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Abstract: The solution structures of two different DNA duplexes (one containing a G-T mismatched base
pair and the other a non-hydrogen-bonding G-F pair, where F is difluorotoluene) in complex with the peptide
antibiotic actinomycin D (ActD) are presented. Using 'H, °F NMR, and molecular dynamics simulations,
we show that there are three major differences between the complexes: (1) ActD binds to the GF duplex
in an orientation that is flipped 180° relative to its position in the GT duplex; (2) whereas the difluorotoluene
moiety takes the typical anti glycosidic conformation in the “free” (uncomplexed) GF duplex, it takes the
syn conformation in the GF:ActD complex; and (3) in GF:ActD, the difluorotoluene moiety is completely
unstacked in the helix; however, the guanine of the G-F pair is stacked quite well with the ActD intercalator
and the flanking base on the 5’ side. In GT:ActD, the G-T base pair (although pushed into the major groove
from the non-Watson—Crick hydrogen-bonding pattern) stacks favorably with the ActD intercalator and the
flanking base pair on the 5" side. The results described here indicate that a sequence-specific DNA binding
ligand such as actinomycin D will, indeed, recognize and bind with high affinity to a DNA incorporating a
non-natural, non-hydrogen-bonding nucleoside mimic despite the presentation of modified functionality in

the binding site.

Introduction

The incorporation of nucleobase analogues into oligodeoxy-
ribonucleotides has provided marvelous tools for the study of
structure and stability in the DNA duplex and has afforded
singular opportunities to correlate DNA structure and function.* %’
Nonpolar, non-hydrogen-bonding isosteres, in particular, offer
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unigue opportunities to investigate the dominant factors respon-
sible for duplex structure and stability: base pairing, aromatic
base stacking, and solvation.**® NMR spectroscopic studies
have been useful in probing the structural implications of non-
hydrogen-bonding pairs in the DNA helix, and a number of
solution structures of DNA-containing analogues of natural bases
have been reported.*>~%72°733 |mportantly, these studies show
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Actinomycin D (1)

that, whereas the DNA duplex is destabilized by the inclusion
of non-natural nucelobases, global B-DNA structure is retained
with minimal localized distortions around the site of modification.

The question remains whether a sequence-specific DNA binding
drug will recognize a sequence containing one or more non-natural,
non-hydrogen-bonding nucleobases and bind with high affinity. If
so, how will the structure of the resulting complex differ from a
complex containing natural DNA? Actinomycin D (ActD) is a well-
studied antitumor drug (1) that binds to DNA by intercalation of
its phenoxazone (Pxz) moiety between base pairs via the minor
groove. Once bound to the duplex, ActD sterically blocks the
progression of RNA polymerase, effectively inhibiting transcrip-
tion.3* Early studies on the binding of ActD to DNA sequences
demonstrated that the aromatic intercalator has a high specificity
for targeting consecutive G-C base pairs and that the two cyclic
pentapeptide rings bind in the minor groove, spanning two base
pairs on either side of the intercalation site.®**3" The sequence
specificity for G-C steps has been attributed to stabilization via
hydrogen bonding between exocyclic guanine amino protons of
the target site and the carbonyl oxygens of the ActD threonine
residues.®>38~** The formation of multiple distinct DNA:ActD
complexes with a single binding site is also possible, differing
primarily in the orientation of the asymmetric intercalator within
the helix 404243

More recent studies of DNA:ActD complexes have turned
attention to atypical DNA binding sites because ActD has been
shown to also bind to duplexes lacking a GpC step.** *¢
Analysis of drug interactions with tandem G-T mismatches in
a DNA hairpin has shown that ActD is also capable of binding
strongly in the presence of a G- T “wobble pair” in a conforma-
tion similar to that of Watson—Crick DNA with localized
distortion in the stacking of the bases around the intercalation
site.*” Given these findings, we were curious as to whether a
non-natural, non-hydrogen-bonding isostere paired with a natural
base would affect the recognition or DNA binding properties
of ActD.

We have used 'H, °F NMR, and molecular dynamics
simulations to determine the solution structures of two nearly
identical DNA duplexes, each bound with ActD. Both com-

plexes contain a substitution at the GC step in the binding site
(5"-AAGCTT-3’). Of the two DNA duplexes studied here, one
contains a G-T mismatch (2) and the other a G-F pair (3), where
“F” is difluorotoluene (4), a non-hydrogen-bonding isostere of
thymine. The complexes are henceforth referred to as GT:ActD
and GF:ActD, respectively.

5’ -CCAAGCTTCC-3’
3" -GGTTTGAAGG-5"

5’ -CCAAGCTTCC-3"
37 -GGTTFGAAGG-5"

2 3
Fpara
H,C H3
H6 Fonho
sugar
4, "F"

Previous detailed structural analysis*® of the uncomplexed (or free)
decamer DNA duplex 3 revealed that the “F” nucleotide exists in the
anti conformation about the glycosidic C—C bond, stacks with
neighboring bases, and that the absence of hydrogen bonding in the
G-F pair likely increases dynamic nucleotide motion. Comparison of
free duplex 2 with free duplex 3 showed that the G-F pair exhibits
structural features characteristic of both a Watson—Crick pair (on the
guanine containing strand) and a mismatch on the strand containing
the isostere “F”, as evidenced by the helix parameter 4 (the angle
formed by the glycosidic bond and the cross-strand C1’—C1” vector).
We detail here the recognition of duplexes 2 and 3 by ActD, its relative
orientations in the resulting GT:ActD and GF:ActD complexes, and
the structural ramifications of drug binding. We believe this represents
the first example of ActD binding to a DNA duplex containing a non-
natural, non-hydrogen-bonding nucleobase analogue.

