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Abstract: The anticancer drug actinomycin D (ActD) binds to DNA by intercalating its phenoxazone ring at a GpC
step with the drug’s two cyclic pentapeptides located in the DNA minor groove. The binding affinity to the GpC
site is influenced by the flanking sequences. We have analyzed the structure of the complexes of ActD
d(GAAGCTTC) and ActD-d(GATGCTTC) by NOE-restrained refinement. Binding of ActD to thé AGCT),—
sequence causes themethyl group of MeVal to wedge between the bases at the ApG step, resulting in kinks on
both sides of the intercalator site. Surprisingly ActD forms a very stable complex with d(GATGGTT @hich

the same methyl group now fits snugly in a cavity at the TpG step created by the T:T mismatched base pair. In
contrast, ActD does not stabilize the unstable Ardismatched d(GAAGCATG)duplex to a significant extent.

Such high-resolution structural information helps reveal the sequence preference of ActD toX&dY—
tetranucleotides. The triplet repeat (CAGNd (CTG) motifs, which are associated with several genetic diseases
such as Huntington’s disease/spinobulbar muscular atrophy and myotonic dystrophy, c&@&@W— and—TGCT—
sequences. It was found by NMR spectroscopic studies that ActD significantly stabilizes the mismatcheg (CAG)
and (CTG) duplexes and prevents them from annealing with each other to form the Walsick duplex. This
suggests that ActD may trap the cruciform structure of the (GAGT G), sequence and may exert certain biological
actions (e.g., stopping the expansion during replication), since interference of the equilibrium between the duplex
and cruciform structures by proteins or drugs may have biological consequences.

Introduction
ﬁ Il | ﬁ
Actinomycin D (Figure 1) is a potent anticancer drug. It has CH\aN _C—CH- N—C\CH/k HC/C—N—CH-C\N/CHa
been shown that ActD binds strongly to DNA duplexes, thereby [ O\ pe {w | | DV} o
interfering with replication and transcription. The sequence HP SE’MBZ_””QW | | AN THe
specificity of ActD has been analyzed extensively by a variety o_c / cH, C=0 0=C cn, o \ ¢=o0
of methods, including chemical footprintirgNMR,? X-ray N C_O_CH N Hé_CH_O_ﬂ\ /,L
crystallography’, and photoaffinity cross-linking® These oy cH | [ CH  cH,
o . . . HN o o) NH
results suggest that the GpC site is the major preferred binding )\ Z - )\
10 4
T Abbreviations used: ActD, actinomycin D; bp, base pair(s); COSY, . N\ . NH,
correlated spectroscopy; NOE, nuclear Overhauser effect; NOESY, NOE
spectroscopy; oligo(s), oligonucleotide(s); ppm, parts per million; RMSD, 7 N
root mean square deviation; SPEDREF, spectral-driven refinement; 2D, two- 8 ° 4 o
dimensional; Pxz, phenoxazone. CH cH
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(CTG), repeat is associated with myotonic dystropfyHow

Lian et al.

structures of the (CAG)and (CTG) triplets and the binding

these unusual repetitive sequences correlate with the etiologyof ActD to them.

of these diseases has been under intense $tudiese repeats

are found both inside and outside the coding region of known

genes. For example, the (CAGepeat is located in the protein

coding region of the spinobulbar muscular atrophy (androgen

receptor) gene, presumably resulting in a long insertion of {gIn)
peptides sequence into its gene prodcOn the other hand,
the (CGG) repeat is located outside the coding region of the
FMR-1gene on the Sside. Methylation of the CpG sequence
in the (CGG) repeat, which may affect its structure, plays an
important role in the biological consequence of the refat.

Experimental Section

The oligonucleotides were synthesized on an automated DNA
synthesizer at the Genetic Facility of UIUC. Actinomycin D was
purchased from Sigma (St. Louis, MO) and dissolved in methanol as
stock solutions. The concentration of ActD solutions was determined
from its optical density d22anm = 35 280). The solutions of various
ActD—DNA complexes for NMR studies were prepared by dissolving
the ammonium salt of the oligos plus the appropriate amounts of ActD

The mechanism by which those repeats are extended duringstock solution in 0.55 mL of phosphate buffer solution (20 mM sodium
replication is under intense scrutiny. Some have proposed thatPhosphate, pH 7.0) to produce a final duplex concentration-t 1
a “slippage” process occurs due to the ease of the formation of MM for octamers and 0-10.3 mM for 32mers. For 1-D O spectra,

hairpin structures for these repeating sequeftesndeed

several recent studies have shown that certain triplet repeats

e.g., (CAG) and (CTG), but not (CGA), have a strong
propensity to form hairpin structuré%. Therefore DNA duplex
encoding the (CAG)(CTG), repeats may easily exchange

between duplex and cruciform, especially under the negative
supercoiling strain. If there are proteins or other ligands (e.g.,

the ActD—DNA complexes solutions were vacuum-dried in a SpeedVac
at room temperature. The dry powder then was dissolved in 0.55 mL
bf 90%H0/10%D,0 solution. 1D-NMR spectra were collected using
the 1-1 pulse sequencé.

For 2D NOESY spectra, each sample of the octamer oligos and their
ActD complexes was dried on the SpeedVac first. The dried powder
was then dissolved in 0.5 mL of 99.8% O and dried again on the

SpeedVac. This step was repeated three times and the sample was

drugs) that can stabilize the stem of the cruciform, this process dried in an NMR tube with a stream of dry nitrogen gas. Finally, 0.5

would be inhibited.
Parenthetically, DNA oligos with sequences related 'te 5

mL of 99.96% DO (Aldrich, Milwaukee, WI) was added to produce
the sample. Both 1D- and 2D-NMR spectra were recorded on a Varian

CGA adopt a parallel-stranded (PS) double helices with all base VXR500 500 MHz spectrometer. The chemical shifts (in ppm) are

pairs of the nonWatsenCrick self-pairing type, i.e., A with
A, T with T, G with G, and, finally, C with C.1* Whether
this property is related to its inability to form hairpin structures
remains to be resolved.

Inspection of the (CAGJ(CTG), triplet repeat reveals the
existence of many GpC ActD binding sites. What is the DNA
structure associated with the (CABLTG), triplet sequences

referenced to the HDO peak which is calibrated to 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) at different temperatures. Phase sensitive
NOESY spectra were recorded as 1mhcrements of 1024 (or 2048)
complex points each (in thie dimension) and averaged for 24 scans
per FID. The recycle delay was 4.37 s and the mixing time was 100
ms for the NOESY. The 2D-NOESY spectra in®iwere collected
using the 1 pulse sequence as the read pétse.

