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ABSTRACT: We have investigated the interaction of the bisbenzimidazole derivative Hoechst 33258 with 
the self-complementary dodecadeoxynucleotide duplex d(GTGGAATTCCAC)2 using one-dimensional ( 1 D) 
and two-dimensional (2D) proton nuclear magnetic resonance ('H N M R )  spectroscopy. To monitor the 
extent of complex formation, we used the imino proton region of the 1D 'H N M R  spectra acquired in HzO 
solution. These spectra show that the DNA duplex loses its inherent C,, symmetry upon addition of the 
drug, indicating that the two molecules form a kinetically stable complex on the N M R  time scale (the lifetime 
of the complex has been measured to be around 450 ms). We obtained sequence-specific assignments for 
all protons of the ligand and most protons of each separate strand of the oligonucleotide duplex using a 
variety of homonuclear 2D ' H  N M R  experiments. The aromatic protons of the DNA strands, which are 
symmetrically related in the free duplex, exhibit exchange cross peaks in the complex. This indicates that 
the drug binds in two equivalent sites on the 12-mer, with an exchange rate constant of 2.2 f 0.2 s-*. 
Twenty-five intermolecular NOEs were identified, all involving adenine 2 and sugar 1' protons of the DNA 
and protons in all four residues of the ligand, indicating that Hoechst 33258 is located in the minor groove 
at  the AATT site. Only protons along the same edge of the two benzimidazole moieties of the drug show 
NOEs to DNA protons at  the bottom of the minor groove. Using molecular mechanics, we have generated 
a unique model of the complex using distance constraints derived from the intermolecular NOEs. We present, 
however, evidence that the piperazine group may adopt a t  least two locally different conformations when 
the drug is bound to this dodecanucleotide. 

I n  order to increase our understanding of the parameters 
which govern the way ligands interact with DNA, many 
biophysical studies about ligand-DNA complexes have been 
undertaken, both in the crystalline state and in solution. The 
ligands have been small proteins or low molecular weight 
compounds, e.g., drug molecules. These drugs represent good 
model compounds for the DNA-binding proteins, both in their 
way of interacting with the DNA and in their way of exhibiting 
similar sizes of contact surfaces between the DNA and the 
ligands. Thus the drug-DNA systems may serve as good 
models to study gene expression and to investigate the various 
structural changes of the DNA exerted by a DNA-binding 
ligand. 

The structure of DNA fragments and their complexes with 
ligands in solution is best determined by the application of 
two-dimensional 'H NMR' spectroscopy (Wiithrich, 1986). 
Several studies of drug/DNA complexes have been reported 
in the literature, whereby the drugs have been intercalators, 
e.g., nogalamycin (Zhang & Patel, 1990), bisintercalators, e.g., 
echinomycin (Gao & Patel, 1988; Gilbert et al., 1989), minor 
groove binders, e.g., distamycin A (Pelton & Wemmer, 1989, 
1990), the bisquaternary ammonium heterocycle SN 6999 
(Leupin et al., 1986), or covalently attached ligands, e.g., 

(+)-CC-1065 (Hurley et al., 1990). 
A prerequisite for the study of all these complexes is the 

assignment of all resonances in the NMR spectra of the free 
ligand and the DNA and of both components in the complex. 
The strategies for the sequence-specific assignment of the 
proton resonances of oligodeoxynucleotides have been reported 
(Feigon et al., 1983; Scheek et al., 1983, 1984; Hare et al., 
1983; Chazin et al., 1986) and are routinely used. Finally, 
the search for intermolecular NOEs remains one of the most 
important tasks in such studies, providing the basis for the 
localization of the ligand relative to the DNA fragment. 

The study of DNA complexes involving the bisbenz- 
imidazole Hoechst 33258 (Loewe & Urbanietz, 1974) was 
started after the first reports that Hoechst 33258 (H33258) 
can be employed in DNA and chromosome staining [see, e.g., 
Latt and Wohlleb (1975), Latt and Stetten (1976), Bontemps 
et al. (1975), Steiner and Sternberg (1979), Stokke and Steen 
(1985), and Loontiens et al. (1990, 1991)], whereby the large 
increase of the fluorescence quantum yield upon binding to 
DNA is used as a spectral indicator of DNA binding. Various 
experiments demonstrate that H33258 binds in the minor 
groove of the DNA with two different modes of binding dif- 
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ferentiated by their binding affinities. It has recently been 
shown that Hoechst 33258 binds to DNA with multiple 
stoichiometries and that the tight binding mode exhibits a wide 
spectrum of site affinities (Loontiens et al., 1990). However, 
a detailed photophysical analysis of the fluorescence and 
UV/vis absorption spectra of H33258 and its changes upon 
binding to DNA has not been performed yet. On the other 
hand, several footprinting studies have been published (Martin 
& Holmes, 1983; Harshman & Dervan, 1985; Murray & 
Martin, 1988; Jorgenson et al., 1988; Portugal & Waring, 
1988; Churchill & Suzuki, 1989; Bathini et al., 1990). These 
studies revealed that H33258 covers about 5 base pairs 
whereby it seems that 4 consecutive AT base pairs are needed 
for maximal binding. In these studies the sequence dNAAT 
(with N equal to T or A) has been shown to represent a very 
strong binding site. There are three structures of 1:l complexes 
with H33258 and dodecanucleotides as determined by X-ray 
crystallography reported in the literature, two with the do- 
decanucleotide d(CGCGAATTCGCG)2 (Pjura et al., 1987; 
Teng et al., 1988) and the third one with the DNA fragment 
d(CGCGATATCGCG)2 (Carrondo et al., 1989). 

Surprisingly, the two structures determined for the same 
ligand and the same oligonucleotide are not identical, differing 
(i) in the location of the ligand relative to the AATT segment 
and (ii) in the fact that Pjura et al. (1987) find a second 
complex with the same population, whereby the two benz- 
imidazole moieties of H33258 are rotated by 180' relative to 
each other. The structure of the third complex is again dif- 
ferent from the other two structures [see Carrondo et al. 
(1 989) for a detailed discussion]. 

The method of choice for structure determinations of pro- 
teins, DNA, and their complexes in solution is based on 
two-dimensional NMR mehods (Wiithrich, 1986). The only 
reports about NMR studies of complexes between H33258 and 
defined oligonucleotides have been about the 2: 1 complex with 
the dodecanucleotide d(CTTTTGCAAAAG)2 (Searle et al., 
1990) and a preliminary account about the 1:l complex be- 
tween H33258 and d(CGCGAATTCGCG), (Parkinson et al., 
1989). Thus, in order to gain insight into the structure of a 
complex with H33258 with a DNA fragment containing the 
dAATTC sequence and to compare it to the known structures 
derived from results of X-ray and NMR studies, we have set 
out to examine the 1:l complex between H33258 and the 
dodecanucleotide d(GTGGAATTCACC), in aqueous solution 
by two-dimensional NMR methods. In this paper we present 
the results of these studies, which lead to interesting data about 
the static and dynamic aspects of this complex. 

In the final stages of the preparation of this publication two 
additional papers appeared in the literature reporting the re- 
sults of NMR studies of complexes between oligonucleotide 
duplexes and H33258 and a derivative thereof (Parkinson et 
al., 1990; Kumar et al., 1990). 