Materials and Methods

Sample Preparation. The oligomers d(CCAAGCTTCC), d(G-
GAAGTTTGG), and d(GGAAGFTTGG) were synthesized and
purified by HPLC at Isis Pharmaceuticals, Inc. (San Diego, CA).
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Oligomer concentrations, duplex formation, and NMR samples of
DNA duplexes 2 and 3 (2 mM) were identical to those described
previously.*® The following numbering system is used to describe
the duplexes in these studies:

5'- C1 C2 A3 A4 G5 ¢c6 T7 T8 C9 C10 -3¢
3'- G20 G19 T18 T17 T/Fl6é G15 Al4 Al3 G1l2 Gl1 -5

Formation of the 1:1 GT:ActD and 1:1 GF:ActD complexes was
followed by NMR. 1D spectra of each duplex sample were acquired
on a Varian Inova 500 MHz spectrometer after each addition of
approximately 0.25 mol equiv of actinomycin D in CD;0D solution.
Spectra were acquired at 25 °C using 16 382 complex points, 64
scans, and a spectral width of 5913 Hz.

NMR Spectroscopy. *H NOESY and DQF-COSY spectra were
acquired for each complex in D,O on a Varian Inova 500 MHz
spectrometer using the TPP1 method of phase cycling.*® To resolve
cross peak overlap, data were collected at 30 °C (GT:ActD) and
25 °C (GF:ActD). Signal assignments for each complex were made
using NOESY spectra with a mixing time of 300 ms, spectral width
of 5913 Hz, 2048 complex points in t, and 512 t; increments (zero
filled to 2048 on processing). A total of 64 scans were averaged
using a recycle delay of 2 s for each t; value. Presaturation was
applied during the recycle delay and mixing time to suppress
residual water signal. Signal assignments were also confirmed using
DQF-COSY spectra collected using the same parameters as the
NOESY spectra. All spectra for both complexes were processed
with Felix (FelixNMR).

All structural restraints were derived using NOESY spectra in
D,0 that were acquired using the TPPI method on a Varian Inova
500 MHz spectrometer. Spectra for quantitative analyses of GT:
ActD were collected at 30 °C with mixing times of 200 and 50 ms
and for GF:ActD at 25 °C with mixing times of 200 and 100 ms
(2048 complex points in t, 512 t; experiments zero filled to 2048
on processing, spectral width of 5913 Hz, and 64 scans for each t;
value were averaged using a recycle delay of 4 s with presaturation
of the HOD resonance). The 2D spectra were apodized with a
skewed sine bell function in both dimensions (512 points, phase
60°, skew 0.5—0.7 in t;; 800 points, phase 60°, skew 0.5—0.7 in
tp). Prior to Fourier transformation in t;, the first row of the data
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matrix was multiplied by a factor of 0.5 to suppress t; ridges. *H—'H
NOESY in H,0O and 'H—°F NOESY spectra were acquired as
described previously.*®*°

For generating proton distance constraints, the assigned cross
peaks of the NOESY spectra were integrated manually using Felix,
creating two peak intensity sets for each complex. The NOEs
(uncertainties £20%) were then converted into distances (uncertain-
ties 0.5 A) classified as very strong (1.8—2.2 A), strong (2.2—2.8
A), medium (2.8—4.0 A), weak (4.0—4.5 A), or very weak (4.5—5.0
A) relative to the intensity of the cytosine H5—H6 cross peak, which
is known to be a distance of 2.50 A. The lower bounds for all
distance restraints were set at 1.8 A. Dihedral torsion angles
(uncertainties +2°) for each complex were loosely restrained based
upon close inspection of the C1’H to C2’H/C2”H region (ap-
proximately 5.0—6.4 ppm in F1 and 1.8—2.9 ppm in F2) of the
DQF-COSY spectra.®®~%2 The & torsion angle was restrained
between 110° and 170° for each nucleotide that had a set of
antiphase multiplet COSY peaks. The overlap of chemical shifts
in the GF:ActD complex hindered detailed analysis of the DQF-
COSY spectrum; thus, the o torsion angles for all nucleotides were
loosely restrained between 110° and 170° with a lower force
constant than that used for the GT:ActD complex. The use of
hydrogen-bonding restraints (uncertainties +£0.2 A) in our molecular
dynamics simulations was justified on the basis of the NMR spectra
of the imino protons acquired at 20 °C for both complexes in H,0.
All DNA bases in both complexes, with the exception of difluo-
rotoluene in GF:ActD, had observable imino N—H proton peaks
and displayed broadening behavior that is characteristic of
Watson—Crick hydrogen-bonded base pairing as temperature
increased. A total of 338 constraints were applied to GT:ActD
(including Watson—Crick hydrogen-bonding constraints, 264 NMR-
derived distance and torsion restraints). For GF:ActD, a total of
448 constraints were applied (including Watson—Crick hydrogen-
bonding constraints, excluding the G-F pair, 245 NMR-derived
distance and torsion restraints).

Molecular Dynamics Calculations. The solution structures of
both complexes were calculated using methods previously de-
scribed.*® All forcefield parameters for difluorotoluene and ActD
were calculated using Gaussian 98.%% The SANDER module of
AMBER10°* was used to perform all computational analyses,
including energy minimization and restrained molecular dynamics
(rMD) calculations. A set of 20 (GT:ActD) and 25 (GF:ActD) initial
structures were made by modifying the refined structures of a free
GT and GF DNA duplexes with identical sequences.*® The strands
in each duplex starting structure were manually separated by 13—15
A, and a model of ActD®® was positioned in the orientation
suggested by the NMR analysis. The starting complex structures
were then produced following 1000 steps of steepest descent energy
minimization using hydrogen-bonding restraints with a force
constant of 100 kcal mol=* A=2 and intermolecular NMR restraints
with a force constant of 32 kcal mol~t A=2, followed by slow
equilibration to 0 K. Both sets of structures were then subjected to
two rounds of restrained simulated annealing. In the first round,
the temperature was increased gradually from 0 to 600 K over 5
ps and lowered back to 0 K over the next 15 ps, while all 338
constraints (GT:ActD) or 448 constraints (GF:ActD) were increased
over 3 ps to full strength, where they remained for an additional
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Figure 1. Aromatic to deoxyribose H1’ region of the 300 ms NOESY spectrum of GT:ActD (A) at 30 °C and GF:ActD (B) at 25 °C. Sequential connectivity
for residues 1—10 is indicated by a solid line, and residues 11—20 are indicated by a dashed line. The labels designate the H8 to H1” or H6 to H1” intranucleotide
NOE for each residue; NOEs corresponding to drug resonances are indicated with asterisks.