The 2D data sets were processed with the program FELIX version

in the presence of ActD? In this paper we have studied the 1.1 (Hare Research, Woodinville, WA) on Silicon Graphics worksta-
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Warren, S. T.; Oostra, B. A.; Nelson, D. L.; Caskey, CCEll 1991, 67,
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Zhang, F.; Eussen, B. E.; van Ommen, G-J. B.; Blonden, L. A. J.; Riggins,
G. J.; Chastain, J. L.; Kunst, C. B.; Galjaard, H.; Caskey, C. T.; Nelson, D.
L.; Oostra, B. A.; Warren, S. TCell 1991, 65, 905-914.
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1993 72, 971-983. (b) LaSpada, A. R.; Wilson, E. M.; Lubahn, D. B.;
Harding, A. E.; Fischbeck, K. HNature 1991 352 77-99.

(10) (a) Brook, J. D.; McCurrash, A. E.; Harley, H. G.; Buckler, A. J.;
Church, D.; Aburatani, H.; Hunter, K.; Stanton, V. P.; Thirion, J.-P.; Hudson,
T.; Sohn, R.; Zemelman, B.; Snell, R. G.; Rundle, S. A.; Crow, S.; Davies,

J.; Shelbourne, P.; Buxton, J.; Jones, C.; Juvonen, V.; Johnson, K.; Harper,

P. S.; Shaw, D. J.; Housman, D.Eell 1992 68, 799-808. (b) Mahadevan,
M.; Tsilfidis, C.; Sabourin, L.; Shutler, G.; Amemiya, C.; Jansen, G.; Neville,
C.; Narang, M.; Barcelo, J.; O’'Hoy, K.; Leblond, S.; Earle-Macdonald, J.;
de Jong, P. J.; Wieringa, B.; Korneluk, R. Sciencel992 255 1253-
1255.

(11) (a) Caskey, C. T.; Pizzuti, A.; Fu, Y.-H.; Fenwick, T. G., Jr.; Nelson,
D. L. Sciencel992 256, 784-789. (b) Nelson, D. L.; Warren, S. Nature
Genet 1993 4, 107-108. (c) Martin, J. BSceincel993 262 674-676.

(d) Miwa, S.Nature Genet1994 6, 3—4. (e) Richards, T. I.; Sutherland,
G. R.Cell 1992 70, 709-712.

(12) Leach, D. R. FBioEssaysl994 16, 893-900.

(13) (&) Chen, X.; Mariappan, S. S. V.; Catasti, P.; Ratliff, R.; Moyzis,
R. K.; Laayoun, A.; Smith, S. S.; Bradbury, E. M.; Gupta, Boc. Natl.
Acad. Sci. U.S.A1995 92, 5199-5203. (b) Mitas, M.; Yu, A.; Dill, J.;
Kamp, T. J.; Chambers, E. J.; Haworth, |.Nucleic Acids Resl995 23,
1050-1059. (c) Zhu, L. M.; Chou, S. H.; Xu, J. D; Reid, B. Rature
Struct. Biol.1995 2, 1012-1017. (d) Smith, G. K.; Jie, J.; Fox, G. E.;
Gao, X. L.Nucleic Acids Resl995 23, 4303-4311. (e) Mariappan, S. V.
S.; Catasti, P.; Chen, X.; Ratliff, R.; Moyzis, R. K.; Bradbury, E. M.; Gupta,
G. Nucleic Acids Resl996 24, 784-792. (f) Gacy, A. M.; Goellner, G.;
Juranic, N.; Macura, S.; McMurray, C. Tell 1995 81, 533-540. (g)
Mariappan, S. V. S.; Garcia, A. E.; Gupta, Bucleic Acids Res1996 24,
775-783.

(14) Robinson, H.; Wang, A. H.-Proc. Natl. Acad. SciU.S.A 1993
90, 5224-5228.

tions. Linear prediction was used to correct the first data poit.in

In both thet; andt, time domains, the NOE data were apodized to
reduce truncation artifacts by having the last quarter of the FID smoothly
attenuated to zero with a sine bell squared curve. The resulting FID
was exponentially multiplied with a constant of 4 Hz. The mixing
time 100 ms was selected as it gives an optimum number of NOE
observables without the problem of severe spin diffusion or yielding
too few measurable NOEs. The inversion recovery experiment
determined thd; relaxation time for every spin, with an averaggeof

1.7 s for all protons. The recycle time of 4.37 s is about 2.57 times of
the averageT;, amounting to about 92.5% complete recovery of
magnetization on average.

All measureable NOE crosspeak integrals have been determined by
the program MYLOR and subsequently included in the refinement.
The number of unigue NOEs above a certain overlap cutoff level can
be defined. The definition of the overlap cutoff means, using a 50%
cutoff as an example, that for each integral at least 50% of the volume
is due to that crosspeak.

Starting models of the octamer DNA GAAGCTTC and GATGCTTC
and their 1:1 complexes were built using MIDAS (University of
California). The initial duplex conformation of the dinucleotide
surrounding the ActD site was that of the crystal structure of the ActD
GAAGCTTC complextd The ActD, using the atomic coordinates of
its high-resolution crystal structufewas docked into the intercalation
cavity. A B-DNA tetranucleotide was overlaid on both ends of the
complex. In the case of the ActBGATGCTTC complex, models
incoporating two possible T:T base pair configurations were built. All
initial models were energy minimized of using conjugate gradient.