MATERIALS AND METHODS 
The bisbenzimidazole derivative Hoechst 33258 (H33258) 

was purchased from Fluka (Buchs, Switzerland) and used 
without further purification. The nomenclature used 
throughout this paper for the molecule is given in Figure la. 

DNA Synthesis. The dodecanucleotide d(GTGGAATTC- 
CAC) was synthesized on controlled pore glass (CP6) (Adams 
et al., 1983) in a 19-pmol scale using P-cyanoethyl phosphor- 
amidites (Sinha et al., 1984) as building blocks (5-fold excess) 
and our standard technologies (Bannwarth, 1987). After 
synthesis, it was treated with concentrated ammonia at 343 
K for 2 h, filtered off, and evaporated. The pellet was re- 
dissolved in 80% acetic acid, precipitated with ether, and 
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FIGURE 1: (a) Structure of Hoechst 33258. Individual protons are 
identified by the letter for the ring and the ring position, e.g., BP8. 
(b) Sequence and residue numbering for the dodecanucleotide duplex. 
For the (+)-strand, the nucleotides are consecutively numbered from 
the 5' end to the 3' end. For the (-)-strand, the nucleotides have the 
same numbers as the paired bases. 

centrifuged. The pellet was dissolved in 0.6 M TEAB and 
applied to a DEAE-Sephadex column (30 X 2 cm). A gradient 
of 0.6-1.4 M TEAB was applied to the column in order to 
obtain the desired fragment. The derived oligonucleotide was 
repeatedly dissolved in aqueous ethanol solution and the solvent 
evaporated under reduced pressure. After the addition of a 
10-fold excess of NaCI, it was dialyzed three times against 
water in a dialysis tube (1000 MW cutoff). The tube content 
was evaporated, taken up in water, and applied to a small 
Sephadex column (NAP25). The fraction containing the 
DNA was lyophilized, yielding 10.5 mg of DNA. The purity 
of the fragment was checked by reversed-phase HPLC. 

Sample Preparation. The lyophilized dodecanucleotide was 
dissolved in 450 kL of an aqueous buffer solution (50 mM 
PO?-, 100 mM NaCI, 0.1% NaN,, pH 7.0). Complete duplex 
formation was achieved by annealing at 358 K for 15 min and 
slowly cooling to room temperature (Figure l b  gives the no- 
menclature used for the oligonucleotide duplex). After one 
lyophilization step, the material was redissolved in the same 
volume of 90% H20/10% D 2 0  (v/v). 

Titration. For the titration, lo-, 30-, and 50-nmol aliquots 
of the drug were taken from a freshly prepared stock solution 
in DMSO. First, the solvent was removed under vacuum and 
then the DNA solution was added to each aliquot of the drug. 
The extent of the complex formation was followed by moni- 
toring changes in the imino proton region in a 1D ' H  NMR 
spectrum (Leupin et al., 1986). These spectra were acquired 
at 293 K with one jump-and-return (JR) (Plateau & Gugron, 
1982) read pulse on a 500-MHz spectrometer (Bruker AM- 
500). The JR delay was set to 70 ps, giving excitation maxima 
at f3571 Hz from the carrier frequency set on the water 
resonance. For each titration step, 200-400 scans were col- 
lected per spectrum, with a 1-s relaxation delay between scans. 
With a sweep width of 10000 Hz, 4K data points were 
measured and zero-filled to 16K points. A shifted Gaussian 
window was applied to the free induction decay (FID) prior 
to Fourier transformation. The spectra were baseline-corrected 
in the region of interest using fifth-order polynomials. The 
proton chemical shifts were indirectly referenced to TSP using 
the HDO resonance previously calibrated in stock buffer so- 
lution. 

Two-Dimensional 'H NMR Spectra. All 2D spectra were 
acquired on a Bruker AM-500 spectrometer at 298 K. The 
D 2 0  sample was prepared by repeated lyophilization from 
99.8% D20,  followed by dissolution in 99.996% D20.  The 
sample concentration was 0.7 mM, as determined by UV 
absorption on a small aliquot of the free DNA (the extinction 
coefficient was computed for this sequence using standard tZm 

values). 



Complex of Hoechst 33258 with d(GTGGAATTCCAC)2 

The sweep width was 4545 Hz for D 2 0  spectra and 9615 
Hz for H 2 0  spectra, acquired in 2K and 4K points, respectively 
(t2,mx = 225 and 213 ms). The carrier frequency was always 
set on the water resonance and phase-sensitive acquisition was 
achieved using TPPI (Marion & Wuthrich, 1983). The 
2QF-COSY (Rance et al., 1983) was acquired with 128 
scans/increment, and the maximal t ,  value (t13max) was 112.6 
ms. The mixing time ( T ~ )  for clean-TOCSY (Griesinger et 
al., 1988) in D 2 0  was 120 ms. The delay between pulses of 
the MLEV-17 sequence was 2.6 times the length of the 90" 
pulse, giving a field strength of the mixing radiofrequency (rf) 
of 6.7 kHz. A total of 128 scanslt, value were collected, and 
tl,max = 112.6 ms. For clean-TOCSY in H20 ,  a rf field of 7.6 
kHz was applied during 80 ms, 128 scans/t, were acquired, 
tl,max = 25.6 ms, and the water was presaturated during 0.8 
s using DANTE (Morris & Freeman, 1978). The NOESY 
spectra (Jeener et al., 1979; Kumar et al., 1980) were recorded 
in D 2 0  with a 50-ms mixing period (192 scanslt,, tl,max = 31.8 
ms) and a 150-ms mixing period (192 scans/t,, tl,max = 56.3 
ms). The suppression of the water resonance in NOESY 
acquired in H20 was achieved with one JR read pulse (Plateau 
& GuEron, 1982) with a delay of 63 p s .  A total of 96 
scans/increment were collected, and tl,max = 53.2 ms. For the 
2 4  spectrum (Rance et al., 1983), each increment was com- 
posed of 256 scans, the excitation delay was set to 33 ms 
(Griitter et al., 1988), and r,,- = 28.7 ms. Mixing in ROESY 
(Bothner-By et al., 1984; Bax & Davies, 1985) during 75 ms 
used a DANTE sequence of 30" pulses applied with a duty 
cycle of 10% (giving a rf field strength of 2.1 kHz). A total 
of 192 scans/t, value were acquired, and rl,max = 66 ms. The 
processing was done on a X32 workstation running the uxnmr 
package. Prior to Fourier transformation, the experiments 
were apodized with shifted, squared sine-bell windows in both 
time dimensions and zero-filled to 4K and 2K in w2 and w,, 
respectively, leading to a final resolution of 2.2 and 4.7 Hz 
along w2 for H 2 0  and D 2 0  spectra, respectively, and 4.4 and 
9.4 Hz along w , .  

Modeling. The model of the dodecanucleotide was con- 
structed using the coordinates of the crystal structure of the 
Drew dodecamer (Brookhaven Protein DataBase entry 1 BNA; 
Dickerson & Drew, 198 1). The hydrogen atoms were attached 
to the heavy atoms using standard geometry for the nucleo- 
tides. 