17 ps of rMD. The refinements were completed with a final cycle
of rMD with the same conditions as the first. In each 20 ps round
of simulated annealing, the force constant for all NMR-derived
distance constraints was increased linearly from 0 to 32 kcal mol !
A2 over 3 ps, remaining at 32 kcal mol~* A~2 for the final 17 ps.
The force constants for Watson—Crick hydrogen bonding were held
constant at 32.0 kcal mol~* A2 for both rounds. The force constants
for the torsion restraints were held constant at 20 kcal mol~t A2
(GT:ActD) and 15 kcal mol~t A2 (GF:ActD) for both rounds.
Helical parameters for the final structures for both complexes were
then determined using CURVES 5.1.%°

Results

DNA Proton Assignments. Signal assignments of all ex-
changeable and nonexchangeable nucleic acid protons of the
GT:ActD and GF:ActD complexes (with the exception of C5'H
and C5”H) were made on the basis of standard procedures.®">®
Imino N—H protons in both complexes were visible at 10 °C,
although the peaks corresponding to G11, G19, and all thymine
NH’s of GF:ActD were quite broad at this temperature. All
imino, amino, and adenine H2 proton assignments for both GT:
ActD and GF:ActD were confirmed using *H NOESY spectra
acquired at 10 °C in H,O (data not shown).

Figure 1 shows the sequential assignment of the aromatic
base protons (H6/H8) and the C1’H of the DNA sequence in
GT:ActD (30 °C) and GF:ActD (25 °C) in the NOESY spectrum
collected in D,0. Sequential connectivity was also observed for
the aromatic protons with C2’H and C2”H of the deoxyribose
rings. The absence of intermolecular NOEs at the G5—C6 and
G15—T16 steps (GT:ActD) and at the G5—C6 and G15—F16
steps (GF:ActD) in the aromatic to C1’H region suggested the
intercalation of ActD at similar sites in both complexes. The
downfield shift for H6 of T16 of the mispair as compared to
that of free DNA'® provided additional evidence for the
intercalation of ActD at this site for the GT:ActD complex. The

(56) Lavery, R.; Sklenar, H. J. Biomol. Sruct. Dyn. 1988, 6, 63-91.
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Sons: New York, 1986.

C1’H, C2’H, and C2”H assignments were confirmed using cross
peaks for CI’'H—C2’H and C1’'H—C2”H in the DQF-COSY
spectra. Other regions of the NOESY spectra were analyzed to
determine the deoxyribose ring proton assignments in the
complexes. The NOESY and DQF-COSY spectra support one
predominant form of both GT:ActD and GF:ActD in solution.
Further, in the predominant complex for GF:ActD, the difluo-
rotoluene nucleotide F16, takes the syn glycosidic conformation.
In contrast to the same region in the NOESY spectrum of the
uncomplexed GF-containing®® duplex in which the intranucle-
otide NOE for H6—H1’ is extremely weak (indeed, missing at
300 ms), Figure 1 clearly shows a cross peak (much stronger
NOE, under similar conditions) for this contact in GF:ActD.
These data provide support for the syn geometry about the
C—glycosidic bond of F16 leading to a shorter distance between
the aromatic H6 and deoxyribose H1" protons. A summary of
all DNA assignments for both complexes is listed in the
Supporting Information.

The heteronuclear *H—°F NOESY spectrum (Supporting
Information) of the GF:ActD complex permitted the assignment
of the two fluorine resonances of F16: The ortho fluorine signal
is observed at —123.7 ppm, while the para fluorine signal has
a chemical shift of —112.3 ppm. Multiple fluorine signals
suggested small amounts of at least one minor form (<20%) in
solution. The resonance for the ortho fluorine is broader than
that for the para fluorine, consistent with what is observed in
the uncomplexed GF duplex,*® and suggests dynamic motion
in difluorotoluene is maintained upon intercalation of ActD.
Further inspection of the *H—°F NOESY spectrum revealed
the absence of any NOE between either fluorine atom of F16
and the imino protons of any surrounding bases. This observa-
tion is consistent with a syn glycosidic conformation for F16
and displacement of the non-natural isostere into the major
groove upon drug binding.

ActD Proton Assignments. ActD consists of two cyclic
pentapeptide moieties (with the identical sequence (L-Thr)—(p-
Val)—(L-Pro)—(Sar)—(L-meVal)) designated as Q-ring and
B-ring covalently linked to the quinonoid and benzenoid rings
of the phenoxazone intercalator. The asymmetry of the inter-

J. AM. CHEM. SOC. m VOL. 132, NO. 49, 2010 17591
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Table 1. Proton Chemical Shifts (ppm) for Actinomycin D in GT:ActD and GF:ActD Complexes (One Drug per Duplex)