The structure refinement of the octamer DNAs and their ActD
complexes has been carried out by the procedure SPEDRHRe
force field parameters of ActD were adjusted to conform to its high

(15) Hore, P. JJ. Magn. Res1983 54, 539-542.
(16) Robinson, H.; Wang, A. H.-Biochemistry1l992 31, 3524-3533.
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Table 1. Refinement Statistics of Two ACtBDNA Complexes

J. Am. Chem. Soc., Vol. 118, No. 37, BY93

number of NOE restraints

d(GAAGCTTC), + ActD d(GATGCTTC) + ActD

reliablet total reliablé total
DNA intraresidue 150 561 210 593
DNA interresidue 279 473 298 489
DNA to ActD 253 650 254 639
ActD to ActD 245 511 263 553
total 927 2195 1025 2274
R-factor (%) 235 22.5 24.6 23.3
structure statistics (rmstl)
NOE violations (A) 0.32 0.35
bond deviations of DNA (A) 0.012 0.012
bond deviations of ActD (A) 0.012 0.010
angle deviations of DNA (deg) 3.4 3.4
angle deviations of ActD (deg) 2.6 2.7

aTotal NOE restraints are all NOEs from the model that are greater than 0.1% of the diagonal for each spin at zero mixing time. Reliable NOEs
are defined as those whose overlap is less than 50% for this nearly 2-fold symmetric mdl8tégmonid potential wells were used for the NOE
restraints. Thus, the rmsd of the NOE violations represents the differences between the target distance and the actual distance from the model. For
the rmsd’s of the bonds and angles the deviations are relative to the parameters as defined in X-PLOR 3.1’s parahle.dna and topallhdg.pro parameter
files.

resolution crystal structuf®. The program X-PLOR was used for
the molecular dynamics simulation and energy minimization. For the A D
first 40 refinement cycles, the molecular complex with NOE restraints
were slowly annealed from 300 to 40 K, and then subject to conjugate
gradient minimization with NOE-restrains. For the next 20 refinement
cycles, the low temperature annealing was deleted from the procedure
and the refinement was performed with only NOE-restrained conjugated
gradient minimization. The NMRR-factor is defined a® = Y |N, — B E
Ncl/Y No, whereN, and N; are the experimental and calculated NOE
integrals, respectively. The refinement statistics of two structures are
listed in Table 1. The atomic coordinates of the refined structures of .J\
the 1:1 complexes ActBGAAGCTTC and ActD-GATGCTTC have A

been deposited in Brookhaven Protein Databank (Entry ID codes IDSC
and IDSD, respectively). C F

Results and Discussion

[

" M
¥ Wand

Structure of ActD —DNA Complexes. We have chosen the "14' 13 12 11 1413 12 11
DNA octamer d(GAAGCTTC) as the canonical sequence for ppm ppm
NMR structural study, since the crystal structure of its 1:1 Figure 2. The imino proton region of the proton 1D NMR spectra (2
complex with ActD has been determinedd3A resolutioricd °C) from three DNA octamers and their complexes with ActD. The
and it may serve as a reference structure for comparison with left panels are from DNA alone and the right panels are from the BNA
other structures. We have studied three related DNA sequencesActD complexes. (A) GAAGCTTC, (B) 1:1 ActBGAAGCTTC
GAAGCTTC, GATGCTTC, and GAAGCATC. Their 1D complex, (C) GATGCTTC, (D) 1:1 ActbGATGCTTC complex, (E)
NMR spectra suggested that the first octamer formed a stableGAAGCATC, and (F) 1:1 ActD-GAAGCATC complex.
duplex as expected, but the latter two did not (Figure 2 and
Figure 1 of the supporting information). The structure of
GAAGCTTC has been refined using the NOE-restrained refine-
ment proceduf$ (data not shown) and it is similar to the
canonical B-DNA, in contrast to its crystal structure being an
A—DNA 3d

Addition of ActD to solutions of the DNA octamers caused
extensive changes in their NMR spectra. Figure 2 shows the

titration of ActD to DNA solutions as monitored by the imino Since ActD does not possess an exact 2-fold symmetry, its

{Jroton resonanclgs.t Th!s reg;ﬁn of the spectra Wasl chotse(zjn ]forbinding to a palindromic DNA causes both the ActD and DNA
WO reasons. FIrst, since he resonances are locate arprotons to become nonequivalent (thus having different chemical
downfield from most other resonances (i.e., overlapping less

likely), they can be conveniently used to follow the titration of shifts). For example, the chemical shifts o1’ (6.16 ppm)

- and G3H1' (6.21 ppm) are split apart by 0.05 ppm. In fact the
ActD. Seconq, the appearance of the Imino proton rgsonanceﬁdemit; of t(hese ?\Eo )protonrs) Wars) mage by tﬁg different NOE
(e.g._,_peak height a_nd sharpness) provides information on thecrosspeak intensities to the drug protons. For example, PxzH8
stability and dynamics of the DNA duplexes. It can be seen has significant NOEs to GH1' and G,H1', but not to the

that.l;)inding .Of ActD to Gpecontainipg DNA sequences respective gH1' and GH1'. Thus the orientation of ActD in
stabilized their duplex structure to varying degrees, dependlngthe DNA intercalation cavity is unambiguously defined. Exten-

on the flanking sequences. sion of the assignment into other regions could be made

(17) Brunger, A. T. X-PLOR, 1993, version 3.1, The Howard Hughes sy§tematically, as exe.mpli_fied by the argmati(? td/H2" region
Medical Institute and Yale University, New Haven, CT. (Figure 2 of supporting information) in which a number of

The 1:1 complexes of AcCtBGAAGCTTC and ActD-
GATGCTTC have well-resolved 2D-NOESY NMR spectra
(Figure 3) for which resonance assignment and refinement have
been carried out using the procedure developed in this labora-
tory .16

ActD—GAAGCTTC Complex. Figure 3A shows the aro-
matic-HZ1 region of the nonexchangeable proton 2D-NOESY
spectrum from which the sequential assignment was deduced.
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Figure 3. Experimental and simulated 2D-NOESY spectra of (A and B) the 1:1 complex of AGEAGCTTC duplex and (C and D) the 1:1

complex of ActD-GATGCTTC. The aromatic-HIH5 region is shown, with the sequential assignment pathway indicated. The simulated spectra
were calculated using a full spin relaxation matrix based on the refined structures as described in the text. Note that the spectra from both 1:1
complexes have two assignment pathways. This is due to the asymmetry of ActD phenoxazone (Pxz) chromophore. The nucloetides in the first
strand were labeled numerically from 1 to 8. Likewise, the ones in the second strand were labeled from 9 to 16. The phenoxazone ring was oriented
in the way that H7, H8 are nean4 T14in the second strand. Those peaks that are not in the pathways are labeled alphabetically: In parts A and
B, a, PxzH8-Cy3H1'; b, PxzH7-Gy,H8; ¢, TH6—CgH5; d, Ci3H5—C,3H6; e, CgH5—CsH6 and GeH5—C,6H6; f, CsH5—CsH6; g, ThrsHN—Gg-