To dock the ligand onto the 12-mer, the intermolecular 
proton-proton distances were estimated using the cytosine 
5H-6H distance ( r  = 2.45 A) as a reference. The unknown 
distance ra between a pair of protons can be directly related 
to a known distance rb from 

(Wiithrich, 1986; Zhang & Patel, 1990). 
A value of 0.5 A (for NOESY data collected at  a 50-ms 

mixing time) or 1 .O A (for NOESY data collected at a 150-ms 
mixing time) was added to the calculated distances in order 
to define upper limits (Zhang & Patel, 1990) for the Hoechst 
33258-d(GTGGAATTCCAC), complex. 

All atoms were treated explicitly during the energy re- 
finement using our in-house force field implemented on a 
Silicon Graphics Iris 4D workstation (Muller, 1984; Gerber 
and Muller, to be published). The distance constraints were 
included as quadratic terms to the total energy expression. 

After the docking, the ligand coordinates were relaxed 
without changing the coordinates of the DNA in order to 
relieve bad contacts. Thereafter, all atom positions were re- 
laxed with the NOE distance constraints active. In the final 
stage of the energy minimization, the NOE distance constraints 

ra = rb(NOEb/NOEa)'/6 
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FIGURE 2: Titration of the DNA duplex of Figure Ib with Hoechst 
33258. 1D 500-MHz 'H NMR spectra were acquired after addition 
of increasing amounts of the drug. The region showing the imino 
protons of the DNA is presented (solvent HzO, 50 mM phosphate 
buffer, 100 mM NaCl, 0.1% NaN3, pH 7.0, 7' = 293 K). Water 
suppression was achieved using a jump-and-return excitation scheme. 
The DNA duplex-to-drug ratios are given on the right. The arrow 
indicates the resonance used to follow the extent of complex formation. 
The two resonances identified by a dot belong to exchangeable protons 
of the drug (BP,NH and BB,NH). The x's indicate instrumental 
artifacts. 

were suspended. For each minimization run, the procedure 
was stopped when the total energy change per iteration was 
smaller than 0.05 kcal/mol. 

RESULTS 
Titration. The imino proton regions of the different 1D 

NMR spectra acquired during the stepwise titration of the 
DNA duplex with the ligand are shown in Figure 2. In the 
free DNA, only six imino proton resonances are observed, due 
to the inherent C2, symmetry of the free duplex. Three res- 
onances for the thymine N3H and three for the guanine N1H 
protons of the AT and GC Watson-Crick base pairs can be 
discerned. As seen most clearly for the thymine N3H protons, 
the set of three lines is replaced by a new set of six lines during 
the titration. This indicates the formation of at least one new 
species in solution when the drug is added to the DNA. The 
appearance of distinct resonances for free and bound DNA 
in the same spectrum at intermediate drug:DNA ratios in- 
dicates that the complex is long-lived relative to the NMR time 
scale. We have used the guanine N l H  resonance at 12.57 ppm 
to monitor the extent of the complex formation. The intensity 
of this line decreases during the titration, and the 1:l lig- 
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and:DNA ratio is reached as this resonance disappears in the 
baseline. All imino proton resonances are shifted toward lower 
field as compared to the free duplex. This is already indicative 
of the drug binding in the minor groove of the DNA (Feigon 
et al., 1984). The two lines at 12.33 and 11.30 ppm arise from 
the labile N H  protons of H33258 (see below). 

Assignment of Hoechst 33258 in the Complex. A combi- 
nation of 2QF-COSY and clean-TOCSY spectra acquired in 
D 2 0  was used to assign the nonlabile protons in the four spin 
systems of H33258. In the 2QF-COSY spectrum, three cross 
peaks in a spectral region where the DNA does not show 
scalar-coupled protons were attributed to the aromatic moieties 
of the drug (Leupin et al., 1986). The clean-TOCSY spectrum 
(7, = 120 ms) allowed completion of the benzimidazole spin 
systems. Indeed, the meta-coupled protons of these moieties 
also give rise to cross peaks which are better observed in 
clean-TOCSY than in 2QF-COSY. 

In a NOESY spectrum acquired in D 2 0  (7, = 150 ms), 
the higher field benzimidazole 6 and 8 protons were assigned 
to the BP benzimidazole moiety because they displayed NOES 
to a set of protons with chemical shifts of 4.34 and 3.40 ppm 
(the latter chemical shift corresponds to a broad resonance 
line where we could in fact assign two different chemical shifts 
of 3.38 and 3.43 ppm. These resonances are assigned to the 
same methylene protons for different conformations of the 
piperazine ring (see also below and Discussion)). Since these 
protons are scalar coupled to each other, as evidenced in 
clean-TOCSY, we have assigned the respective resonances to 
the piperazine P2;6 and P3;5 methylene protons. This was 
further confirmed by additional NOES to resonances appearing 
at 2.96 and 2.56 ppm. These lines are assigned to the N- 
methyl group in two different chemical environments, thus 
indicating that the piperazine ring can adopt at least two forms 
when H33258 interacts with the DNA duplex. 

The phenol B2;6 and B3;5 protons were also distinguished 
via an NOE from one N H  proton of one benzimidazole group 
as observed in the NOESY spectrum acquired in HzO. Thus, 
this N H  resonance at 12.33 ppm has been assigned to the BB 
benzimidazole moiety. The intraresidue cross peak expected 
between the BB,NH and the BB6 proton could not be unam- 
biguously identified since the BB6 proton resonance overlaps 
with the resonance line of an adenine 2 proton [w(BB6) = 
w(A6,2H)]. The second N H  resonance (6 = 11.30 ppm) has 
been assigned to the BP benzimidazole group as it exhibited 
an intraresidue cross peak to BP6. Other labile protons of 
H33258 (phenol OH, piperazine NH)  could not be identified, 
probably because of fast exchange with the solvent water 
protons. 

A fast ring-flip motion of the phenol moiety makes it im- 
possible to distinguish between the B2 (B3) and B6 (B5) 
protons. Similarly for the piperazine ring, a flip around the 
piperazine-benzimidazole bond is likely, thus impeding to give 
precise stereochemical assignments for the methylene protons. 

The chemical shifts of all assigned drug resonances are 
reported in Table I. 