GT:ActD GF:ActD
intercalator quinonoid (Q) benzenoid (B) residue position intercalator quinonoid (Q) benzenoid (B)
7.43 Pxz H8 7.14
6.52 H7 6.57
1.95 6-CHj; 1.88
1.68 4-CH3 1.72
4,75 4.84 L-Thr a 452 457
5.46 5.35 p 5.18 5.23
1.48 154 CHs; 1.38 1.40
7.60 7.87 NH 7.78 7.66
3.77 3.81 p-Val a 3.55 3.67
2.31 2.29 B 212 2.15
0.97,1.20 0.98, 1.21 CHs; 0.83, 1.05 0.86, 1.08
8.20 8.04 NH 8.07 8.10
6.31 6.42 L-Pro a 6.24 6.36
2.12,3.06 2.19,3.13 p 2.27,2.86 2.13,2.99
2.85, 4.06 2.57,4.04 y 2.53,4.10 2.55,3.87
2.23,2.11 1.95,2.21 o 1.81,2.13 1.95, 2.27
4.34, 4.60 4.28,4.47 Sar a 4.24,4.53 4.28,4.54
3.06 3.13 NCH; 2.96 2.98
2.86 2.88 L-MeVal a 2.86 2.88
2.65 2.60 B 2.6 2.53
1.01, 1.07 0.88, 1.05 CH;3 0.91, 1.08 0.88, 0.90
2.90 2.99 NCH;3 2.84 2.90
Table 2. Intermolecular Drug:DNA NOEs for GT:ActD and GF:ActD
cross peak? GT ActD GF ActD
1 G5 H8 Pxz H4CH;3 G5 H8 Pxz H6CH3
2 G15 H2’ Pxz H8 G5 H2’ Pxz H8
3 G15 H2” Pxz H8 G5 H2” Pxz H8
4 Gb5 H1 ThrQ CH3 G5 H1 ThrB CH3
5 G5 H1 meValQ Hao G5 H1 meValB Ha
6 G15 H1 Pxz H8 G5 H1 Pxz H8
7 G15 H8 Pxz H7 G5 H8 Pxz H7
G5 H1’ meValQ NCH;
G5 H4 ThrQ CHs; G5 H4 ThrB CHs;
G5 H2” ThrQ CHs3 G5 H2” ThrB CHs;
T16 H6 Pxz H6CH3
C6 H5 Pxz H4CH;3 F16 H6 Pxz H4CH;
G15 H8 Pxz H8 G5 H8 Pxz H8
T16 H4 Pxz H8 C6é H4 Pxz H8

@ Cross peak numbering scheme corresponds to labeled peaks in Figure 3.

calator in ActD produces small but distinct differences in the
chemical shifts of the similar protons in the two pentapeptide
rings. Complete assignments of all nonexchangeable peptide
protons in each complex were made by analysis of standard
sequential connectivity within each ring, such as those between
the H* protons of the Pro, Val, and Sar residues, using NOESY
spectra acquired in D,0.3°*° The DQF-COSY spectra of the
complexes were used to verify any through-bond coupling.
Assignment of the exchangeable L-Thr and p-Val NH protons
was made using NOESY spectra collected in H,O via contact
with the L-Thr H* protons. The nonexchangeable 6-CHs;, H7,
and H8 protons of the benzenoid ring of the intercalator are
readily determined by the presence of NOE cross peaks between
H7 and H8 and between 6-CH3; and H7 in the D,O spectra.
Complete proton assignments for the intercalator and cyclic
pentapeptide rings for each complex are summarized in
Table 1.

Orientation of Drug in GT:ActD and GF:ActD Complexes.

Intercalator in GT:ActD. A total of 31 intermolecular drug—DNA
contacts were assigned in the NOESY spectrum to determine
the orientation of ActD relative to the DNA sequence in GT:

17592 J. AM. CHEM. SOC. = VOL. 132, NO. 49, 2010

ActD. A complete list of the intermolecular NOEs is given in
Table 2. The orientation of the intercalator of ActD in the
binding site of the DNA duplex was determined from NOEs
observed between the aromatic H7 and H8 protons of the
intercalator and the surrounding base pairs. In the GT:ActD
complex, several NOEs were observed between the H7 and H8
protons of ActD with G15 and T16 (Table 2). Complementary
to these findings was the identification of NOEs between the
4-CHg of the quinonoid ring and G5 (Figure 2A). The majority
of the intermolecular contacts are concentrated between the
Q-ring and G5 and T16 and between the B-ring and G15 and
C6. These intermolecular NOEs unambiguously identify the
intercalation of the phenoxazone intercalator at the (G5—C6)/
(G15—T16) mismatch site for the GT:ActD complex. The data
also provide evidence that the intercalator is oriented with the
benzenoid ring positioned between G15 and T16 on one strand
and the quinonoid ring is between G5 and C6 on the opposite
strand.

Intercalator in GF:ActD. A total of 19 intermolecular
drug—DNA contacts were assigned in the NOESY spectrum to
determine the orientation of ActD relative to the DNA sequence
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Figure 2. Expanded NOESY (in D,0O) contour plots of GT:ActD (A) at
30 °C and GF:ActD (B) at 25 °C displaying intermolecular connectivity of
the intercalator of ActD and the nucleotides of the binding sites. Contacts
between the H7 and H8 protons of the intercalator and G15 (GT:ActD) or
G5 (GF:ActD) suggest different orientations of the phenoxazone core of
ActD within the two duplexes.

in GF:ActD. NOEs were observed between the H7 and H8
protons of ActD with G5 and C6 of the DNA in the predominant
form of the complex (Table 2). NOEs were also detected
between the 4-CHjs of the quinonoid ring and G15 (Figure 2B).
The intermolecular contacts are concentrated between the Q-ring
and G15 and C6 and between the B-ring and G5, with a notable
absence of contacts with F16. These intermolecular NOEs
unambiguously identify the site of the phenoxazone intercalator
at the (G5—C6)/(G15—F16) mismatch site for the GF:ActD
complex. The intercalator is flipped 180° relative to the
orientation within the GT:ActD complex such that the benzenoid
ring is positioned between G5 and C6 on one strand and the
quinonoid ring is between G15 and F16 on the opposite strand.
No NOEs were detected between the H7 and H8 protons of the
intercalator and any other nucleotides in GF:ActD, suggesting
that ActD is bound in a similar fashion in any minor form of
the complex. Because of the overlap of chemical shifts caused
by the similarities between the major and minor forms, no other
structural details for the minor form could be gleaned from the
NMR data collected. We suspect that the differences between
the two forms are localized to the region of the G-F pair in the
duplex.

