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Abstract 

Distamycin-stabilized Anti parallel-Parallel 
Combination (APC) DNA 

http://www.albany.edu/chemistry/sarmaljbsd.html 

The formation of Anti parallel-Parallel-Combination (APC) DNA, a liner duplex with a seg
ment of parallel-stranded (ps) helix flanked by conventional 8-DNA, was tested with anum
ber of synthetic oligonucleotides. The groove-binding ligand distamycin A (DstA) was used 
to stabilize the ps segment comprising five A-T base pairs. Two drug molecules bound per 
APC, one in each of the two equivalent grooves characteristic of ps-DNA. APC-DNA, ref
erence molecules and their complexes with DstA were analysed by several methods: circu
lar dichroism and absorption spectroscopy, thermal denaturation, chemical modification, and 
molecular modeling. The dye binding stoichiometry differed significantly due to inherent 
structural differences in the groove geometries of ps-DNA (trans base pairs, similar grooves) 
and conventional anti parallel-stranded (aps) B-DNA (cis base pairs, distinct major and minor 
grooves). The data support the existence of APC folding in solution. 

Introduction 

The existence of stable DNA duplexes with strands oriented parallel to each other 
is well documented (1-6) and leads immediately to a consideration of mechanisms 
by which this conformation can arise from B-DNA. General schemes for such 
interconversions have been presented in numerous publications (2,3,7-10). One 
question in particular relates to the potential types of junctions demarcating a par
allel-stranded (ps) segment from flanking antiparallel B-DNA. Ulyanov and col
leagues (11) have proposed a molecular model for a possible structure incorporat
ing aps-ps-aps segments (Figure I). This novel conformation has been denoted 
Antiparallel-Parallel Combination (APC) DNA; a theoretical conformational study 
will be published elsewhere (N. B. Ulyanov, V. B. Zhurkin, R. H. Sarma, and V. I. 
Ivanov, in preparation). Ivanov and colleagues designed and synthesized oligonu
cleotides with sequences predisposing the establishment of the APC structure 
(Figure 2A). The potential for forming the unique paralleVantiparallel APC junc
tion in the intramolecular tertiary structure of the oligonucleotide APC-33 as well 
as in the intermolecular duplex arising from the separate strands Ml and M2 is the 
topic of the communication. 

Preliminary experiments with chemical modification (12) have shown that the pro
posed ps region in APC-DNA does not possess the stability required for resisting 
modification by osmium tetroxide or diethylpyrocarbonate, reagents specific for 
exposed thymines and adenines, respectively. With this in mind, we derived a strat
egy for providing additional stabilization of the putative ps helical segment com
posed of trans d(A·T) base pairs, by binding the antibiotic distamycin A (DstA). 
This drug is specific for AT sequences of conventional B-DNA and interacts with 
the minor groove ( 13-15), making both hydrogen bonding and van der Waals con
tacts with both strands ( 16, 17). We anticipated that this ligand would aistinguish 
between the ps and aps helical segments, a consideration based on the peculiarities 
of the groove geometry of ps-DNA (18,19), in which the trans configuration ofthe 
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Figure 1: Stereo pair representation of the energy 
minimized molecular model for APC. Note that the 
axes of both helical conformations are mutually per
pendicular. One can perceive the left turns at the 
junctions between parallel and antiparallel helices. 
The structure was computed by N. B. Ulyanov and 
colleagues (Ivanov et al., 1993); further details will 
be published elsewhere. 
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5'-A TAT AT AT AT ) 

I I I I I I I I I I 
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ps-Nl 

ps-C4 
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AT base pairs insures that the widths of the two grooves are similar and interme
diate between that of the major and minor grooves of B-DNA. 

X-ray crystallographic analysis has demonstrated that the hydrogen bonding accep
tors associated with the two strands of conventional B-DNA (N3 atoms of adenine 
and 02 atoms of thymine) participate in ligand binding (16,17,20). However, the 
number of hydrogen bonding donor and acceptor groups in each groove of ps-DNA 
depend on the sequence, as exemplified by a segment with all adenines in one 
strand and all thymines in the other [homopurine(A)-homopyrimidine(T) ps hair
pin ps-C4 (Materials)]. The two grooves have a different number of acceptor 
groups (Figure 3), leading to differences in binding potentials for DstA. 