H1'; h, ValigHN—ThrgHS and VabsHN—ThriHpB. In parts C and Da, PxzH7-C,3H5; b, PxzH8-C,3H1'; ¢, T/H6—CgH5; d, PxzH7-G1,H8; €,

C13H5—Cy3H6; f, CeH5—CgH6; g, CsH5—CsH6; h, A,H2—T5HT'; i, AjgH2—T1HY'; j, A,H8—T3H6 and AH8—T1:H6.

informative NOE crosspeaks are found. NotablyHA& to
MeValk,NMe and A1H2 to MeVah/;NMe crosspeaks are very
intense, suggesting that tiemethyl group of MeVal nudges
tightly against the floor of the A¥base pair in the minor
groove.

aromatic/HYHS5 regions of the 2D-NOESY spectra. Note that
the GN2/G;2N2 amino protons are detected as well-resolved
peaks, suggesting that the rotation about @2e-N2 bond in
these two guanines is slow. This is consistent with the fact
that the G-N2 amino group is involved in the hydrogen bonding

The assignment of the exchangeable protons was furtherinteraction with the peptide carbonyl of the Thr residue from

carried out.

Figure 4 shows the amide/amino protons to ActD. Some amide NH protons in the complex exchange with
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Figure 4. The imino/amide to aromatic/HH5 crosspeak region of the proton 2D-NOESY spectraGpfrom (A) the 1:1 ActD-GAAGCTTC
complex and (B) the 1:1 ActbGATGCTTC complex. The marked key crosspeaks in both spectra are @HNirG,H2b; b, ThigHN—G4H1';

¢, ThsHN—GoH2b; d, ThesHN—G,H1'; e, GH2a—G,4H2b; f, G,H2a—G;,H2b. They are consistent with the hydrogen-bonding interactions
between the Thr amide group of ActD and the N2,N3 of guanine of DNA in the minor groove.

H,O extremely slowly. For example, both Thr NH protons the Pxz aglycon ring causes the backbone of the-Gy4 strand
remained unexchanged to a great extent i@ for days in the to move by~2.0 A. This amino group is in a good position to
NMR tube. This is evident in Figure 3A, where peak g is the form a hydrogen bond to the O4f Cs (N---O4' distance 2.7
crosspeak between THHN and GHY'. A). The offset position of the ActD in the GpC intercalation

Table 2 lists the chemical shifts of all honexchangeable cavity makes the complex no longer 2-fold symmetrical,
resonances and most of the exchangeable resonances of Act2onsistent with the observed NMR data. In both complexes
and DNA. A total of 927 reliable restraints were derived for the G-C base pairs next to the aglycon have large buckles,
the NOE refinement which resulted in an NMRfactor of similar to those seen in other complexes of intercalators (e.g.,
23.5%. Some of the important intermolecular NOE crosspeaks daunorubicin and nogalamycin) and DNA.

between ActD and DNA are listed in Table 3. The refined The local structure of ActB(GpC), at the binding site in
structure has an RMSD of 2.77 A with the starting model.  the 1:1 ActD-GAAGCTTC complex is in general similar to
The refined structure (Figure 5A) shows that the ActD binds that from two recent crystal structures, one from @space
in and significantly widens the minor groove. ActD in the grougc and the other from th&222 space grouf! although
complex maintains its pseudo-2-fold symmetry to a large extent, several important deviations were found. In @2crystal, the
with the RMSD between the two penptadepsipeptide rings being entire 1:1 ActD-GAAGCTTC complex is in the asymmetric
1.56 A. There are two interpeptide hydrogen bonds between ynit of the crystal unit cell. Interestingly the ActD in the
NH of p-Val on one peptide ring and the carbony+=O of complex of theC2 form is significantly deviated from the
p-Val on the other peptide ring which provide conformational pseudo-2-fold symmetry with the two pentapeptide rings adopt-
rigidity to ActD. Such strong hydrogen bonds explain the slow jng very different conformations. This is likely due to crystal
exchange rate of the \iglVal,, amide protons, as seen in Figure packing, since the NOE data did not reveal such a large
3A (peak h). Several strong intermolecular AetDNA difference. In theé=222 crystal, however, only half of the 1:1

hydrogen bonds are found, including those between thblig, ActD—GAAGCTTC complex is in the asymmetric unit of the
and the carbonyl €0 of the Thr residue which defines the

sequence specificity for the GpC step. The amino group from  (18) Wang, A. H.-JCurrent Opin. Struct. Biol1992 2, 361—368.
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Table 2. Chemical Shifts (ppm) for d(GAAGCTTGH ActD and d(GATGCTTC) + ActD complexes at 2C
d(GAAGCTTC), + Act—D