Peptide Rings in GT:ActD and GF:ActD. The orientations
of the pentapeptide rings relative to the DNA sequences were
determined by intermolecular NOEs between the amino acid
protons of the Q-ring and B-ring with the minor groove base
and sugar protons of the nucleotides in and around the binding
site. On the Q-ring, the L-Thr protons exhibit NOEs to G5 (GT:
ActD) or G15 (GF:ActD), whereas L-Pro protons exhibited
NOEs to T16 and T17 (GT:ActD) or C6 and T7 (GF:ActD).
The Sar protons exhibit NOEs to T17 and T18 (GT:ActD) or
T7 and T8 (GF:ActD), whereas the L-meVal protons exhibit
NOEs to G5 (GT:ActD) or G15 (GF:ActD). The Sar protons

exhibit NOEs to T7 and T8 (GT:ActD) or T17 and T18 (GF:
ActD), whereas the L-meVal protons exhibit NOEs to G15 (GT:
ActD) or G5 (GF:ActD). On the B-ring, the L-Thr protons
exhibit NOEs to G15 (GT:ActD) or G5 (GF:ActD), whereas
L-Pro protons of the Q-ring exhibited NOEs to C6 and T7 (GT:
ActD) or T17 with no detectable contact with F16 (GF:ActD).
In summary, both the quinonoid and the benzenoid pentapeptide
rings are positioned in the minor groove of the DNA in each
complex and span two base pairs on either side of the
intercalation site. The disparity in the nucleotides that the
pentapeptide rings contact in both complexes is a consequence
of the different orientations of the phenoxazone intercalator. A
comparison of the contacts between G15 (GT:ActD) or G5 (GF:
ActD) with various residues of ActD verifies that the guanine
residue positioned above the benzenoid ring of the intercalator
is oriented similarly in both complexes (Figure 3 and Table 2).

As compared to GT:ActD, for which a number of intermo-
lecular contacts between T16 and ActD exist, we can identify
no NOEs between F16 and the pentapeptide rings of ActD. This
suggests an enhanced displacement of F16 into the major groove
of the duplex relative to the displacement of thymine in a G-T
mismatch,® eliminating close contact between the isostere and
the pentapeptide rings of the drug. However, we do observe a
relatively strong NOE between the F16 methyl and the 6-CH3
of the intercalator. This contact suggests the glycosidic angle
of the non-natural nucleotide is in the syn conformation rather
than the anti conformation that is most commonly observed in
Watson—Crick DNA (and retained in the free GF duplex®®). It
could be that the syn conformation provides additional op-
portunity for the F16 methyl group to form favorable van der
Waals interactions with the intercalator of the drug.

Quiality of the Structures. The families of structures used to
represent each complex were generated using statistical analysis
modeled after Smith et al.®® The structures resulting from rMD
for each complex were randomly ordered, and the mean all-
atom pairwise rmsd was calculated for the first two structures,
then the first three structures, etc. This process was repeated
500 times with each round using a different ordering of the
structures. This analysis predicts the minimum number of
structures necessary to fully represent the conformational space
consistent with the experimental data. It was determined that
12 structures (GT:ActD) and 15 structures (GF:ActD) were
sufficient to describe the complexes. The structures in each
family were chosen to minimize the molecular mechanics
(AMBER) energy and the constraint violation energy. The
superposition of the family of structures describing both
complexes is shown in Figure 4 along with the average
structures for the complexes and the binding sites.

The energy and rmsd characteristics of the ensembles of
structures for GT:ActD and GF:ActD are summarized in Table
3. The data indicate structural convergence for the GT:ActD
complex with an rmsd of 0.94 A (rms difference from the mean
structure of 0.64 A) and for the GF:ActD complex with an rmsd
of 1.36 A (rms difference from the mean structure of 0.93 A),
given that the starting structures for both complexes represented
a range of B-DNA conformations with strands separated
between 13 and 15 A and initial rmsd values of 3.95 A (GT:
ActD) and 4.82 A (GF:ActD). The complexes were annealed
through restrained minimization, resulting in structures with
rmsd values of 2.06 A (GT:ActD) and 2.05 A (GF:ActD). The

(59) Smith, J. A.; Gomez-Paloma, L.; Case, D. A.; Chazin, W. J. Magn.
Reson. Chem. 1996, 34, S147-S155.
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Figure 3. Expanded NOESY contour plots of GT:ActD (A) and GF:ActD (B) in D,0 at 30 and 25 °C, respectively, displaying intermolecular connectivity
of the intercalator of ActD and the nucleotides of the binding sites. The numbers used to label key cross peaks correspond to those given in Table 2.

central six base pairs for each complex showed greater
convergence in structure, as is also seen in Table 3. The final
collection of structures have a total restraint violation summing
to 9.6 &+ 0.8 kcal for GT:ActD and 6.9 + 1.4 kcal for GF:
ActD, amounting to 0.2% (GT:ActD) and 0.1% (GF:ActD) of
the total energy of each system.

Structural Features of the Complexes. GT:ActD. The average
solution structure describing the GT:ActD complex is shown
in Figure 4B. Closer inspection of the intercalation site
illuminates the stacking interactions between the DNA and ActD
(Figure 5A). The G5-T16 and C6+G15 base pairs flank the ActD

17594 J. AM. CHEM. SOC. = VOL. 132, NO. 49, 2010

phenoxazone core with G5 stacking with the quinonoid ring.
T16 is displaced considerably into the major groove of the helix
(due to hydrogen bonding in the mismatch), prohibiting effective
stacking with the intercalator.

GF:ActD. The average solution structure describing the GF:
ActD complex is shown in Figure 4E. Comparison of the
intercalation site with that of GT:ActD reveals a distinct
difference in the stacking interactions between the DNA and
ActD (Figure 5B). The G5-F16 and C6-G15 pairs of the binding
site exhibit atypical stacking interactions in which G5 and G15
are both found to stack nearly on top of the center ring of the
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Figure 4. Superposition of the family of 12 structures describing the GT:
ActD complex (A), average structure (B), and view into the minor groove
(C), derived from rMD; and the superposition of the family of 15 structures
describing the GF:ActD complex (D), average structure (E), and view into
the minor groove (F).