On the other hand, ps-DNA with an alternating (or non-regular) AT sequence pre
sents the N3 of adenines and 04 of thymines in both grooves (Figure 3 ). In such a 
case, the expected binding stoichiometry for DstA would be twice that ofB-DNA, 
i.e. two instead of one drug molecule per 4-5 base pairs (14,15). We base this 
assumption on the known features of the DstA complexes with B-DNA and the fact 
that th~ B-type backbone configuration is preserved in the two strands constituting 
ps-DNA (18,19,21). However, the situation is potentially more complex, inasmuch 
as B-DNA is able to accommodate two DstA molecules side-by-side in the minor 
groove of certain sequences (16,22,23). These considerations motivated a detailed 
study of the interaction of DstA with the APC construct, the results of which are 

Figure 2: Schemes for the secondary-tertiary structure of the oligonucleotides. (A) APC type of fold
ing the APC-33 oligonucleotide with a central ps region (stippled base pairs). (B) Alternative hairpin hp-
33 structure with bulges of the APC-33 oligonucleotide. (C) Intramolecular hairpin structures for the ps
Nl, ps-C4 and antiAT oligonucleotides. 
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presented in this paper. 

Materials and Methods 

Materials 

The following deoxyoligonucleotides were synthesized and purified as described 
previously (24,25). 

APC-33 5'-d(GGCCGAAATTCCCCTTATTGGGGTITAACGGCC)-3' 
M1 5'-d(GCGCGAAATTGGCCG)-3' 
M2 3'-d(CGCGCAATITCCGGC)-5' 
M3 3'-d(CGCGCTITAACCGGC)-5' 
ps-N1 3'-d(CTATAGGGAT)pO(CH2CHz0)3pd(ATCCCTATAG)-3' 
ps-C4 3'-d(AAAAAAAAAACCCC-5'-5'-I I I I I I I I I I)-3' 
antiAT 5'-d(AT)5p0(CH3)60pd(AT)j-3' 

Schemes for the secondary structures of the APC-33, ps-N1, ps-C4 and antiAT 
oligonucleotides are presented in Figure 2. Ps-C4 has been studied previously (1). 
Ps-N1 was synthesized and purified by Dr. G.E. Pozmogova and by Eppendorf 
Biotronik (Berlin). The detailed characterization of the ps-N1 and other ps GC-con
taining hairpins will be presented elsewhere (A. Shchyolkina, 0. Borisova, G. 
Pozmogova, R. Klement, T. M. Jovin, in preparation). AntiAT was synthesized and 
purified by Dr. B.K. Chemov (5). All oligonucleotides were purified by HPLC and 
desalted. 

Preparation of DNA and DstA-DNA Samples 

Oligonucleotide concentrations were determined as follows. The measured 
absorbances at 260 nm, 90°C, pH 7.0 were increased by 20% to take into account 
residual hypochromicity, and molar concentrations in nucleotide units were com
puted using a mean molar extinction coefficient per residue for the individual 
oligonucleotides (24 ). The concentrations determined by this procedure were in 
good agreement with those obtained by hydrolysis of the oligonucleotides with 
snake venom phosphodiesterase (24). The M1·M2 and M1·M3 duplexes were 
formed by mixing equimolar solutions of the single strands; all the samples were 
heated to 90°C and cooled slowly. It should be emphasized that the APC-33, 
antiAT, ps-N1, and ps-C4 concentrations were adjusted to an oligonucleotide con
centration of 0.5-0.8 ,uM, low enough to shift the equilibrium towards the forma
tion of intramolecular hairpins with a concomitant minimization of intermolecular 
structures (5). In contrast, the concentrations of M1·M2 and M1·M3 were main
tained in the range of 5-10 ,uM in order to favor duplex over hairpin structures. 
Aqueous solutions of DstA (Pharrnitalia or Sigma) were prepared daily. The molar 
extinction coefficient was taken as 30 mM-1 cm-1 at 303 nm (26). Unless stated oth
erwise, the experiments were carried out at 1-3°C in 0.01 M Na-phosphate buffer, 
pH 7.0. The low ionic strength was selected so as to increase the affinity of the 
DstA for the oligonucleotides. 

CD and UV Absorption Spectroscopy 

Ultraviolet absorption spectra and thermal denaturation curves were recorded with 
a Uvikon 820 spectrophotometer (Kontron) equipped with a computer-controlled 
thermostated cuvette holder and data acquisition (25), or with a Beckman 25 spec
trophotometer. Heating was either discontinuous with equilibration for 1 every 2 
min (Uvikon) or at a constant rate of 0.2°/min (Beckman). Analysis was in terms 
of two-state transition models for either duplex (27) or hairpin (E. Evertsz and T. 
M. Jovin, manuscript submitted for publication) molecules. 