Sequential Assignments of the Dodecanucleotide Duplex. 
The individual spin systems of the deoxyribose moieties have 
been identified using 2QF-COSY and clean-TOCSY in DzO. 
The problem of overlapping resonances in the 2’ and 2’’ proton 
region was overcome by employing the remote connectivities 
of the 1’ protons to the 2‘/2‘’ protons observed in the 2 4  
spectrum acquired in D 2 0  (Griitter et al., 1988) (Figure 3). 
The clean-TOCSY spectrum allowed a straightforward as- 
signment of all TCH3 resonances from their cross peaks to 
T6H. The 2QF-COSY spectrum has been used to identify 
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Table I: Proton Chemical Shift Assignments of Hoechst 33258 in 
the 1: 1 Complex Formed with d(GTGGAATTCCAC)*’ 
drug protons chemical shiftb drug protons chemical shiftb 

B2;6 7.32 BP6 7.60 
B3;5 8.09 BP8 7.18 
BB,NH 12.33 BP9 7.75 
BB6 8.28 P2;6 4.34 
BB8 7.95 P3;5 3.38, 3.43c 

8.20 PCH, 2.96, 2.56c BB9 
BP,NH 1 1.30 

gExperimental conditions: T = 298 K, 100 mM NaCI, 50 mM 
phosphate buffer, 0.1% NaN,, pH 7.0. ppm (*0.02 ppm) relative 
to TSP. c T ~ ~  different resonances were observed (see text for discus- 
sion). 

w T2 
I BB A-7 

All/*, 
I I 
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0 3 1  
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FIGURE 3: Phase-sensitive 2 4  spectrum of the 1:l complex formed 
between the DNA duplex of Figure lb and Hoechst 33258 (500 MHz, 
excitation period 33 ms, solvent D20, T = 298 K, other conditions 
as in Figure 2). The region shown contains the remote peaks at w1 
= o(2’H) + w(2”H) and w2 = w( 1’H). The assigned peaks are labeled 
with the one-letter code of the base and its sequence number (see 
Figure 1 ) .  

the cytosine C5H and C6H resonances. The sequential as- 
signment of the spin systems was based on the observation of 
short sequential and intranucleotide connectivities in the 
NOESY spectrum recorded in DzO at 150 ms. For this 
purpose, we have used the intraresidue di(2’;6,8)/di( 1’;6,8) 
connectivities, involving the 1’/2’/2’’ sugar protons and the 
6/8 protons of the same base, as well as sequential connec- 
tivities ds(2”;6,8)/ds( 1’;6,8) to the next base in the 3’ direction 
(Feigon et al., 1983; Hare et al., 1983; Scheek et al., 1983, 
1984; Chazin et al., 1986). Only the protons of the 3’-terminal 
AC dinucleotide and the 5’-terminal G in both strands had 
equivalent chemical shifts. It was possible to sequentially 
assign all spin systems for each complete DNA strand sepa- 
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F I G U R E  4: Phase-sensitive NOESY spectrum of the 1:l complex 
formed between the DNA duplex of Figure 1 b and Hoechst 33258 
(500 MHz, T, = 150 ms, other conditions as in Figure 3 ) .  The region 
containing sequential NOEs d,(2”;6,8) and intraresidual NOEs 
di (2’ ;6 ,8)  is shown. The sequential assignment pathway for the 
(-)-strand is indicated with lines and arrows, and the start and the 
end are identified by boxes. The missing cross peaks were observed 
at lower contour levels. The chemical shift positions for the 6 H / 8 H  
base resonances are indicated at the top using the one-letter code and 
the sequence number (see Figure 1). 

rately using these di(2’;6,8)/di( 1’;6,8) and d,(2”;6,8)/ds( 1’;6,8) 
connectivities. The assignment pathway using the 2’H/2’’H 
to base 6H/8H NOES is given for the (-)-strand in Figure 
4. The pattern of observed intensities reflects the fact that 
the duplex retains a right-handed, B-form DNA structure (Van 
de Ven & Hilbers, 1988) in the complex. NOES corresponding 
to sequential connectivities d,( 1’3) have also been observed. 
In addition, sequential and interstrand adenine 2H to 1’H 
NOEs, as well as sequential adenine 2H-2H contacts ds(2;2), 
have also been observed using the NOESY spectra (Grutter 
et al., 1988). The combined use of all mentioned connectivities 
allowed assignment of most of the nonlabile protons of both 
strands of the 12-mer in the complex. A survey of the used 
connectivities is given in Figure 5. 

Using the known sequence-specific resonance assignments 
of the free duplex (W. Leupin, unpublished results), we tab- 
ulated the drug-induced chemical shift differences of specific 
DNA protons. Figure 6 shows such plots for l’H, 2’H, 2”H 
and 6H/8H. These plots are symmetric relative to the center 
of the oligonucleotide, thus localizing the drug-binding site 
roughly to the center of the DNA. From these graphs follows 
that the drug-induced shift differences are quite different for 
different types of protons. Whereas all protons shown exhibit 
a drug-induced upfield shift of their resonances, the imino and 
adenine 2 protons are shifted downfield. Overall, these plots 
show that the protons of the DNA segment d(A!A6T7T8). 
d(A_,A-7T4T-5) are mostly influenced by the ligand, indicating 
binding of H33258 to this region of the DNA duplex. 

Additional cross peaks in NOESY spectra, which proved 
to be chemical-exchange cross peaks, have also been observed. 
As confirmed by ROESY, all protons which are symmetrically 
related in the DNA strands of the free duplex give rise to such 
cross peaks in the DNA/drug complex. This is best seen in 
the chemical shift region where the base 6 and 8 and adenine 
2 protons resonate. Using a combination of NOESY and 
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FIGURE 5: Survey of the sequential NOEs used to assign both DNA 
strands of d(GTGGAATTCCAC)2 in the 1:l complex with Hoechst 
33258.  The different sequential connectivities are given on the left. 
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RGURE 6 :  Plots versus the DNA sequence of chemical shift differences 
for corresponding protons of d(GTGGAATTCCAC), in the free DNA 
duplex and in the complex with Hoechst 33258:  (a) 1’ protons; (b) 
6 / 8  protons; (c) 2’ protons; (d) 2’’ protons. 

ROESY (Figure 7),  we can distinguish between cross peaks 
due to nuclear Overhauser enhancements and those due to 
chemical-exchange phenomena. Indeed, cross peaks caused 
by dipoledipole interaction have in ROESY the opposite sign 
than the diagonal, and chemical-exchange cross peaks have 
the same sign (Bothner-By et al., 1984). All aromatic proton 
resonances, which were sequence-specifically assigned, show 
such exchange cross peaks. 

The NOESY spectrum acquired in H 2 0  has allowed as- 
signment of most of the amino and imino protons. The thy- 
mine T3NH and guanine G l N H  imino proton resonances were 
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Table 11: Chemical Shifts for the Assigned Protons of the Dodecanucleotide in the 1: l  Complex with Hoechst 33258‘ 

A6NHZL 
base I’H 2’H 2”H 3’H C5H TCH, 6H 8H A2H C4NH7* GINH/T3NH G2NHl 

GI 
T2 
G3 
G4 
A5 

T7 
T8 
c9 
ClO 
All 
c12 

G-12 
T-I I 
G-IO 
(3-9 
A-8 
A-7 
T-6 
T-5 
c-4 
c-3 
A-2 

A6 

,. 