Table 3. Summary of Energies, rmsd Values, and Violations for
Ensembles of Structures

GT:ActD GF:ActD
Molecular Mechanics Energies (kcal)

Eamber —5142.6 £5.9 —5145.5 £ 6.0
Eviol 9.6 +0.8 69+14
Average Pairwise rmsd (A)

DNA 0.92 1.57

ActD + DNA 0.94 1.36

ActD + DNA binding site 0.88 1.05
Distance Violations (A)

0.05<d = 0.10 17 19

010<d =0.20 4 0

020 =d 0 0

phenoxazone core. Considerable displacement of difluorotoluene
into the major groove of the helix is also observed, far beyond
that of a G-T mismatch, completely prohibiting stacking with
the intercalator and T17. As mentioned previously, the glyco-
sidic bond in the F16 nucleotide takes on the syn conformation.
These structural perturbations are attributed to the lack of
hydrogen bonding within the G-F pair, likely increasing dynamic
motion and flexibility in the binding site as the helix attempts
to maximize stabilizing interactions with ActD.

Drug—DNA Hydrogen Bonds. The sequence specificity of
ActD has been attributed to the formation of particular
intermolecular hydrogen bonds upon intercalation of the drug
into the DNA helix. In the GT:ActD complex, the backbone
carbonyl groups of L-Thr of the Q-ring and L-Thr of the B-ring
are within hydrogen-bonding distance of the NH, groups of G5
and G15, respectively. Putatively the L-Thr carbonyl groups of
both pentapeptide rings form the same hydrogen bonds in the
GF:ActD complex. Weaker hydrogen bonds are likely formed

between the backbone amide NH of the L-Thr residues and the
N3 of G5 and G15. The majority of the intermolecular hydrogen
bonds are at slightly longer distances in GF:ActD than in GT:
ActD, and all are somewhat longer in these complexes than
those typically observed when ActD binds between two G-C
steps.>8*° Additional hydrogen bonds are also proposed to form
between the amino group of the quinonoid ring of the interca-
lator of ActD and the 04’ of C6 and O3’ of G5 (GT:ActD) or
G15 (GF:ActD). Intramolecular hydrogen bonds are observed
between the amide proton and carbonyl oxygen of the p-Val
residues on opposite pentapeptide rings in both complexes.
These interactions help to stabilize the position of the B-ring
and Q-ring in the minor groove of the DNA helix.

The existence of interbase hydrogen bonds was evaluated
using a series of 1D *H NMR spectra collected in H,O as a
function of temperature (Supporting Information) as well as 2D
NOESY spectra acquired in H,O. All base pairs in GT:ActD
and all except the G-F pair in GF:ActD had observable imino
N—H proton peaks and displayed broadening behavior that is
characteristic of Watson—Crick hydrogen-bonded base pairing
as temperature increased. This suggests that the hydrogen-
bonding pattern of the DNA sequence (with the exception of
the G-F pair) was not disturbed by the intercalation of ActD.

Helix Parameters. Both the GT:ActD and the GF:ActD
complexes exhibit overall B-form DNA geometry with defor-
mations localized to the base pairs having intermolecular
contacts with ActD. The terminal nucleotides of each strand
display substantial dynamic behavior and a deficiency of NOE
data. The helical parameters that characterize both complexes
are displayed in Figure 6.

The variation in the buckle of the G5—T16 and C6—G15
base pairs in GT:ActD results from the pronounced tilt of G15,
C6, and T16 toward the intercalator as can be seen in Figure 6.
The tilt of C6 and T16 has been observed in DNA:ActD
complexes containing tandem G-T mispairs in the binding site,
and it is presumed to be a result of the displacement of the
thymine residue changing the binding surface of the intercala-
tor.*” G15 exhibits tilting behavior that is not characteristic of
guanine bases in the intercalation site, which normally stack
directly on top of the phenoxazone ring. This tilt in the binding
site is also observed in the GF:ActD complex (between C6 and
F16), whereas the guanine residues remain parallel with the
intercalator. The large variation in the buckle of the G5—F16
step in GF:ActD can also be attributed to the orientation of the
non-natural nucleotide that is displaced into the major groove.
The negative shear of the binding site in both complexes also
indicates a displacement of the mismatches into the major
groove, which is much more pronounced in GF:ActD. F16 also
exhibits a large positive inclination of a magnitude that is similar
to, but larger in magnitude than, that observed in the free GF
duplex. The displacement of the F16 also induces a large
variation in the tilt between the A4—T17 and G5—F16 steps to
optimize stacking and van der Waals interactions within the
binding site.

In GT:ActD, the negative propeller twist of the base pair on
the 3’ side of the G-T wobble pair is typical of DNA duplexes
containing these mismatches.®® Unlike the positive propeller
twist and opening determined for the free GF duplex, a large
negative value for each parameter is observed in GF:ActD. This
is attributed to the syn glycosidic conformation of the non-

(60) Bhattacharya, P. K.; Cha, J.; Barton, J. K. Nucleic Acids Res. 2002,
30, 4740-4750.

J. AM. CHEM. SOC. m VOL. 132, NO. 49, 2010 17595
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Figure 5. Space-filling models of the GT:ActD (A) and GF:ActD (B) intercalation sites viewed from the major groove. The stacking interactions between
the phenoxazone intercalator and the binding sites are displayed for GT:ActD (C) and GF:ActD (D).
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Figure 6. Helical parameters for the GT:ActD (black) and GF:ActD (red) average structures obtained using CURVES. Standard values for canonical
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natural nucleotide. The sharp decrease in the twist of GF:ActD
between the A4—T17 and G5—F16 steps also results from the
syn glycosidic angle in F16. The roll at individual steps in both
complexes is similar to those observed in other ActD:DNA
complexes and results from binding of the pentapeptide rings.®*
Note that the roll is larger in magnitude for GF:ActD than for
GT:ActD, suggesting a slightly greater curvature of the GF:
ActD complex. As shown in Figures 5 and 6, the significantly
larger value of the rise at the intercalation site is attributed to

(61) Chen, H.; Liu, X.; Patel, D. J. J. Mol. Biol. 1996, 258, 457-479.
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the large gap that forms between the GC and GT/GF steps when
the drug is bound. This separation is pronounced in comparison
with free DNA® and nearly identical in both complexes
described here.