Circular dichroism (CD) spectra were acquired with Jasco-720 spectropolarimeter 
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Figure 4: CD spectra of antiAT (A) and ps-Nl (B,C) 
at different DstA concentrations. (A) DstA/oligonu
cleotide: 0 (marked line), 0.09, 0.17, 0.35, 0.52, 0.70, 
0.87, 1.14, 1.40, 1.66, 1.92, 2.19, 2.7, 3.2, 4.35; (B) 
DstA/oligonucleotide: 0 (marked line), 0.18, 0.35, 
0.53, 0.7, 0.88, 1.06, 1.23, 1.41, 1.58, 1.76, 1.94; (C) 
DstA/oligonucleotide: 1.94 (marked line), 2.29, 2.46, 
2.82, 3.17, 3.6, 4.0, 4,48, 4.92. Temperature, I °C, 10 
mM Na -phosphate buffer, pH 7 and 7.5. 
Concentrations: [antiAT hairpin], 0.54 ,uM; [ps-Nl 
hairpin], 0.6 ,uM. 
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ps d(AT)4 •d(T A)4 ps d(A)s·d(T)s 
Figure 3: Model structures of ps-DNA with the sequence d(AT)4·d(TA)4 (left) and 
d(T)8·d(A)8 (right). Color coding: Adenine, magenta; thymine, yellow; deoxyribose, 
gray; phosphate group, red; N3(A) of adenine and 04(T) of thymine, light green. In the 
case of the homopolymer the pattern of N3 and 04 positions is only found in one 
groove, whereas in the alternating conformer N3(A) and 04(T) are present in both 
grooves. 

Ftpre 11: Ce!Jt:ral pllrt of die APC:ZD•tA wmpb, Color wdinJM in Agute :4; O.t, lighf gteen, (A) IIIUf (C) §ide 
view• [die heli" a"i• of the d(ifTAA; Naioo i§ J'llflillel to the drawing plliHJ of die p§=DNA §Utioo wkiJ die;' IUid 
on the boo:mn and the :4' md on die top, Top view of die p§ Halon (die hell" ~I§ point§ into the drawing p18MJ from 
the 3' md (B; and from the;' end (0), The 0§tA mo'"uln are orifmed in an andJ'IIfallel (ll§hioo, wifh fiJe •lfd 
end§ potllfiBJ to the J' And ;' po§itioo§, 
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Figure 12: Hydrogen bonding scheme of the two 
DstA drugs positioned within the two strands of the 
ps segment of APC. The stereo image in the upper 
part of the figure was generated from coordinates 
generated during a modelling procedure (see text for 
further details). The bases and sugars are shown as 
plates (adenine: magenta; thymine: yellow). The 
phosphates are missing and instead the backbone is 
represented by two ribbons with an arrow head on 
the 3' end. The DstA drugs (light green) are depicted 
as stick models. The hydrogen bonds found between 
the drugs and the DNA are added as broken white 
bonds. The atoms involved in these hydrogen bonds 
are shown in detail in the schematic drawing in the 
lower part of the figure. 
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with a thermostated cuvette holder. The experimental data were analyzed and plot
ted on an Apple Macintosh computer with KaleidaGraph (Abelbeck). 

Chemical Modification 

Chemical modification with pyridine-Os04 and enzymatic digestion with S1 nucle
ase were performed as described previously (28). Sequencing was carried out by 
the Maxam-Gilbert procedure (29). The autoradiograms were scanned with a 
Molecular Dynamics 300A Computing Densitometer. 

Molecular Modeling 

The model of the APC DNA molecule was provided by N.B. Ulyanov (11). 
Distamycin A coordinates were taken from crystal structure determination (30). 
AMBER parameters for DstA where kindly provided by S. B. Singh (31). The color 
figures were generated with the SCHAKAL92 program of E. Keller, University of 
Freiburg, Germany (32). Other details are given in Results and Discussion. The 
color stereo image of Figure 12 was generated with the program MOLMOL 2.2.0 
of Reto Koradi at the ETH Zurich, Switzerland. 

Results and Discussion 

CD Patterns of DstA Binding tops and aps-DNA 

The differential binding of DstA to conventional aps-DNA and to putative APC
DNA, particularly those reflected in the drug/DNA stoichiometry, motivated a com
parative study of DstA interactions with hairpins having specific DstA-binding 
sites but differing in strand orientation: antiAT and ps-N1 (Materials). At suffi
ciently low concentrations, < 0.5-1 JIM, these oligonucleotides have been shown to 
form mainly intramolecular double helices without admixtures of intermolecular 
duplexes (5 and Shchyolkina et al., in preparation). Thus, the strand orientation is 
unequivocally determined by the primary structures of the oligonucleotides under 
the experimental conditions used. At higher DNA concentrations favoring the 
bimolecular formation of duplexes from separate strands, the groove-binding lig
ands DstA and netropsin have been shown to induce the reorientation of parallel 
oriented 25-nt strands and the formation of alternative aps duplexes incorporating 
mismatches (33). For this reason intramolecular double helical hairpins were used 
in this study as convenient models for investigating ps helix/ligand interactions. 