H5/Me/H2  H8/6  HI  H2  H2'  H3 H4' H5  H5'  H1/3  H2/4/6(a)  H2/4/6(b)}
Gl 7.9 549 253 270 253 484 415 366 12,54
A2 7.50 828 581 279 289 506 438 415  4.04 na na
A3 7.70 799 58 235 235 501 429 416  4.16 na na
G4 753 548 241 265 500 379 408 389  11.98 8.01 7.02
cs 5.72 760 616 235 235 463 423 415 370 7.95 6.94
T6 1.73 752 601 213 256 486 3.85 423 409  14.02
T7 1.81 748 612 220 252 4.8 414 408 408  14.17
(o:} 5.88 769 628 230 230 461 402 415  4.03 8.24 7.30
G9 790 549 253 270 415 415 366 366 1254
Al0  7.44 828 582 280 291 506 438 415 404 na na
All  7.60 8.0l 582 244 244 501 432 415 415 na na
G12 745 547 247 264 501 376 409 397 1231 8.08 7.27
C13 587 762 621 195 256 450 396 425  3.95 7.87 7.02
T4 175 744 601 209 262 485 3586 424 408  14.02
T15  1.80 748 613 220 251 487 414 408 408  14.17
C16  5.88 769 628 230 230 461 402 415  4.03 8.24 7.30
HN/MeN  Ha Ha Hb Ho  Hg/Me Hg/Me  Hd Hd H7 H8  H4Me  H6Me
Pxz17 654 7.1  1.50 1.85
Thr1s 7.66 4.54 5.22 1.37
Val19 8.07 3.65 2.15 1.05 0.83
Pro20 6.38 335  1.99 2.27 2.05 3.94 3.66
sar21 2.96 436  4.44
Mva22 2.84 2.81 2.52 0.92 0.92
Thr23 7.79 4.75 5.22 1.38
Val24 8.09 3.64 2.16 1.05 0.83
Pro25 6.36 325 213 2.27 2.04  3.87 3.66
Sar26 3.00 440 455
MeVal27 2.93 2.82 2.53 0.92 0.92
d(GATGCTTC) + ActD
H5/Me/H2  H8/6 H1  H2  H2'  H3 H4' H5' H5'  HL3  H2/4/6(@  H2/4/6(b)
Gl 791 555 256 270 483 412  3.66 3.66 na na na
A2 8.16 832 629 278 286 500 445 4128  4.08 7.46 6.36
T3 1.68 6.67 561 061 125 471 385  4.28 4.02  10.83
G4 768 565 260 266 484 390 412 392 1252 7.84 7.27
cs 5.78 763 623 237 246 466 424 418 3.78 7.82 6.92
T6 1.66 753 599 198 253 489 389 422 4.08  10.63
T7 1.84 753 610 224 249 490 411  4.08 3.97  14.47
cs 5.88 769 630 230 230 460 403 418 4.04 8.21 7.34
G9 791 555 256 270 483 412  3.66 366 na na na
A10 8.16 832 629 278 286 500 448  4.18 4.08 7.46 6.36
T11 1.64 670 556 059 118 460 392  4.28 3.97 1081
G12 762 562 261 273 480 380  3.97 418  12.84 7.91 7.43
C13 5.94 767 623 201 260 454 400 4.28 4.01 7.71 7.01
T14 1.64 746 595 189 256 485 391 424 4.07  10.46
T15 12.84 754 611 224 249 490 411  4.08 3.97  14.47
C16 5.88 769 630 230 230 460 403 418 4.04 8.15 7.35
HN/MeN  Ho  Ho  HB  HB  HyMe HyMe  Ho  Ho H7 H8  H4Me  H6Me
Pxz17 6.68 7.2 156 1.92
Thr18 7.97 4.61 5.21 1.40
Val19 8.07 3.66 2.16 0.83 1.05
Pro20 6.40 336  1.96 2.26 2.06 400 3.70
sar21 2.91 430 4.36
Mva22 2.79 2.93 2.47 0.81 0.92
Thr23 8.16 4.80 5.24 1.40
val24 8.09 3.65 2.15 0.83
Pro25 6.36 3.22 207 2.26 2.06 3.90 3.70
Sar26 2.94 433  4.46
MeVal27 2.82 2.97 0.82 0.93

aH2/4/6(a) are base-pair hydrogen bonded amino protons, H2/4/6(b) are not.

crystal unit cell, forcing the complex to adopt an exact ActD significantly stabilizes the GATGCTTC duplex in which
2-fold symmetry due to the crystallographic disorder. This is two T:T mismatched base pairs are incorporated (Figure 2C,D).
again likely due to crystal packing, since the NOE data show The structure of the 1:1 ActBGATGCTTC complex has been
that the two strands of DNA are not equivalent. The RMSD similarly determined by NOE refinement using 1025 reliable
between the NMR structure and tR@22 crystal structure is  restraints with an NMAR-factor of 24.6% (Table 1). Two initial
2.47 A. models incorporating different T:T base pair configuraions were
ActD—GATGCTTC Complex. ltisinteresting to note that  refined and they converged to essentially the same structure
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Table 3. Largest observed NOHor each ActD spin to
d(GAAGCTTC), and d(GATGCTTC)