The deoxyribose ring conformations have an average pseu-
dorotation phase angle (sugar pucker) of 130° (GT:ActD) and
136° (GF:ActD) with major interruptions localized to the ActD
binding site (Figure 7).

Analysis of the helical parameters 1; and A, provides further
evidence of the localized distortions in the binding site of both
the GT:ActD and the GF:ActD complexes. The symbol 4 is
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Figure 7. Comparison of the deoxyribose ring conformations in GT:ActD (black) and GF:ActD (red) to the expected values of B-form DNA (dashed

horizontal line).

Table 4. Helical Parameters 1, and 4, for the GT:ActD and
GF:ActD Complexes

GT:ActD GF:ActD

base pair A1 (deg) Az (deg) base pair Aq (deg) Az (deg)
C1-G20 56+ 1 52+ 1 C1-G20 57 +£2 53+1
C2—-G19 58+ 1 54 +1 C2-G19 58 + 2 54 +1
A3—T18 57 +£2 56 £ 2 A3—-T18 59 + 2 56 + 2
A4—T17 57+1 56 £ 2 A4—-T17 57 +£2 51+1
G5—T16 4542 65+1 G5—F16 51+4 81+7
C6—G15 50+1 54 +1 C6—G15 55+ 2 53+1
T7—Al4 51+1 56 + 2 T7—Al4 54 +1 58 + 1
T8—A13 52+ 1 56+ 1 T8—A1L3 56+ 1 58 + 2
C9—-G12 56+ 1 55+1 C9—-G12 59 + 2 52+1
C10—-G11 57+1 54+ 1 C10—-G11 58+ 1 52+ 2

used to represent the angle between the glycosidic bond (N1
(pyrimidine) or N9 (purine) to its own C1’) and the C1’'—C1’
vector with its complementary nucleotide. Each base pair is
characterized by two values of A: 4; is the angle for the strand
C1—-C10, and 4, is the complementary angle for strand
G11—-G20. Table 4 shows the measured values of 1; and 4, in
the GT:ActD and GF:ActD complexes. The Watson—Crick base
pairs of both complexes maintain the symmetry in A angles
observed in the free DNA (nominally 56°). Interestingly, the
asymmetry of the G-T mismatch observed in the free GT duplex
(41° and 66°)*® is largely maintained in GT:ActD (45° and 65°).
The value of A for G5 in the GF:ActD complex (51°) is slightly
reduced from its value in the free GF duplex (54°),'° which
more closely matched the Watson—Crick value, due to binding
of ActD. The larger A angle for F16 in GF:ActD (81°) relative
to “free” GF duplex (70°)® is due to displacement of the non-
hydrogen-bonding isostere into the major groove.

Discussion

The solution structures of two similar DNA duplexes, one
containing a G-T mismatch and the other containing a non-
hydrogen-bonding G-F (where F is difluorotoluene) pair, in
complex with ActD have been determined by NMR spectros-
copy and molecular dynamics simulations. In GT:ActD, binding
of the drug via intercalation at the GT/CG step is indicated by
intermolecular NOEs placing the benzenoid ring between G15
and T16 on one strand and the quinonoid ring between G5 and
C6 on the opposite strand. In GF:ActD, the drug binds via
intercalation at the GF/CG step, albeit in an orientation that is
flipped by 180° relative to the binding site in GT:ActD, as
implied by intermolecular NOEs between the benzenoid ring

and G5 and C6 on one strand and the quinonoid ring between
G15 and F16 on the opposite strand. In both complexes, the
pentapeptide rings lie in the minor groove and span two base
pairs on either side of the intercalation site. These findings are
consistent with the model of the ActD—d(ATGCAT) complex
proposed by Sobell and Jain® despite the inclusion of a G-T
mismatch or a non-hydrogen-bonding G-F pair in place of one
G-C base pair in the binding site.

Thermodynamic measurements*® and footprinting studies®?
have shown that ActD binds with relatively high affinity to DNA
sites containing a central GpC step flanked by A-T base pairs.
While some variation in magnitude was reported depending on
the precise sequence context, binding sites containing 5’-TGCT-
3’ or 5-TGCA-3’ displayed the highest binding constants of
6.4 x 10°to 1.4 x 10" M1, whereas ActD binds more weakly
to sequences containing a CpG step as the intercalation site
(binding constants around 10° M~1). DNA sequences that lack
a GpC step are known to bind ActD rather poorly with binding
constants <10* M~*. Chin et al.*” report a remarkably high
binding constant of (8.2 &= 1.5) x 10°® M~ for ActD with a
DNA hairpin-containing tandem G-T mismatches in the unusual
binding site 5-CGTT-3'/3-TGTG-5. While we have not
measured binding constants in the present study, on the basis
of the lack of exchange broadening in the NMR titration data
at intermediate ratios of added drug (Supporting Information),
we estimate that the overall binding affinity of ActD is nearly
as high in the GF:ActD as in GT:ActD.

Results from previous NMR studies of ActD bound to various
DNA sequences attribute the specificity of drug binding to a
combination of aromatic stacking interactions and hydrogen
bonding.3940:4243.47.5563.64 The displacement of the thymine
residue of a G-T mispair into the major groove (to accommodate
hydrogen bonding with guanine on the opposite strand) leads
to different stacking interactions with adjacent bases than would
result from a G-C base pair in the same position. The persistence
of the G5 and T16 imino peaks at higher temperatures in the
'H NMR spectra in H,O implies that hydrogen bonding of the
G-T base pair is conserved following the binding of ActD,
whereas G5 of GF:ActD shows no evidence of hydrogen
bonding to any acceptor group. We previously reported*® that

(62) Goodisman, J.; Rehfuss, R.; Ward, B.; Dabrowiak, J. C. Biochemistry
1992, 31, 1046-1058.

(63) Wilson, W. D.; Jones, R. L.; Zon, G.; Scott, E. V.; Banville, D. L,;
Marzilli, L. G. J. Am. Chem. Soc. 1986, 108, 7113-7114.