5.99 
5 . 7 5  
5.56 
5.24 
5.81 
6.25 
5.41 
5.06 
5.42 
5.45 
6.27 
6.1 1 

5.99 
5.74 
5.58 
5.46 
6.13 
5 . 5 8  
5.17 
4.98 
5.66 
5.45 
6.27 
6.1 1 

2.61 
2.1 1 
2.57 
2.47 
2.83 
2.67 
1.60 
1.59 
1.68 
2.03 
2.74 
2.15 

2.59 
2.01 
2.59 
2.55 
2.70 
2.22 
1.49 
1.58 
2.10 
2.03 
2.74 
2.15 

2.77 
2.40 
2.68 
2.58 
2.85 
2.75 
2.08 
2.15 
2.15 
2.34 
2.89 
2.15 

2.77 
2.33 
2.69 
2.70 
2.83 
2.60 
2.04 
I .85 
2.15 
2.34 
2.89 
2.15 

4.82 
4.85 
4.99 
4.98 
5.10 
5.05 
4.45 
4.43 
4.57 
4.83 
5.05 
4.47 

4.82 
4.85 
4.98 
4.99 
5.07 
4.98 
4.40 
4.43 
4.79 
4.83 
5.05 
4.47 

5.34 
5.49 

5.45 

5.51 
5.66 

5.45 

(+)-Strand 
7.94 

7.76 
7.70 
8.24 
8.26 

1.36 7.35 

1.32 6.98 
1.41 6.92 

7.1 1 
7.36 

7.36 
8.30 

(-)-Strand 
7.94 

1.36 7.29 
7.78 
7.70 
8.13 
8.04 

1.16 6.77 
1 .38  6.88 

7.38 
7.47 

7.36 
8.30 

7.45 
8.28 

7.95 

7.61 
8.36 

7.87 

nd 
nd nd 

12.94 
12.79 

14.01 
13.57 

8.0416.39 
8.5316.73 

nd 
nd 

nd 
nd 
12.92 
12.79 

13.86 
13.69 

8.3516.58 
8.5316.80 

nd 

nd 

nd 
nd 
- 6.6116.48 
nd 

nd 

nd 
6.83 
nd 
6.50 

nd 
L-I 

In  ppm (k0.02 ppm) relative to TSP. Experimental conditions: T = 298 K ,  100 mM NaCI, 50 mM phosphate buffer, 0.1% NaN,, pH 7.0. The 
4’,5’ and 5” protons are not assigned due to spectral crowding. nd = not determined. *The chemical shifts of the hydrogen-bonded amino protons 
are underlined. 

assigned through two independent pathways. The first path- 
way involved sequential imino proton-imino proton NOEs and 
permitted the identification of 8 out of the 12 imino proton 
resonances. The fact that the imino proton resonances of the 
duplex termini are missing can be explained by fraying of the 
ends. The second pathway (Otting et al., 1987) involved 
internucleotide NOEs between imino protons and the previ- 
ously assigned adenine 2H resonances. In  this way, it was 
possible to assign the imino proton resonances of the tetra- 
nucleotide sequence d(AATT),. The previous assignments of 
the guanosine N 1 H imino proton resonances have been con- 
firmed by the NOE to the cytosine amino protons, which in 
turn exhibit intranucleotide NOEs to their C5H protons 
(Wuthrich, 1986). The assignments of the DNA proton 
resonances are reported in Table 11. 

Intermolecular NOEs. On the basis of the known assign- 
ments of both ligand and oligonucleotide protons, we have been 
able to locate and identify a number of intermolecular NO%. 
The regions of two NOESY spectra (7, = 150 ms, HzO and 
D20) displayed in Figure 8 show most of these intermolecular 
NOEs. They involve exclusively the deoxyribose 1’ protons 
and the adenine 2 protons of the dodecanucleotide, thus 
definitely locating the drug to the minor groove of the DNA 
duplex. Protons of all four spin systems of the ligand showed 
NOEs to protons of the DNA, demonstrating that the drug- 
DNA interaction occurs along the entire length of the drug. 
For both benzimidazole moieties, only the BP6, BB6, and the 
N H  protons exhibit close contacts with protons of the dode- 
canucleotide duplex. The methylene protons of the piperazine 
ring show also close contacts to the duplex. Only the protons 
of the N-methyl group resonating at  2.96 ppm give rise to a 
NOE with AJH (no such close contact was observed from 
the protons of the N-methyl group appearing at  2.56 ppm). 
In all, 25 intermolecular NOEs could unambiguously be 
identified (Table 111). Their distribution is confined to the 
d(A5A6T7T8C9)-d(G-9A-8A-7T4T-5) segment of the 12-mer. 

BP9 1 

BPI3 

ROESY 

W P ” I  

-8.0 

FIGURE 7: Combined plot of a ROESY s ectrum and a NOESY 
spectrum (500 MHz, phase sensitive, T , ~ ~ ~ ~  = 75 ms, smNoESY = 
150 ms, other conditions as in Figure 3) used to distinguish cross peaks 
due to NOE transfer of magnetization from those due to chemical 
exchange. The aromatic region is shown. Cross peaks arising from 
different interactions are identified as follows: in the ROESY 
spectrum, positive cross peaks are drawn with multiple lines and 
negative cross peaks with a single contour, and peaks arising from 
chemical exchange (see text) are boxed. The aromatic protons of the 
DNA which are involved in the exchange process are labeled on the 
left and at  the top using the numbering of Figure 1. In the NOESY 
spectrum, cross peaks arising from NOES (see text) are circled and 
the interacting protons are identified. The peak marked with an 
asterisk could not be unambiguously assigned (see text). 

Dynamic Properties. The exchange cross peaks measured 
by ROESY indicate that the drug can bind in two equivalent 
sites on the duplex. Considering a symmetrical two-site 
chemical-exchange case with equal populations and equal 
relaxation times (both TI  and Tz)  for the two sites (Ernst et 



Complex of Hoechst 33258 with d(GTGGAATTCCAC)2 Biochemistry, Vol. 30, No. 48, 1991 11383 

BB,NH BP,NH BB6 B3;5 T-5 91: 
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FIGURE 8: Parts of two phase-sensitive NOESY spectra of the 1:l complex formed between the DNA duplex of Figure l b  and Hoechst 33258 
(500 MHz, 7, = 150 ms, other conditions as in Figure 3). The drug resonances are identified at the top, the DNA sugar 1' and adenine 2 
protons are identified on the left, and the intermolecular cross peaks are framed with a square. 

al., 1987), the exchange rate can be determined from the ratio 
of peak intensities as 

k,, = In [(l  + R)/(1 - R)]/27, 
where k,, is the exchange rate (s-I), R is the ratio of the cross 
peak to diagonal peak intensity, and T, is the mixing time. 
For small R ,  in the initial rate approximation, this formula 
simplifies to k,, = R/T,. Assuming identical line shapes for 
the diagonal and the cross peaks, we calculated R from the 
number of contour levels in the 2D plot of the NOESY 
spectrum (T, = 50 ms) acquired in D20, using the cross peaks 
and the diagonal peaks arising from the T7,6H, T4,6H, A8,8H, 
and A+8H protons. The rate of exchange for this process 
is 2.2 f 0.2 s-I at 298 K, which is equivalent to a lifetime T 
of the complex of 450 f 50 ms at these temperature and 
solvent conditions. The free energy of activation for this 
exchange process can be determined from the Eyring equation 
by applying the formula (Gunther, 1973) 

with T being the temperature (in kelvin). The estimated AG* 
is 71 f 0.5 kJ/mol at  T = 298 K. 