d(GAAGCTTC) uniquely defined as far as the pairing configuration relative to
Pxz17  H8 Cl3 Hi 222 Gl2 Hz 6.05 the ActD position is concerned. 302 and EN3 are hydrogen
H7 Cl3 H5 180 GI12 H2 2.28 bonded to T,N3 and T404, respectively, whereas®@4 and
Me6 Cl13 H5 044 G12 H8 0.36 T-N3 hvd bonded to N3 and T.O2 tivel
Med G4 H8 029 C5 H5 0.19 ¢S are hydrogen bonded toulNs and his, respectively.
To 1822 To  23-27 The T:T base pairing conformation places the'/H2" of T3
Thr Ha G4  HT 066 G12 H1 0.82* and T directly over the guanine base ring ot @nd G,
1823 M3 C5 H4 0.58 G12 H1 0.64 respectively. The strong ring current effect of the guanine bases
Mey G4 HI 232 Gl12 H1 1.78 causes the chemical shift of Haf T3/T11 to move extremely
Val Ho T14 HI 058 T6 H1 0.27 upfield to 0.61/0.59 ppm, fully consistent with the observed data
19/24  Me/l 16  HI 0.28 (Table 2). Similarly, the chemical shift of H2 of;AA 190 moves
Mey2 T15 HS 015 T7 HS 0.12 far downfield to 8.16 ppm, due to the deshielding effect resulting
Pro Hoo Ci3 HI 133 C5 H1 1.32 from the destacking of the adenine bases from #&:T bases.
20/25 H31 Cl13 H1 5.08 C5 H1 4.69 . .
HB2  Tl4 H4 491 C5 H1 463 ~Our structures may offer a plausible explanation for the
Hyl C13 H4 513 C5 H4 9.21 binding preference of ActD te- XGCY — sequences embedded
Hy2 C13 H4 6.20 T6 H3 7.38 in ATA—(XGCY)—TAT: TGCA > AGCT ~ CGCG >>
Hol  C13 HI 160 C5 H4 2.32 GGCCT Figure 6 shows the close-up views of the complexes
Hoz  C13  H4 165 C5 H4 1.90 at the ActD intercalation site. Note that in the complex the
Sar MeN T15 H5 1.77 T7  H5 1.76 ide ri i . i i
5126 Mol T4 HI 537 Al Ho 139 outerfedges of the pehptlr(]je rings (i.e., the S_ar Mfe\(lal glpipude
He2  T14 HI 186 T6 M1 134 part) rom ActD reach the minor groove side of the flanking
base pairs. In the AcCtBGAAGCTTC complex, theN-methyl
Meval MeN A3 H2 238 All H2 2.59 f MeVal is i | ith the base. forcing th
22127 Hu G4  H4 390 G12 HA 289 of MeVal is in very close contact with the base, Aorcing the
HB G4 H4 1.04 G12 H4 0.43 A3pG;, step to be wedged open by the methyl group, as evident
Meyl T15 H4 025 Gl12 H4 1.09 from the very strong NOE crosspeaks ofH2-MeVabk:MeN
Mey2 G4 HS 143 17 HI 0.37 (and similarly A;H2-MeVab;MeN) (Table 3). Such a wedging
d(GATGCTTC) interaction by a methyl group is reminiscent of the observation
Pxz17  H8 Ci3 Hi 239 Gl2 HZ 5.52 in complexes of several HMGbox proteins (e.g., SRY, LEF-
H7 Cl13 H6 241 Gl12 H2 2.35 1) and DNAL®
Me6 C13 H5 049 G12 HS8 0.41 ' _ )
Me4 G4 HS8 0.27 C5 H5 0.15 When the—AGCT— sequence is switched toaTGCA—, the
To 18-22 To  23-27 van der Waals clashes between adenine base and MeVal-MeN
Thr Ha G4  HY 093 Gl12 H1 0.82 found in —AGCT— become diminished ir-TGCA—, making
18/23 W3 G4 HI 099 G112 H1 0.69 it energetically more favorable. Such a property may explain
Mey G4 HI 319 Gl2 Hi 179 why —TGCA- is a slightly better binding sequence for ActD
val Ha T4 HI 060 T6 HI 0.62 than for—AGCT—. However, through our computer modeling
1924 h’;"ﬁ”% g‘”' :i g-ig $g :% 8-% studies, in both the-CGCG- and —GGCGC- sequences, the
4 , : ' N2 amino groups from the flanking G:C base pairs are shown
Pro Mo C13  HI 109 G5 H1 167 to have serious van der Waals clashes with Kamethyl of
2025 H31 C13 H1 514 C5 H1 4.54 | si h de i he mi iting i
HE2  T14 H4 463 C5 H1 5.14 MeVal since they protrude into the minor groove, resulting in
Hyl C13 H4 360 T6 HSB 5.99 greater instability. However, ActD binds nearly equally well
Hy2 C13 H4 428 T6 H5 9.75 to —CGCG- and —AGCT—,” seemingly contradicting the
Hol  C13 H4 086 C5 H4 1.39 modeling studies. One possible reason may be related to the
HO2  C13  H4 09 T6 HS 241 sequence context in which the tetranucleotides are embedded.
Sar MeN — Ti4 H1 124 76  HI 151 In the decamer ATA(CGCG)-TAT, ActD may actually bind
2126  Hil  T14 HI 201 T6 HIL 1.37 .
H . to the —CGTA—, not the—CGCG—, site. Here the loss and
o2 T14 HI 126 T6 H1 1.40 . L . .
) the gain of the binding energies due to the flanking sequences
MeVal MeN T3 HI 127 Ti1 H1 1.10 h oth hat ActD h bindi ffinity f
227  Hx G4 HE 509 G12 H5 5.82 compensate each other so that ActD has a binding affinity for
HB G4  HB' 356 G12 H4 0.47 —CGTA- comparable to that for AGCT—. In the decamer
Meyl G4  HB’ 0.75 G12 H5 1.13 ATA—(GGCC)-TAT, no alternative ActD binding site, except
Mey2 G4 HY 265 G112 HA 0.94 the —GGCC- site, exists. Consequently, ActD has the least

J. Am. Chem. Soc., Vol. 118, No. 37, BF®9

All four T—N3 imino protons in the complex are clearly
detected (Figure 2E), suggesting that the T:T base pairs are

aNOE intensities are percents of the scaled total for that spin at bindi!’lg affinity with —GGCC- due to the unfavorable G/C
zero mixing time at complete relaxation. The NOE is the average of flanking sequences.

the two observables. The average cytosine-Hb NOE intensity is ; .
8.94%. Methyl intensities are reported per spin, thus the intensity is In the complex of AGtB-GATGCTTC, the unique T.T base

divided by 3. NOE intensities between 0.1 and 0.2 are weak, between Pair conformation generates a cavity in the minor groove (Figure
0.21 and 1.0 are medium, and above 1.0 are strong. 6B) where theN-methyl group of MeVal is tucked snugly

against the floor of the T:T base pair, without the TpG step
being wedged open. Such a tight fit apparently provides an

with an RMSD of 0.85 A bewteen the final two refined
structures. Representative intermolecular erDiNA NOE increased stability to the binding of ActD to theTGCT—

crosspeaks are "St?d in Table 3. The agreement_between _th%equence. In contrast, the A:A mismatched base pair is known
experimental and simulated 2D-NOESY spectra (Figure 3B) is to be very destabilizing to B-DNA. Addition of ActD to

excellent, supporting a well-refined structure (Figure 5B) which G A AcATC did slightly stabilize the duplex as judged by the
ShOWS. again that the_ ACtD b|nds_|n and significantly widens weak imino proton signals (Figure 1F). However, the poor
the minor groove. Similar strong intermolecular ActDNA

hydrogen bonds as those of the AetBAAGCTTC complex
are found.

(19) Werner, M. H.; Gronenborn, A. M.; Clore, G. Mhciencel996
271, 778-784.
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Figure 5. The refined structure of the 1:1 complex of (A) AcHEAAGCTTC and (B) ActD-GATGCTTC.

quality of its 2D-NOESY spectrum did not afford a reliable spectrum are from Gand G NH1 protons, respectively,

structural analysis. whereas the other more upfield resonances at 10.98 and 10.96
ppm are from 3 and TgNH3 protons, respectively. The
ActD Binds to (CAG), and (CTG), Sequences observation of the latter T imino resonances suggests that the

two T’'s are base-paired with each other.