(64) Chen, F.-M.; Sha, F.; Chin, K.-H.; Chou, S.-H. Nucleic Acids Res.
2003, 31, 4238-4246.
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replacing the thymine of a G-T mispair with a difluorotoluene
molecule permits the guanine in the G-F pair to stack with
adjacent bases as if it were in a Watson—Crick base pair,
whereas the difluorotoluene of the G-F pair occupies a position
in the helix that more closely resembles the thymine of a G-T
mispair. In the present study, we have shown that ActD does,
indeed, recognize and bind with high affinity to a DNA sequence
containing a non-hydrogen-bonded pair. The G-C base pairs
that flank the intercalator in ActD—d(ATGCAT) complexes
exhibit prominent stacking of the phenoxazone ring with guanine
residues, but an absence of stacking with cytosine residues.*®
These basic features are also found in the GT:ActD and GF:
ActD complexes with effective stacking observed largely
between the intercalator and the guanine residues of the binding
sites. The intermolecular hydrogen bonds between guanine
residues and ActD that are responsible for the binding specificity
of ActD are maintained in both the GT:ActD and the GF:ActD
complexes. Because the drug is oriented differently by 180° in
the two complexes, these stabilizing hydrogen bonds occur with
different guanine residues (on opposite strands). We believe
these interactions are somewhat weaker than those observed
when ActD binds to canonical Watson—Crick DNA, which
suggests to us that perturbing the binding site (via incorporating
a mismatch or removing interbase pair hydrogen bonding)
destabilizes the complex by an unknown amount.

The recognition of mismatched base pairs by DNA repair
enzymes is a highly selective and finely tuned process that is
essential to sustain biological systems. Kennard and co-
workers®>®® have studied the efficiency of mismatch repair as
a function of DNA sequence, structure and mismatch type. One
particular helical parameter, A, appears to correlate well with
the efficiency of mismatch repair (and, by extension, recogni-
tion). As mentioned above, each base pair is characterized by
two values for A, defined as the angle between the glycosidic
bond (N1 (pyrimidine) or N9 (purine) to its own C1”) and the
C1’—C1’ vector with its complementary nucleotide. Canonical
Watson—Crick base pairs exhibit symmetry with respect to 4,
and A,, each having an average value of approximately 55.9°;
however, the A1 angles at a mismatch site have markedly
asymmetric values.®* " The magnitude of asymmetry in 1 for
various mispairs follows GT > CA > GA and parallels the
efficiency of repair.®~7° In the context of a large oligonucle-
otide, we posited that a repair enzyme might detect damaged
DNA by sensing the deviation from Watson—Crick symmetry
of the base pairs reflected in 1.® Once recognized, however,
we were curious about how the DNA bases would “respond”
and whether or not a binding event would significantly alter
base pair stacking symmetry as measured by A. In both GT:

(65) Hunter, W. N.; Brown, T.; Anand, N. N.; Kennard, O. Nature 1986,
320, 552-555.

(66) Hunter, W. N.; Brown, T.; Kennard, O. Nucleic Acids Res. 1987, 15,
6589-6606.

(67) Allawi, H. T.; SantaLucia, J., Jr. Nucleic Acids Res. 1998, 26, 4925-
4934,

(68) Fersht, A. R.; Knill-Jones, J. W.; Tsui, W. C. J. Mol. Biol. 1982, 156,
37-51.

(69) Lu, A. L.; Welsh, K,; Clark, S.; Su, S. S.; Moldrich, P. Cold Spring
Harbor Symp. Quant. Biol. 1984, 49, 589-596.

(70) Kramer, B.; Kramer, W.; Fritz, H. J. Cell 1984, 38, 879-887.

17598 J. AM. CHEM. SOC. = VOL. 132, NO. 49, 2010

ActD and GF:ActD complexes, whereas the Watson—Crick
bases of the DNA sequence flanking the intercalation sites
maintain symmetry, the A values for the “damaged” pairs in
the binding site demonstrate substantial asymmetry. These
results illuminate two important features of DNA structure and
function: (1) DNA is remarkably flexible and accommodates
stress (such as binding of a small molecule) by localizing
structural deformations and recovers fairly canonical structure
just beyond the binding site; and (2) the hydrogen-bonding
pattern in a base pair defines and fixes the aromatic stacking
interactions between the bases and nearby aromatic molecules,
whether covalently attached to the DNA or not. In the case of
GT:ActD binding, the hydrogen bonding in the G-T base pair
(though non-Watson—Crick) confers asymmetric 4 angles and
provides minimal flexibility for the bases to move relative to
one another to improve the stacking with the phenoxazone
intercalator. In GF:ActD, however, due to the absence of
hydrogen bonding, guanine (G5) and difluorotoluene (F16) in
the G-F pair can move independently to establish favorable and
stabilizing interactions with nearby groups/bases. Because it is
not tethered by hydrogen bonding to the base on the opposite
strand, guanine (G5) stacks with the ActD phenoxazone core
more effectively than guanine in a G-T mismatch, but less
effectively than guanine in a G-C base pair (based on A values).
Likewise, difluorotoluene in the G-F pair of GF:ActD (that, even
in the free GF duplex, is less well stacked than the thymine of
a G-T mismatch) stacks extremely poorly in the helix (having
a A value of 81°) and with the ActD phenoxazone core. The
fact that the glycosidic torsional angle in free GF duplex*® is in
the anti conformation whereas we observe it to be syn in the
GF:ActD complex may be driven by a hydrophobic effect. The
F16 methyl group is found to orient into the minor groove where
it may enhance the hydrophobic pocket in which the ActD
intercalator sits (see Figure 5B). We further speculate that the
difference in the shape of the binding pocket for the phenox-
azone intercalator when bounded by GT/GC (in GT:ActD)
versus GF/GC (in GF:ActD) is responsible for the different
orientations observed for ActD in these complexes. Given that
stabilizing hydrogen bonds are still able to form between the
residues in the peptide rings of ActD that are in close contact
with the DNA, regardless of the orientation of the intercalator,
drug binding to both sequences with high affinity is achieved.
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