We have also acquired a series of 1D spectra in D 2 0  solution 
at  different temperatures (data not shown). From these data 
follows that the original C, symmetry of the free DNA duplex 
is restored in the complex above 330 K if, e.g., the methyl 

AG* = 19.14T[10.32 - log (k, , /V] (J/mol) 

proton resonances of T7 (6 = 1.32 ppm) and T, (6 = 1.16 
ppm) are observed. These two lines coalesce to a single line 
at 1.24 ppm at 330 K, the coalescence temperature (Tal). The 
simplified formula (Gunther, 1973) 

k e y 1  = 2.22Au 
with Au equal to the difference in chemical shifts (hertz) 
measured at slow-exchange regime, allows estimation of k,,"' 
for our system. The free energy of activation for this process 
can be estimated using the equation 

(Sutherland, 1971; Gunther, 1973), which is based on tran- 
sition-state theory. With T,, = 330 K and Au = 80 Hz (for 
T7,CH3 and T4,CH3), we estimated kcxal = 180 s-l (7 = 5.5 
ms) and AG* = 67 f 1 kJ/mol. 

The dynamic behavior of the phenol group has been assessed 
by clean-TOCSY (T, = 80 ms, H20)  at T = 273 K. Under 
these experimental conditions, we have still observed a single 
cross peak correlating the B3;5 to the B2;6 protons. This 
indicates a fast ring flip of the phenol moiety pertaining to 
this low temperature (Wuthrich, 1976). 

Molecular Modeling. In the relaxed model, the drug covers 
the four central base pairs (AATT stretch) of this oligo- 
nucleotide and is isohelical with the DNA. A large number 
of attractive hydrophobic interactions keep the molecule 

AG* = 19.147',,,[9.97 + 10g(T,,~/Au)] (J/mol) 
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oligonucleotide. The observation of drug-induced low-field- 
shifted imino proton resonances (Feigon et al., 1984; Leupin 
et al., 1986; Leupin, 1990) indicates that Hoechst 33258 binds 
in the minor groove of the DNA duplex. 

The sequence-specific assignment of the proton resonances 
of both the DNA duplex and bound drug in the complex was 
achieved independently of the spectra of the free molecules. 
This is in contrast to the approach taken in an NMR study 
of the complex between Hoechst 33258 and the Drew dode- 
camer d(CGCGAATTCGCG)2 (Parkinson et al., 1990). In 
this study, the spectra of a 0.51 (1igand:duplex ratio) complex 
were used to link the sequence-specific resonance assignments 
of the free oligonucleotide to its assignments in the 1:l complex 
using exchange spectroscopy. We decided not to use this 
method because it requires a dissociation of the drug:DNA 
complex in the appropriate time range to observe exchange 
cross peaks. 

A first indication of the binding of Hoechst 33258 to the 
center of the DNA duplex followed from an inspection of the 
plots depicting the drug-induced chemical shift differences of 
specific protons of the DNA duplex (Figure 6). The largest 
differences have been observed for the 1’ protons which are 
pointing into the minor groove. Interestingly, base 6 and 8 
protons pointing into the major groove are also affected upon 
binding of the drug, reflecting some locally induced confor- 
mational changes of the nucleotides (e.g., base roll, propeller 
twist), which influences the chemical environment of protons 
in the major groove. This comparison of chemical shifts in 
free and bound DNA indicates also that qualitatively different 
effects of ligand binding are observed for the deoxyribose 
protons and the 6 and 8 base protons on one hand and for the 
imino and adenine 2 protons (plots not shown) on the other 
hand. The binding-site size of 5 base pairs for the binding of 
Hoechst 33258 to DNA derived from optical studies (Loon- 
tiens et al., 1990, and references cited therein) and from 
footprinting studies (Martin & Holmes, 1983; Harshman & 
Dervan, 1985; Murray & Martin, 1988; Jorgenson et al., 1988; 
Portugal & Waring, 1988; Churchill & Suzuki, 1989; Bathini 
et al., 1990) agrees well with the number of DNA protons 
influenced by the binding of the drug (Figure 6). 

The most direct and precise information for the binding of 
Hoechst 33258 to the minor groove was given by the identi- 
fication of 25 unambiguous intermolecular NOES directed to 
1’ and adenine 2 protons of different nucleotides on both DNA 
strands. A molecular model was obtained using these NOES 
which define intermolecular distance constraints. From this 
model follows that the four central base pairs d- 
(A5A6T,T8).d(AsA7T~T-,) of the oligonucleotide form the 
binding site for the drug. The protons of the piperazine moiety 
exhibit NOES to the adenine 2 and 1’ protons of the di- 
nucleotide d(A,T-,)-d(A,T,), thus defining the relative ori- 
entation of Hoechst 33258 to the DNA duplex. The model 
also shows that only one edge of the drug is involved in DNA 
recognition. In this way, the bound drug is crescent shaped 
and isohelical with the DNA. 

The occurrence of intermolecular hydrogen bonds between 
BP,NH and T7,02 and between BB,NH and T8,02 cannot 
be derived directly using our ’H NMR data. However, these 
hydrogen bonds are found indirectly on the basis of the ap- 
pearance of numerous intermolecular NOES involving the drug 
N H  and the DNA nonlabile protons. In this way, both hy- 
drogen-bond donors and acceptors are brought into correct 
juxtaposition. The magnitudes of the integrals over the singlet 
line of the two drug NH resonances observed in the 1D NMR 
spectra indicate that the hydrogen bond between BP,NH and 

Table I l l :  Intermolecular NOES and Upper Distance Limits in the 
Complex Formed between the DNA Duplex of Figure l b  and 
Hoechst 33258“ 

ligand Proton (+)-strand Protonb (-)-strand protonb 
B2;6 C9,I’H (3.8) A+2H (3.4) 

PL7,2H (4.7) 
B3:5 C9,1‘ (4.2) A_&2H (3.3) 

A-7,2H (3.6) 
A-,,l’H (3.8) 

A-7,2H (3.8) 

T,,I’H (4.5) 

BB,NH A4.2H (4.3) 

A-7,l’H (4.3) 

BB6 Tg,l’H (3.8) T+I’H (3.4) 
T7,1’H (3.8) 

BP,NH T7,1’H (4.1) A-7,2H (3.9) 

T+l’H (4.3) 
T4,I‘H (4.3) 

BP6 T7,1’H (3.6) T_S,I’H (4.2) 
A6,I‘H (4.7) 

P3;5‘ A52H (5.5) 
P2;6c A6,I’H (5.5) 

AJH (5.5) 
PCH,‘ A5,2H (5.5) 

“Observed in NOESY spectra acquired in D 2 0  (im = 50 and 150 
ms) or H 2 0  ( T ~  = 150 ms), T = 298 K, 100 mM NaCI, 50 mM 
phosphate buffer, 0.1% NaN3, pH 7.0. The intermolecular proton- 
proton distances were calculated using the cytosine 5H-6H distance 
(2.45 A) as a reference. These distances were converted into upper 
limits by adding a value of 0.5 A for NOESY data collected at a 50-ms 
mixing time or 1.0 A for NOESY data collected at 150 ms (see Ma- 
terials and Methods for more details). bValues in parentheses in A. 

the N-methyl protons resonating at 2.96 ppm give rise to an 
NOE with a DNA proton (see Results). 

snugly fitted in the minor groove (Figure 9a). The piperazine 
ring lies centered at the d(A5A,).d(T4T-5) dinucleotide, and 
the phenol moiety is at the Ts/A-* base pair. Both benz- 
imidazole moieties present the same edge to the bottom of the 
minor groove. Overall, the quality of the model is assessed, 
for example, through the absence of any repulsive van der 
Waals forces. 