The changes in the CD spectra of antiAT and ps-N1 upon addition of DstA are 
shown in Figure 4. The CD spectra of the ps-N1 at different concentrations of DstA 
revealed two different CD patterns with characteristic isodichroic points at 245, 
270 and 292 nm (Figure 4B) and at 247 and 282 nm (Figure 4C). The CD changes 
at DstA/hairpin ratios > 2 were indicative of a weak DstA·ps-N1 complex that 
could be easily displaced by NaCl addition (see below, Figure 6) and presumably 
reflected interactions with GC regions or phosphate groups (14,15). The distinct 
isodichroic points of the CD pattern for tight specific binding of up to two DstA 
molecules to ps-N1 (Figure 4B) suggested that (i) the binding of each DstA mole
cule induced the same CD changes and (ii) only two distinct forms of ps-N1, free 
and bound to DstA, were present in the sample. 

CD Patterns of DstA Binding to APC and M l·M2 

Two samples were potentially capable of forming a segment of 5 base pairs in a 
parallel-stranded orientation: APC-33 and M1·M2. Figures 5A, B show the changes 
in the CD spectra upon addition of DstA to solutions of APC and M 1· M2, respec
tively. A comparison of the CD difference spectra for !he complexes of DstA/ APC-
33 = 2 and DstAIM1·M2 = 2 (Figures 5C,D) revealed major similarities. The dif-
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ference absorption spectra (Figure 5E,F) provided additional evidence for the 
equivalence of the 2:1 DstA complexes withAPC and Ml·M2, despite the presence 
of the end loop in APC-33 and some differences in the sequence of the flanking aps 
GC regions. 
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Figure 5: CD spectra of oligonucleotides APC-33 and Ml·M2 at different DstA concentrations. (A) DstA/oligonucleotide (APC): 0 (marked line), 0.13, 0.26, 0.4, 
0.7, 1.0, 1.3, 1.7, 2.0, 2.3, 2.6, 3.0, 3.6, 4.2, 4.8. (B) DstA/oligonucleotide (Ml·M2): 0 (marked line), 0.2, 0.41., 0.61, 1.02, 1.22, 1.63, 1.83, 2.04, 2.44, 2.85, 3.05, 
4.0. CD spectra (thin lines) and difference CD spectra (thick lines) for DstA/oligonucleotide = 2, for APC-33 (C) and Ml ·M2 (D). Difference absorption spectra 
of complexes of APC-33 (E) and Ml ·M2 (F) saturated with DstA (complex- free DNA). Note that despite a ten-fold difference in the concentrations of intramol
ecular (APC-33) and intermolecular (Ml·M2), the shapes of these curves are identical, including the fine details. [APC], 0.64 ~; [Ml·M2 duplex], 10 ~
Temperature, I oc; 10 mM Na -phosphate, pH 7 and 7.5. 
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Stoichiometries of Binding 

The titration curve for APC-33 (Figure 6A) derived from the CD data in Figure SA 
had only one breakpoint, corresponding to a stoichiometry of 2: 1; the CD signal 
increased monotonically upon subsequent addition of more DstA. The latter phe
nomenon most probably reflected weak non-specific complexes with the GC 
regions ofthe oligonucleotide (14,15). An increase in the NaCI concentration above 
0.2 M removed completely the CD effects at drug/DNA ratios> 2 (Figure 6B). The 
titration curve for the reference hairpin ps-N1 (Figure 6C) revealed the same stoi
chiometry of specific DstA binding; the complexes formed at DstNhairpin >2 were 
displaced by NaCl addition (Figure 6D). The incremental CD changes upon bind
ing ofthe first and the second DstA to the single ATAT binding site were equal. The 
maximum numbers of tightly bound DstA molecules per single 4-5 bp AT-contain
ing binding site for ps and aps oligonucleotides are presented in the Table I. As stat
ed in the Introduction, the hairpin ps-C4 (see Materials) would be expected to bind 
only half the number of ligand molecules per 4-5 bp site compared to the ps-N1 
sample with the alternating sequence (Figure 3). This prediction was verified (Table 
I). The stoichiometry and the CD changes (data not shown) accompanying DstA 
binding to ps-C4 testifies to the monomeric character of DstA binding to parallel
stranded noR-alternating A-T sequences, an observation in agreement with data on 
netropsin binding to the ps-C4 hairpin (34). 