Inspection of the (CAG)and (CTG, triplet repeat sequences 2D-NOESY spectra of both GCTGCTGC (Figure 3 of the
suggests that they have numerous ActD binding sites of sypporting information, aromatic to H5/Htegion) and GCAG-
—TGCT— and —AGCA—, thus ActD should have significant  CAGC (data not shown) octamers were collected. The spectrum
effects on the structure and stability of these triplet sequences.from GCTGCTGC is of sufficient quality to permit unequivocal
As afirst step, the structures associated with two DNA octamers assignment of all resonances and the measurement of 665
containing two repeats of each triplet, GCTGCTGC and crosspeak integrals. Refinement of the B-DNA model resulted
GCAGCAGC, have been investigated By NMR. Their 1D- in an NMR R-factor of 18.6%. The refined structures (Figure
and 2D-NMR spectra suggest that both octamers form duplex 4 of the supporting information) are in the B-DNA family with
structures (Figure 7A,B, bottom traces). However they have most of the sugar puckers in the S-type conformatiogO2r
different stability. The GCTGCTGC octamer has a well-formed and ;N3 are hydrogen bonded tosN3 and 404, respec-
duplex, as evident from the sharp resonances and the clear imindively, whereas §04 and N3 are hydrogen bonded tq N3
proton signals (Figure 7A), but the GCAGCAGC does not. Two and T;102, respectively. The NMR spectrum of GCAGCAGC
resonances at 13.15 and 13.27 ppm of the GCTGCTGC had broad resonances which made the interpretation of the 2D-
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Figure 6. The close-up view of the refined structure of the 1:1 complex at the ActD intercalation site. Only one-half of ActD ang®e A
Ci13pTa4 (Or T3pGs:Ci3pTi4) base pair steps are shown. (A) ActBAAGCTTC and (B) ActD-GATGCTTC.

supported by the fact that this set of resonances disappears at
higher ActD/DNA ratios. Another set (labeled with the squares)
may arise from the ActBDNA complexes with the ActD
bound at the GpC step at the ends of the DNA duplex.

M At a 2:1 ratio, the spectrum is significantly simplified with

A B C

2:1 21 2:

two well-resolved sets of resonances, centered around 12.45 ppm
for the G:C base pairs and 10.81 ppm for the T:T base pairs.
This is due to the presence of a 2:1 ActD:DNA complex in
which the ActDs are bound at the two outer GpC steps. Since
ActD has only a quasi 2-fold symmetry, the binding of ActD
to a GpC site will destroy the local 2-fold symmetry associated
with the palindromic GpC sequence, causing the two G imino
protons to have slightly different chemical shifts. As there are
two ActDs in the complex in which each ActD has two possible
binding orientations, there are three unique combinations of the
2:1 complexes (see Figure 5 of supporting information).
Consequently each DNA proton in the complex will appear as
four resonances, though they will have similar chemical shifts.
In Figure 7A, the four resonances centered around 12.45 ppm
ppm ppm ppm are from G and G imino protons and those around 10.81 ppm
Figure 7. Titration of ActD with three different DNA octamers: (A)  are from & and T imino protons. Figure 5 of supporting
GCTGCTGC, (B) GCAGCAGC and (C) GCAGCAIC. Addition of  information presents a schematic drawing to illustrate the
more ActD to th'e 2:1 ActB-DNA complexes did not change their  ghservations of multiple imino proton resonances.
spectra, suggesting that the octamer can only accommodate two ActDs, Further addition of ActD to the solution of the 2:1 complex

despite the three GpC sites. . -
P P did not have any effect on the spectrum, suggesting that the

NOESY spectrum difficult. Nonetheless weak imino proton- octamer duplex can only bind a maximum ofio ActD
resonances were detected (Figure 7B), supporting the formationmolecules. In other words, the two nearest neighboring GpC
of a less stable duplex structure. sites (separated by a T:T base pair) cannot bind ActD simul-
Addition of ActD to either GCTGCTGC or GCAGCAGC taneously, namely, an exclusion effect. As noted in Figures
solutions caused extensive changes in their NMR spectra.5B and 6B, the outer edges of the peptide rings (i.e., the Sar-

Figure 7 shows the titration of ActD to DNA solutions as MeVal dipeptide part) from ActD reach the minor groove side
monitored by the imino proton resonances. of the T:T base pairs in the 1:1 ActBGATGCTTC Comp|eX.

ActD—GCTGCTGC Complex. The free DNA forms a This explains the observation that two ActD molecules cannot
duplex as discussed above. Ata 0.5:1 (ActD/duplex) ratio, new bind to the two adjacent GpC sites simultaneously in a sequence
resonances from the ActEDNA Comp|exes appear and coexist like TGCTGCT, since there would be severe van der Waals
with the free DNA resonances, indicating that the complexes clashes between two neighboring bound ActDs. There is a small
and free DNA are in slow exchange on the NMR time scale. resonance at 11.58 ppm the identity of which has not been
Close inspection of the spectrum suggests that there are at leasiesolved, and its likely from other conformations, e.g., the
two sets of resonances arising from the complexes. One sethairpins'?

(marked with *) is likely from the 1:1 complex with the ActD ActD—GCAGCAGC Complex. The free DNA duplex of
bound at the center GpC sequence. This interpretation is GCAGCAGC is significantly less stable, as evident from the

1
1.5:1 1.5:1 1.5:1
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protons which may be the base pairs near the termini. G-

A b I B c (CAG);,C has one main set of resonances (12.50 ppm),
6 6 6 f . . . .
A »_,,N"/\\w\., associated with more equivalent-®Gl1 imino protons, possibly
due to the weak and symmetrical A:A base pair (Figure 8B).
When the two strands were mixed together without ActD, a
45 45 45 normal Watsor-Crick double helix was formerhpidly (Figure
______»_JM ~ NN 8C). Note that all resonances associated with the individual
G(CAG)C and G(CTG)oC duplexes disappeared entirely.
Three new resonances appeared at 13.85 ppm for the A:T base

M 3 3 pairs and 12.65 and 12.75 ppm for the two types of G:C base
osesmanerinn S ™ | pairs.
Addition of ActD to the three solutions of the G(CALT,
Mﬂm 15 15 G(CTG)C, and G(CAG),C + G(CTG)C duplexes produced
A p M new resonances that are characteristic of the AdDA

complexes. Their chemical shifts are nearly identical to those
from the ActD-octamer complexes seen in Figure 7. At a ratio
0 0 0 of 6:1 the resonances from the free DNA duplexes are
e N AP S i completely gone and the new resonances from the complexes
Mootz are relatively sharp. This is consistent with the interpretation
ppm ppm ppm . . .
Fi 8 Titrati ¢ ActD with th different DNA 32 that ActD occupies every other GpC sites in the 32mer duplexes.
\gure o “ltration of ActS with three ditleren ME There are theoretically six such sites. Some resonances (e.g.,

duplexes: (A) G(CTG)C. (B) G(CAG)C and (C) G(CAG)C + .
G(CTG)C. Addition of more ActD to the 6:1 ratio of the Actb 11.30 ppm in ActD-(G(CTG)C) appeared at lower drug to