In this model, 8 of the 25 intermolecular proton-proton 
distances are larger than the imposed upper distance limits. 
These distance violations span a range from 0.2 to 0.6 A, with 
a mean residual violation of 0.4 A. All but two intermolecular 
proton-proton distances are smaller than 5 A, the largest 
distance still giving rise to an observable NOE (Wuthrich, 
1986). 

Within this model, two intermolecular hydrogen bonds are 
present, involving the benzimidazole N H  protons and two 
thymine carbonyl oxygens on the same strand of the DNA. 
The first bond is formed between BB,NH and T8,02 and the 
second between BP,NH and T7,02 (Figure 9c). A third hy- 
drogen bond exists between the phenol OH proton and the 04’ 
oxygen of the A-8 deoxyribose moiety. 

We have performed modeling of the piperazine ring of the 
drug in the complex. These studies show that the piperazine 
moiety fits in  the minor groove of the DNA in at least two 
different conformations/configurations, irrespective of the 
remaining moieties of the ligand, thus underlining our previous 
assumption based on the observation of two resonance lines 
for the N-methyl protons. 

DISCUSSION 
The binding of Hoechst 33258 to the oligonucleotide 

d(GTGGAATTCCAC)* was first assessed through the ac- 
quisition of 1D spectra in H 2 0  during the titration. The 
doubling of, for example, the imino proton resonances upon 
binding indicates that the addition of the (asymmetric) drug 
to the 12-mer lifts the inherent C,, symmetry of the free 
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a 

c I  

FIGURE 9: (a) Stereoview of the model for the 1:1 complex formed between d(GTGGAATTCCAC)* and Hoechst 33258. Only heavy atoms 
are shown. The docking was done using distance constraints generated from the intermolecular NOES (Figure 8) followed by energy minimization. 
(b) Close-up at the binding site depicting in red the three intermolecular H-bonds BB,NH-T8,02, BP,NH-T,,02, and phenol OH-A-,,04’ 
as derived from this model (only heavy atoms are shown). (c) Close-up at the binding site depicting in red selected close intermolecular proton-proton 
contacts as observed by NOESY. All protons of the ligand but only the sugar 1 ’  and adenine 2 protons of the DNA are shown. 
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T7,02 is stronger than the one between BB,NH and T8,02. 
This is confirmed by the measurement of temperature-induced 
changes of the chemical shifts for these protons (data not 
shown). These coefficients differ by a factor of 2 (-3.2 Hz/K 
for BB,NH vs -1.7 Hz/K for BP,NH), thus supporting the 
above conclusion that BP,NH is involved in a stronger hy- 
drogen bond than BB,NH. 

We report some details of the dynamics of the drug binding 
to this 12-mer. We have shown that the drug can switch 
between the two equivalent binding sites of the DNA dode- 
camer and have calculated, from the exchange spectra, the 
rate for this process. The long residence time of Hoechst 33258 
on the DNA of 450 f 50 ms at 298 K is in agreement with 
the dissociation constants of up to 3 X M-’ for specific 
DNA sequences (Loontiens et al., 1990; Parkinson et al., 
1990). The lifetime of our complex is very similar to the 
lifetimes for the 2:l and 1:l complexes between distamycin 
A and DNA (Pelton & Wemmer, 1990; Klevitt et al., 1986) 
but is larger than the lifetimes for the 1:l complexes of net- 
ropsin and DNA (Pate1 & Shapiro, 1985, 1986), and a bis- 
quaternary ammonium heterocycle SN6999 and DNA (Leu- 
pin et al., 1986). The dynamic behavior of the phenol moiety 
was also investigated. These studies demonstrated that a fast 
ring flip for the phenol group of the bund  drug is still possible, 
even at the low temperature used. We do not give any rate 
constant for this process as it is impossible to estimate the 
chemical shift values for the B2, B3, B5, and B6 protons for 
the immobilized ring. Knowing the chemical shift values for 
these protons is a prerequisite for calculating such a rate 
constant. In  their studies of the 2:1 complex of Hoechst 33258 
with d(CTTTTGCAAAAG),, Searle and Embrey (1990) 
report, however, an upper limit of 200 s-I for this flip rate, 
assuming a chemical shift difference of 0.5 ppm between the 
B2 and B6 and between the B3 and B5 proton resonances, 
respectively, if the ring is immobilized in the minor groove. 

The overall structure of the DNA does not change upon 
complexation of the ligand, being of the B-type family as the 
free duplex. This follows from an inspection of (i) the ratio 
of NOE intensities di(6,8;2’) and ds(2”;6,8) and of (ii) the fine 
structure of the cross peaks due to 3Jl.2, and 3J1,2)r in phase- 
sensitive 2QF-COSY. All these data are similar to those found 
for the free duplex and characteristic of the values expected 
for nucleotides in C2,-endo conformation (Chazin et al., 1986; 
Wuthrich, 1986). 

Our data are in fair agreement with the ones from an NMR 
study of a 1:l  complex of Hoechst 33258 with d- 
(CGCGAATTCGCG)2 (Parkinson et al., 1989, 1990). In that 
study, the authors also claim that Hoechst 33258 binds to the 
central AATT site, as found by us and in the X-ray study of 
Teng et al. (1988). Whereas both Parkinson et al. (1990) and 
we detected 25 intermolecular NOEs, some of these NOEs 
involve different protons of the ligand and/or DNA. For 
example, we have found that the labile protons BP,NH and 
BB,NH of the drug give rise to intermolecular NOES to 1’ 
protons of the oligonucleotide (see Table HI), whereas Par- 
kinson et al. ( 1  990) do not report such NOEs. On the other 
hand, they listed one intermolecular NOE involving a gua- 
nosine 8 proton which points into the major groove. This can 
only be explained by spin diffusion, which is very effective at 
the long mixing time they used (300 ms). Parkinson et al. 
(1990) also report an intermolecular NOE between the BP9 
proton of the drug (proton Hcechst HI9  in their nomenclature) 
to an adenine 2 proton of the DNA. The occurrence of this 
NOE suggests that both edges of the BP benzimidazole moiety 
are in closs contact with the minor groove. This is only feasible 
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by positioning the BP benzimidazole flat on the bottom of the 
minor groove or by assuming two rotamers of this benz- 
imidazole moiety. We did not detect such an NOE. This is 
in agreement with our model, where the same two edges of 
both benzimidazoles expose their N H  and 6 protons to the 
DNA. Because we report the assignment of all nonlabile 
protons of the piperazine ring, we have been able to reliably 
identify intermolecular NOEs involving these protons. In their 
study, Parkinson et al. (1 990) report a single chemical shift 
value of 2.33 ppm for the piperazine N-methyl protons as 
opposed to the two values reported above (2.56 and 2.96 ppm, 
respectively). 