Our interpretations of DstA binding to the set of oligonucleotides used in this study 
were based on the assumption that the tight salt-resistant complex represents 
groove binding in AT sequence segments (rather than to GC stems) and that the B
backbone disposition of ps-DNA preserves the features of DstA complexes with B
DNA, such as hydrogen bonding to 4 successive nucleotides. 
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Figure 6: Titration of APC-33 and ps-Nl with DstA 
and effect of added NaCI. (A) Titration of the 
oligonucleotide APC-33 with DstA. (B) Competitive 
titration with NaCI of DstA-saturated complex of 
APC. (C) Titration of the oligonucleotide ps-Nl with 
DstA. (B) Competitive titration with NaCI of DstA
saturated complex of ps-N I. Other conditions as in 
Figures 5 (for A PC) and 4 (for ps-N 1). 
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Figure 7: CD spectra of Ml·M3 duplex in solution 
at different DstA concentrations. Temperature, l •c; 
10 mM Na -phosphate, pH 7. (A) DstNduplex con
centration: 0 (marked line), O.ll, 0.21, 0.32, 0.42, 
0.53, 0.64, 0.74, 0.85, 0.95, 1.06. (B) DstNduplex: 
1.06, l.l7, 1.27, 1.48, 1.7, 1.91, 2.1, 2.44, 2.76, 3.07, 
3.5. [Ml·M3 duplex], 10 JLM. 

Monomeric Type of DstA Complex and Dime ric Side-by-Side Binding into the Same 
Groove 

In order to clarify the possible structural basis for the 2: I stoichiometry of DstA 
binding to to APC, Ml·M2, and ps-Nl we studied DstA binding to the aps Ml·M3 
duplex. Wemmer et al. (23) have shown that the formation of 2:1 DstA dimers with 
aps deoxyoligonucleotides depends strongly on nucleotide sequence. They 
observed the formation of 2:1 complexes of DstA with a AAATT·AATTT duplex 
binding site at a ligand/site ratio of 2: 1. 

The titration of the M 1· M3 duplex with DstA was followed by CD (Figure 7). Two 
distinct binding phenomena were evident. The first corresponded to a DstA/duplex 
ratio of 0-1, and was characterized by increasing dichroism in the regions of 220-
240 nm and 310-360 nm and an isodichroic point at 309 nm (Figure 7A). The bind
ing was stoichiometric, i.e. of very high affinity. In the second stage of the titration 
an additional drug molecule bound to the DNA, leading to more complex changes 
in the CD spectra in the 210-180 nm region, with isodichroic points at 289 and 314 
nm (Figure 7B) and increasing dichroism at 320-360 nm. The distinct but different 
isodichroic points attested to the participation of only two components in each of 
the two stages of the titration. Both the monomeric and dimeric complexes were 
specific, as evidenced by their resistance to dissociation by salt (up to 3 M NaCl). 
This property is characteristic for the specific complexes of DstA with AT-sites in 
B-DNA (13-15). The CD changes accompanying the formation of the dimeric com-
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plex at 270 nm and in the longer wavelength region ( > 350 nm) were distinctive 
and constitute a spectral signature for this species. The specific features of the CD 
signal are induced by head-to-tail side-by-side dimerization of DstA molecules into 
one of the grooves (23). 

The above CD spectra were not obtained with the DstA complexes of APC-33, 
Ml·M2, ps-Nl, and ps-C4. Moreover, for APC-33, Ml·M2, and ps-Nl the shapes 
of the CD curves for the 1: 1 and 2: 1 tight complexes with DstA were similar 
(Figures 4B, 5). In these cases we observed no spectral distinction between the 1: 1 
and 2: 1 complexes. In addition, we note that the CD spectra of the tight 2: 1 DstA 
complexes of APC-33 and Ml·M2 (Figures 5C,D) were very similar to that of the 
monomeric 1:1 DstA complex with the control aps duplex Ml·M3 (Figure 7 A). We 
conclude at this point that the complex of the drug with aps-DNA (Ml·M3) was 
fundamentally different from that with ps-DNA (the [5'-d(AAATI)-3']·[5'
d(TITAA)-3'] segment in APC-33 and the Ml·M2 duplex), the latter correspond
ing to a strong complex with a stoichiometry of 2: 1. 

The presumption is that DstA binds monovalently into each of two grooves of the 
ps ATAT site. Molecular modelling suggests a structural basis for this conclusion: 
the location of the methyl groups of thymines in the grooves of ps AT stretches 
block the side-by-side dimerization of ligands in the groove (Figure 3; see also 
Figure 11). In addition, the two DstA molecules in the 2:1 complexes with B-DNA 
are in an anti-parallel orientation, thereby achieving symmetrical contacts with 
their respective bounding DNA strands (16,23). Such a circumstance cannot arise 
with ps-DNA. 

