting Information). CD
Gs+Cs base pairs and the -ImPy- central pairing. spectra of 2:1 f-ImPylm(CGCGnmr)} and f-Pylmim-

Binding of f-PylmIm to (CCGGnmg)results in minimal (CCGGnmr) samples from the concluded NMR experiments
shifts for the cross-peaks corresponding to the terminal are indistinguishable from the titrated, non-NMR samples.
cytosines (gand G) and large shifts for €and G (Figure In addition, the DNA alone exhibits a very broad melting
5B, right panel; Table S1B of the Supporting Information). profile with no distinct peaks, but addition of fresh f-ImPylm
These results indicate that f-PylmIm does bind its proposed (2:1) and f-Pylmim (2.5:1, which corresponds to the 0.5
target sequence 4CsGsG7. Changes in the £and G cross- molar ratio excess used in the NMR experiments) results in
peaks of (CCGGnms)upon binding f-Pylmim are slightly ~ sharp melting transitions at 42 and 35, respectively. The
larger than that observed for, @nd G of (CGCGnmr} and transition midpoint for the thermal denaturation of the NMR
f-ImPylm. This indicates that the local environments for these samples was indistinguishable from those of the fresh
cytosines changed significantly upon binding of f-Pylmim samples (Figure S1C of the Supporting Information).
compared to binding of f-ImPylm to their respective cognate  (f-ImPylm}—(CGCGnmr) Model A molecular model and
DNA sequences. This observation reflects another differencemolecular dynamic simulations were performed on the (f-
between f-ImPylm and f-Pylmim. The CCGGnmr duplex ImPylm)—(CGCGnmr} complex. The f-ImPylm molecules
DNA may require larger structural changes to accommodatewere docked into the minor groove at theCGCGT site
f-PylmIim, whereas (CGCGnmyrEould be better structured  of the NMR-derived structure using SYBYL 7.0, and the

to accept binding of f-ImPyIm. CH, a—A3H2 distance (3.3t 0.6 A) was used to constrain
Minor Groove Binding of f-ImPylm and Retention of the polyamide-DNA binding site. The structure of the
B-Form DNA StructureThe solutions of 2:1 f-ImPylm complex was optimized using molecular mechanics with six

(CGCGnmr) and f-Pylmim-(CCGGnmr) complexes were  layers of water to eliminate unfavorable van der Waals
subjected to NOE difference studies. Figure 5C shows samplecontacts. The resulting structure was thermodynamically
NOE difference spectra, the control NOE of the 2:1 f-Im- optimized by AMBER 7.0, and the dynamics simulation was
Pylm—(CGCGnmr) complex, andH NMR of the unbound conducted foa 3 nsproduction time. Comparison of space
CGCGnmr DNA. The control NOE spectrum exhibits filling models of the free DNA (Figure 6A) and the bound
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Ficure 6: Three-dimensional models of the GCACGCGTGG homoduplex (A) and the DNA in complex with the f-ImPylm dimer (B).

The solvent accessible surface of the free DNA and the (f-ImPRyHBNA complex generated using a probe radius of 1.7683 A is shown
(41). Red and white indicate polar and nonpolar surfaces, respectively. (C) Wireframe model of the complex with f-ImPylm shown in CPK
coloring with the DNA colored gray. (D) Schematic representation and alignment of the f-ImPyIm dimieh@ECGT visually generated

from the three-dimensional complex in panel C. Arrows indicate distances determined from NOE difference spectroscopy.

DNA (Figure 6B) shows that f-ImPylIm fits snuggly into the CONCLUSIONS

minor groove of the DNA, but the backbone of the f-ImPylm The elucidation of the central pairing rules (-ImPy-
dimer is still exposed to the solvent. The wireframe model _pypy._> _pyim- ~ -Imim-) resulted in a better understand-
in Figure 6C shows the slight twisting of f-ImPylm away  jng of the relationship between the strength of binding and
from a perfectly planar molecule. As seen with other the heterocyclic sequence of triamide&7), These rules
polyamide dimers 10, 55), the heterocyclic dimers are extend the essential pairing rule$3¢20) and allow for
slightly offset to better align the amide hydrogens and the petter selection and design of target DNA sequences. These
imidazole N3 groups into the minor groove of the DNA. rules allow for the selection of the ideal DNA sequence
Thus, as would be expected from the strong binding affinity within or immediately adjacent to the target sequence and
and favorable thermodynamic contributions discussed above then synthesis of the best triamide for binding this sequence.
f-ImPyIm fits very well when docked into the CGCGnmr There are almost certainly similar rules for more complex
duplex model. polyamides, such as tetraheterocyclic and hairpin polyamides,
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and more work needs to be done to identify these rules.
Determination of these rules, and the biophysical interactions
that govern these rules, will provide considerable guidance
to the design of novel polyamides and related small
molecules. Our hope is that these rules will reduce or even
eliminate the wasteful synthesis of compounds that exhibit
weak DNA binding even to their cognate sequences. The
work presented herein is the first biophysical description of
the central pairing rules.

The differences between the central pairings -ImPy- and
-Pylm- are now better understood in the DNase | footprinting,
thermodynamic, and structural studies of f-ImPylm and
f-Pylmim. Perhaps the most striking difference between these
two compounds is the heat capacity. f-ImPylm exhibits a
significant, negative heat capacity-142 cal mot! K1),
whereas f-Pylmim has a nominal, positive heat capacity (46
cal mof* K—1). Most compounds exhibit negativeC, values
for binding to DNA @2, 52, 53, 58, 59). Contributions of
the thermodynamic factors (for example, hydration, proto-
nation, and bond vibrations) that contribute to heat capacity
measurements are very difficult to experimentally determine.
Often AC, is approximated by theoretically calculating the
burial of hydrophobic solvent accessible surface area upon
complex formation. However, th&C, from this theoretical
method and the experimentally determin&®€, do not
match. As both calorimetric and theoretical experimental
techniques are improved, it is clear that considering only
the burial of hydrophobic residues is not a good estimation
of AC,. The structural similarity between f-ImPylm and
f-Pylmim make it hard to believe that f-ImPylm binds
through burial of hydrophobic regions and the other through
a very different mechanism. It is more likely that the
difference inAC, between these two molecules is due to
other thermodynamic components, such as water uptake
versus release or water- and salt-mediated interactions
between the polyamide and the DNA.

Finally, the mechanism by which polyamides bind as
dimers to DNA is not totally clear. However, the data suggest
that the process might occur via a two-site model, in which
two molecules bind independently to the DNA to form the
2:1 complex.
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