In another NMR study, Searle and Embrey (1990) pre- 
sented data on a 2:1 complex of Hoechst 33258 with d- 
(CTTTTGCAAAAG),. In their final model of the complex, 
Hoechst 33258 also covers the two AAAA sites, with both 
piperazine moieties pointing toward the center of the duplex 
but not covering the central GC base pair. The lifetime of 
one Hoechst 33258 molecule in its binding site was estimated 
to be > lo0  ms. These data qualitatively and quantitatively 
agree well with ours and the ones of Parkinson et al. (1990). 

The 1:l complex of an analogue of Hoechst 33258 with the 
decadeoxynucleotide d(CATGGCCATG), was also investi- 
gated by ‘H NMR (Kumar et al., 1990). This analogue 
contains a benzoxazole ring (instead of the BP benzimidazole 
ring) which is thought to be a GC base pair reading element 
and, in addition, contains a nitrogen atom in the benzene ring 
of the BP benzimidazole moiety. Kumar et al. (1 990) indeed 
report binding of the analogue to the CCAT site of their 
decadeoxynucleotide with the piperazine ring situated roughly 
between the two GC base pairs. The partial selectivity of this 
analogue for GC base pairs has also been demonstrated by 
footprinting studies (Bathini et al., 1990). In contrast to our 
studies, Kumar et al. (1990) report the occurrence of a second 
complex containing the ligand rotated by 180’ around the 
benzimidazole-benzoxazole bond. These two rotamers in- 
terchange even in the complex and exhibit a lifetime compa- 
rable to the NMR time scale. [Note that two complexes 
containing corresponding rotamers have also been found by 
Pjura et al. (1987) in their X-ray study of the 1:l complex 
formed between Hoechst 33258 and d-  
(CGCGAATTCGCG),.] A further comparison to our results 
is not feasible, because of the different ligands and different 
DNA fragments employed. 

A point which has not been addressed up to now is the state 
of protonation of Hoechst 33258 and the equilibria between 
the tautomeric forms of the two benzimidazole moieties, both 
free in solution and bound to DNA. The knowledge of these 
values is essential, for example, when modeling complexes of 
Hoechst 33258 with DNA or when discussing the feasibility 
of complexes containing different rotamers as proposed by 
Pjura et al. (1986) and Kumar et al. (1 990). Experiments to 
solve these questions are under way in this laboratory and will 
be published elsewhere (Leupin et al., in preparation). Our 
preliminary data clearly show that the pK values given by 
Bontemps et al. (1975), which are cited throughout the lit- 
erature, are the values for free benzimidazole and phenol but 
not for Hoechst 33258. 

Qualitative Comparison with X-ray Studies. Three dif- 
ferent X-ray investigations have been published with Hoechst 
33258 cocrystallized with different oligonucleotides (Pjura et 
al., 1987; Teng et al., 1988; Carrondo et al., 1989). Although 
Pjura et al. (1987) and Teng et al. (1988) have both studied 
the 1:l complex formed between Hoechst 33258 and the Drew 
dodecamer d(CGCGAATTCGCG)*, they surprisingly found 
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different binding modes with the ligand covering the ATTC 
(Pjura et al., 1987) or the central AATT site (Teng et al., 
1988). In the structure by Teng et al. (1988), Hoechst 33258 
covers 4 AT base pairs, with the piperazine ring interacting 
mainly with an AT base pair. In the structure of Pjura et al. 
(1987), the ligand is shifted in the binding site by 1 base pair, 
with the piperazine ring interacting mainly with a GC base 
pair. 

In our NMR study, we have used an oligonucleotide con- 
taining the 9 inner base pairs of the Drew dodecamer, thus 
comprising both binding sites for Hoechst 33258 proposed by 
Pjura et al. (1987) and Teng et al. (1988). Our data on the 
1 : l  solution complex of Hoechst 33258 with d- 
(GTGGAATTCCAC), indicate that the ligand is bound to 
the central AATT segment of the DNA, supporting the results 
of the crystal study reported by Teng et al. (1988). 

Moreover, Pjura et al. (1987) propose a second mode of 
binding, in which Hoechst 33258 binds to the same ATTC site, 
with the BP benzimidazole moiety rotated around the BB,- 
C7-BP,C2 bond by 1 80°, thus presenting the opposite edge 
of the BP benzimidazole to the minor groove of DNA. On 
the basis of our NMR results, we can exclude such a binding 
mode as the 8 and the 9 protons of both benzimidazole moieties 
do not present any intermolecular NOES to DNA, as expected 
for such a rotated BP benzimidazole. 

To summarize, we want to emphasize that our data contain 
no evidence for an off-center bound ligand nor (as outlined 
in details above) for the occurrence of a second rotamer of the 
type advocated by Pjura et al. (1987). 

CONCLUSION 
In this paper, two-dimensional 'H  NMR spectroscopy has 

been used to determine the binding mode and the static and 
the dynamic properties of the 1:l complex formed between 
Hoechst 33258 and the dodecanucleotide duplex d- 
(GTGGAATTCCAC),. In conjunction with molecular 
modeling, these data have allowed the determination of a 
detailed model of this complex at an atomic level. This pro- 
vides an opportunity to better understand the sequence-specific 
interactions between low molecular weight ligands and oli- 
gonucleotides. 
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ABSTRACT: We describe the three-dimensional X-ray structure of a complex of spermine bound to a Z-DNA 
duplex, [d(CGCGCG)],, in the absence of any inorganic polyvalent cations. We  have crystallized the D N A  
hexamer d(CGCGCG) in the exclusion of magnesium and other polyvalent ions and solved its structure 
a t  1 .O-A resolution. In the crystal of this pure-spermine form of Z-DNA, the relative orientation, position, 
and interactions of the D N A  differ from the arrangement uniformly observed in over a dozen previously 
reported Z-DNA hexamers. Moreover, the conformation of the Z-DNA hexamer in this structure varies 
somewhat from those found in earlier structures. The DNA is compressed along the helical axis, the base 
pairs are shifted into the major groove, and the minor groove is more narrow. The packing of spermineDNA 
complexes in crystals suggests that the molecular basis for the tendency of spermine to stabilize compact 
D N A  structures derives from the capacity of spermine to interact simultaneously with several duplexes. 
This capacity is maximized by both the polymorphic nature and the length of the spermine cation. The 
length and flexibility of spermine and the dispersion of charge-charge, hydrogen-bonding, and hydrophobic 
bonding potential throughout the molecule maximize the ability of spermine to interact simultaneously with 
different D N A  molecules. 

Condensa t ion  of DNA into compact structures is cation and McCann (1982), Tabor and Tabor (1984), and Feuerstein 
dependent. The focus of this report is spermine, a member et al. (1991)l. Spermine is the largest polyamine found in 
of a complex and nearly ubiquitous family of biological cations eukaryotes and, with a positive charge of 4 at pH 7, also the 
known as the polyamines [for reviews, see Morris (1981), Pegg most highly charged. A series of larger polyamines (pent- 

amines and hexamines) have been isolated from thermophilic 
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MA. chromatin (Sen & Crothers, 1986) into compact structures. 

* To whom correspondence should be addressed. We describe the three-dimensional X-ray structure of a 
complex of spermine bound to a Z-DNA duplex. Z-DNA was *The atomic coordinates have been deposited with the Brookhaven 
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the three-dimensional structure of the Z conformation of [d- 
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