An alternative explanation for the observed stoichiometry of the Dst binding to the 
APC oligonucleotide may be considered. It should be noted that oligonucleotides 
APC-33 and Ml·M2 are able to form alternative structures with mismatches and 
several (maximum three successive) conventional Watson-Crick AT base pairs 
(Figure 2B). One cannot exclude a priori the possibility of a DstA dimer binding to 
such discontinuities in the sequence. However, this supposition is not consistent 
with the CD data. The CD pattern of the side-by-side dimer results from specific 
arrangement of the Dst molecules effecting the induced CD signal, and from pos
sible changes in the DNA structure due to the widening the groove. Thus, the 
absence of the specific CD changes accompanying the binding of a second Dst 
molecule to the APC argues against this possibility. Furthermore, the experiments 
with chemical probes described below refute the presence of alternative oligonu
cleotides structures with mismatches in the complexes of APC-33 and M l·M2 with 
DstA. 

Affinity of DstA for APC, ps-N 1 and antiAT 

In the above experiments, low ionic strength solutions were chosen for the quanti
tative determination of the DstA binding stoichiometries. For the assessment of 
binding affinities similar binding experiments were performed at 0.6 M NaCI. 
Titration curves were constructed using experimental values ilD, the incremental 
CD signal at 320 nm, for different total concentrations of added DstA (Figure 8). 
The experimental data were fit to the equations LlD = f([DstA]) (see legend to 
Figure 8) based on the following mass action equations. 

Kl.ass 

hairpin + DstA H hairpin · DstA 
[I] 

hairpin · DstA + DstA H hairpin · 2DstA 

Inasmuch as the incremental CD changes upon binding the first and second DstA 
molecules were shown to be equal (Figures 4-6), the assumption was made that the 
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Figure 8: Titration of APC-33 (A), ps-Nl (B), and 
antiAT (C) with DstA in 0.6 M NaCL Ordinate: ~D. 
the experimental incremental dichroism values at 
320 nm. Abscissa: molar concentration of added 
DstA. Conditions: temperature, I °C; I 0 mM Na
phosphate, pH 7; [APC-33 hairpin], 0.4 ,uM; [ps-NI 
hairpin], 0.6 ,uM; [antiAT hairpin], 0.72 j.IM. Curves 
were fit to the equation for the mass action equilibri
um where C0 was the molar concentration of the 
binding sites. The assumption was made that that the 
molar CD, ~E. at 320 nm was equal for the first and 
second bound DstA molecules. (A) C0 = hairpin 
concentration, 0.4 ,uM. (B) and (C) C0 = 2-hairpin 
concentration (two binding sites/molecule), and the 
assumption was made that K1.au = K2 .. ,. The derived 
parameters are given in Table L 
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molar CD increments for the two steps (Eq. 1) were also equal. The calculated asso
ciation constants are presented in Table I. For ps-N1 and antiAT, the values for the 
first and second DstA molecules were the same within experimental error. That is, 
binding of DstA into each of two identical grooves of the ps ATAT site of ps-N1 
proceeds independently and with equal affinity. The affinity for antiAT was esti
mated as a lower limit due to the almost stoichiometric behavior (sharp bend) of the 
titration curve. The K355 for the ps site was approximately two orders of magnitude 
lower than that for the aps site. By way of comparison, the reported K355 for the 
groove binding ligand Hoechst 33258 in 0.4 M NaCI, pH 7, 10°C to the ps hairpin 
3'-d(l I I I I I I 1-5'-5'-CCCCAAAAAAAA)-3' was 8 ,uM-1 and for the aps hairpin 
5'- d(l I I I I I I ICCCCAAAAAAAA)-3' 550 pM-1 (34). 

Table I 
Parameters of DstA Binding to Oligonucleotides 

DNA Number Maximum Lie * Lie* Kl,ass 
j 

K2,ass
1 

of 4-5 bp number of 320nm 320nm (tiM"') (tiM"') 
binding tightly low salt 0.6M NaCI 0.6 M NaCI 0.6 M NaCI 

sites bound DstA (M-1 em-1) (M-1 em-1) JoC 
er site 

APC-33 2 ~ 55 7.0±0.5 

M1·M2 2 47 

ps-N1 2 39 ~ 1.0±0.1 

ps-C4 2 1 49 

apsAT 2 (iJ 82 >100 

M1·M3 Ji 45 

*For comparison the CD signals for DstA binding to the different oligonucleotides were 
calculated per bound DstA molecule rather than per nucleotide (as in the figures with CD spectra). 