DNA complexes did not change the spectra, suggesting that the 32merd®NA ratio (e.g., 3:1), but disappeared at higher ratio. They
can only accommodate6 ActD, despite the 11 GpC sites. Note that May be due to other intermediate conformations.

in part C the A:T imino resonances vanish at high ActD/DNA ratio, It is interesting to note that the resonances from the ActD

suggesting that ActD destabilizes the duplex. G(CAG)C + G(CTG)oC complex are considerably broader
than those from the other two complexes. Furthermore, the

weak imino proton resonances near 1213.0 ppm (Figure 7B).  imino proton resonances from the A:T base paird4.5 ppm)

At a 0.5:1 (ActD/duplex) ratio, new resonances at 11.75 and essentially become invisible. This is attributed to the fact that
12_1@ ppm .from the ActBbDNA complexes gppea}req and AT base pairs flanking the ActBGpC site are destabilized
coexisted with the free DNA resonances, again indicating that by the bound ActD. It is evident from the structural analysis
the complexes and free DNA are in slow exchange on the NMR of the two ActD-octamer complexes, Act(GAAGCTTC),

time scale (Figure 7B). At higher ActD/DNA ratios, the (Figure 5A) and ActD-(GATGCTTC), (Figure 5B), which
spectrum from the complex remains more or less the same, whileshowed that théN-methyl group and the side chains of Sar-
Fhe resonances from free DNA diminished significantly. We MeVal dipeptides have to wedge between the ApG step in the
interpret this as follows. The GpC sequence embedded betweerformer complex, but fit very well in the hole created by the
two A:A base pairs is not a good ActD binding site, i.e., AGCA T.T mismatch in the latter complex.

is a less favorable site than TGCT. In fact, AGCAis evenless  Tq fyrther explore the relative stability of various ActD

favorable than either the AGC(null) or the (nUl)GCA sites. cqmplexes, temperature-dependent studies of two systems, (1)
Therefore, the C(_antral AGCA sequence m_GCAGCAGC IS the 7:1 ActD-G(CAGYC:G(CTG)YC complex and (2) the
mostly not occupied at any ActD concentration. mixture of the 7:1 ActD-G(CAG)C complex and the 7:1

To assess the sequence preference of ActD, another octamepctD—G(CTG)C complex, were carried out (Figure 6 of the
GCAGCAIC (I = inosine) was prepared and a similar ActD  sypporting information). For each panel of Figure 6S, the
titration was performed (Figure 7C). The replacement of G experiments were carried out as follows. The temperature was
by Iz is expected to diminish the binding affinity to the-Cs: raised slowly from 2 to 70°C at 10 °C increments and
Gg—Cyo step sinced no longer has an N2 amino group which  equilibrated for 20 min (Figure 6S-C,F), and then the 1D NMR
is involved in ActD binding. It was surprising to note that gpectra in HO were collected. The temperature was slowly
S|m||ar to that Of GCAGCAGC Here note that the e|ght diStinCt another experiment the Samp'e was heated atomm water
G/l imino proton resonances (4 froms@nd 4 from ) are bath for 5 min and then quenched by dropping the NMR tube
particularly evident. The number of resonances in the 2:1 jnto jce directly (Figure 6S-A,D). The spectrum was subse-
complex again indicates that ActD prefers to bind at the two quently taken at 2C and labeled as quench 2.
ends. In the spectra of the 7:1 ActBG(CAG)C:G(CTG)YC

. complex, there are four visible G:C imino proton resonances

ACtD. Stabilizes the Stems of the (CAGY(CTG)n and one broad A:T imino proton resonance (Figure 6S2
Cruciform Those resonances persist up to°@ When the sample was

Two long DNA oligos, G(CAG)C and G(CTG),C, were slowly cooled down to 2C, an essentially identical spectrum
synthesized to serve as better models for the extended tripletwas regenerated, indicating that very little rearrangement of the
repeats in chromosomes. Both strands form duplex structures duplex structure occurred. Interestingly, when the sample was
as evident from their imino proton resonances (bottom spectradquenched from 100 to 2C, the same spectrum was seen.
in Figure 8). G(CTG)C has two main sets of resonances, each  The spectra of the 7:1 ActBG(CAG),oC complex plus the
associated with two GN1 imino (13.10 and 13.15 ppm) and two ActD—G(CTG),,C complex (Figure 6S-BF) are essentially a
TN3 imino (10.80 and 10.85 ppm) protons (Figure 8A). (The composite of two corresponding individual spectra (see Figure
nonequivalent G’s are due to the asymmetric T:T base pairs).8A,B). This suggests that there is again very little exchange
There are some small downfield peaks for both groups of between the two complexes. Nevertheless a small peak appears
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Figure 9. A schematic showing the binding of ActD to (CAGCTGh
triplet sequences.

at 14.25 ppm which is due to the Watse@rick A:T base pair,

an indication of a very limited formation of the heteroduplex
during mixing. The same temperature-dependent studies, i.e.
slow cooling and quenching, were carried out. Both experi-
ments resulted in very similar spectra in which a slight increase
in the A:T imino resonance was detected. This is in contrast

J. Am. Chem. Soc., Vol. 118, No. 37, B304

diseases usually involves tens or even hundreds of the repeats.
It is conceivable that the (CAGJCTG), sequence may
transform into a cruciform structure with extended arms
composed of (CAG) and (CTG) duplexes, respectively,
possibly aided by the negative supercoiling density. If ActD

is present at this time, it will bind to the stem regions and
essentially trap the DNA in the cruciform configuration. This
would have serious consequence on the subsequent functions
associated with the normal (CAGCTG), heteroduplex.
Whether other ligands (e.qg., anthracycline d#fger proteins

have similar properties is an intriguing topic to be pursued. Other
triplet sequences such as (CG@nd (CGG) have also been
shown to adopt unusual conformaticfisThe effect of ActD
binding to those sequences will be another interesting question
to be answered.
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formation of the WatsonCrick heteroduplex was noted. Our
results strongly support the interpretation that ActD significantly
stabilizes the structure of the individual (CAGnd (CTG)
duplexes and prevents the DNA duplexes from annealing with
each other at physiological temperatures.

Figure 9 shows a possible role ActD may play in the
formation of a stable duplex structure of (CA@nd (CTG).
The DNA triplet expansion in the DNA of the associated genetic

GCTGC), a schematic of the binding of ActD to GCTGCTGC,
and temperature dependent studies of AcENA complexes
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