1°C 

0.3±0.2 

1.0±0.1 

>100 

1K1as, for the first and K2ass for the second DstA molecule were estimated by fitting the experimental titration 
curves (Figure 8A,B,C); see text. 

iFor monomeric binding of Dst into a groove. 

The different affinities of the first and second DstA molecules binding to APC-33 
may reflect non-equivalent binding potentials of the grooves of the ps [5'
d(AAATT)-3']·[5'-d(TTTAA)-3'] fragment, as sugggested below in the molecular 
modelling section in which we present a hydrogen bonding scheme for the complex 
ps [5' -d(AAATT)-3']-[5' -d(TTTAA)-3']:2DstA. 

Our data are consistent with the previous observations (33, 34) that the affinities of 
groove-binding ligands tops sites are much lower than to specific 4-5 bp aps sites. 
It should be emphasized that in the case of APC-DNA, the ps-N1 hairpin, or the 
M1·M2 duplex, no perfect 4-5 bp aps binding site can be formed by alternative 
structures with mismatches, such as the hp-33 (Figure 2) or similar mismatched 
duplexes of M 1 and M2. 

Structures of Duplexes Ml·M3, Ml·M2 and Their Complexes with DstA Revealed 
by Chemical Probes 

According to Wemmer et al. (23), three AT base pairs are not sufficient for bind
ing DstA. However, the structure proposed as an alternative toAPC is irregular with 
two bulges (Figure 2B), and one cannot dismiss the ad hoc possibility of a prefer
ential, stabilizing interaction with DstA. Thus, we devised experiments based on 
chemical modification to probe further for distinguishing conformational features. 
Since the segment of supposedly ps-DNA in the complex of DstA with M1·M2 
consisted of A·T base pairs, we resorted to the use of pyridine-Os04, a reagent 
known to modify accessible thymines (35). The results of such modification exper
iments with the 32P-labeled M1 strand in the duplexes M1·M3 and M1·M2 as well 
as the complex ofM1·M2 with DstA are given in Figure 9. It is evident that in the 
free single-stranded M 1 two thymines of the central part were well exposed to pyri
dine-Os04 (Figure 90), whereas their reactivity within the duplex M 1·M2 was 
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Figure 9: Chemical modification by pyridine-Os04 

of thymines in the Ml strand incorporated into 
Ml·M3 and Ml·M2. (A) free Ml·M3; (B) Ml·M2 + 
saturating DstA; (C) free Ml·M2; (D) single-strand
ed Ml control. 

GCCG G T T A A A G c G 

B 

GCCG G T T A A A G C G 

c 

GCC G G T T A A A G C G 

D 

GCC G G T T A A A G C G 

reduced to approximately half (Figure 9C). Furthermore, in the presence of satu
rating concentrations of DstA, these thymines were practically unmodified. The 
same was true for the perfect aps duplex Ml·M3 (Figures 9A,B). In other experi
ments (data not shown), we determined that Sl nuclease was much less active in 
the hydrolysis of the thymine-containing segment in the complex of Ml·M2-DstA 
compared to the free duplex. 

It should be noted that another structure lacking a ps segment fragment but pre
senting four bulged bases is possible for Ml·M2 (Figure 2B). However, we infer 
from Figure 9 that this structure does not arise, at least in the presence of DstA. 

Thermal Stability of the APC:DstA and MJM2:DstA Complexes 

The thermal denaturation of the 2: I complexes of DstA with Ml·M2 and APC-33 
were analyzed in terms of the respective two-state models for duplex or hairpin 
molecules. Such an analysis assumes that the melting is concerted, i.e., that drug 
dissociation occurs concomitantly with the helix-coil transition and that rebinding 
of the liberated dye can be neglected. The presence of significant fractional con
centrations of intermediate species is reflected in an all-or-none analysis by a 
broadening of the transition (lower apparent M/). DstA strongly stabilized the 
structures of Ml·M2 and APC-33 and rendered the transitions more cooperative 
(Figures lOA,B); the two state analyses invariably provided good fits to the data. In 
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the case ofM1·M2, each DstA contributed 5-6 a to the Tm and -45 kJ mol-1 to the 
apparent !!.H. The corresponding values for APC-33 were approximately half. The 
increased cooperativity induced by DstA may be associated primarily with the low 
temperature component ofthe melting curve dominated by A-T base pairs. The lat
ter are selectively stabilized by the ligand (DstA). Thus, the entire molecule melts 
more in accordance with the ali-or-none model, probably due to a decrease in the 
initiation parameter that poises the transition at a higher value of the mean base pair 
stability constant (27). 
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Molecular Model of the APC:2Dst Complex 

temperature (0 C) 

The junctions of the ps-aps segments of the APC DNA molecule (Figure 1) form 
large "holes" so as to accommodate a DstA molecule in the grooves of the central ps
DNA region. The APC DNA and distamycin complexes were modeled by docking 
two DstA molecules into the grooves of the central d(AATTT) ps stretch using the 
DOCK command of the SYBYL 6.2 (Tripos) molecular modeling package. The 
docking was performed in order to optimize the van der Waals contacts and the 
hydrogen bonding of the DstA drugs. Due to the asymmetry of a DstA molecule, 
there are four different distinct possibilities for orienting the two drugs in the grooves 
of the ps-DNA motif. The fully charged DNA-DstA complex was minimized with 
the AMBER V 4.1 package to an rms of 0.01 (36) . The total internal energies of the 
four DNA-drug orientations did not differ appreciably after minimization. 

Stereo models for the DstA-APC complex are presented in Figures 11 and 12. We 
note a unique feature of the 5'-(TTTAA)-3' groove, i.e. the presence of a 
"mini-groove" formed by the thymine methyl groups and the sugar phosphate 
backbone (Figure 11 ). This "mini-groove" is just wide enough to accommodate 
one DstA molecule, resulting in a tighter binding than in the other groove. During 
the minimization, the structures of APC and the distamycin drug in the 5'
(AAATT)-3' groove did not change significantly, whereas the distamycin in the 5'
(TTTAA)-3' groove adjusted its geometry in order to fit into the "mini-groove". 
Combined with the distinctive hydrogen bonding patterns (see below), this obser
vation provide a rationale for the different affinities of the first and second DstA 
molecules obtained bound at high salt concentration; i.e., the binding potentials of 
the two grooves in the proposed APC structure differ inherently. 

Inspection of the hydrogen bonding schemes in the minimized structures revealed 
that the DstA molecule associated with the 5'-(TTTAA)-3' groove of the ps stretch 
formed four hydrogen bonds as opposed to three for the DstA in the other groove 
(Figure 12). In addition to the expected involvement·of the N3 atoms of adenine and 
carbonyl groups of thymine in hydrogen bonding to DstA, an N7 atom of the second 

Figure 10: Thermal denaturation profiles for Ml·M2 
(A) and APC-33 (B) in the absence and presence of 
DstA. (A) free Ml·M2 (0); DstA!Ml·M2 = 1 (a); 
DstAIMl·M2 = 2 (e).IO rnM Na -phosphate, pH 
7.The fits are given by the solid lines. The fit values 
at 1 00 oc were used to normalize each pair of corre
sponding experimental and fit data sets. The calculat
ed Tm and apparent aH values were: 23.9 °C, 180 kJ 
mol-l (drug/DNA = 0); 29.1 °C, 225 kJ mol-l 
(drug/DNA= 1); 37.0 °C, 271 kJ mol-l (drug/DNA= 
2). (B) free APC-33 (0); DstA/APC-33 = 2 (e). Fits 
are given by solid lines. The calculated Tm and appar
ent Mf values were: 43.5°C, 250 kJ mol·• (drug/DNA 
= 0); 45.8°C, 293 kJ mol-1 (drug/DNA = 2). 
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adenine in the 5'-(AATIT)-3' segment was hydrogen bonded to an amide group of 
one drug molecule, a novel feature not observed in complexes with B-DNA. 

Concluding Remarks 

The combined structure previously designated as Antiparallel-Parallel-Combination 
DNA (APC-DNA) (11) was characterized experimentally in this report by CD and 
absorption spectroscopy and by chemical modification. We consider that the set of 
interrelated experiments on the APC oligonucleotide and control hairpins provide the 
neccessary primary and supporting data for the following conclusions. (i) In conven
tional aps-DNA, an internal 5'-d(AAATI)-3'/5'-d(TITAA)-3' mismatched (in the 
aps sense) region can adopt a novel fully base paired conformation consisting of a 
half tum of a ps double helix. (ii) The groove-binding ligand DstA stabilizes the ps 
segment by binding to its two similar grooves. While we cannot (and do not) claim 
that the proposed molecular models are unique or even preferred, they are in good 
accord with the experimental results and provide a basis for experimental strategies 
directed at further studies of APC-like molecules. 

We thank Ms. Gudrun Heim for excellent technical assistance, Dr. D. Porschke for 
help with some of the UV melting experiments, Dr. V. Kuryavyi for help in gener
ating Figure I, and Drs. A. S. Zasedatelev and R. M. Clegg for helpful discussions. 
This study was partially supported by the Russian Foundation for Fundamental 
Research and by the Max Planck Society. 
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