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Abstract--The glutathione post-activated neocarzinostatin chromophore (NCSi-glu)-DNA complex was studied in detail by 2-D 
NMR spectroscopy. The complex is a model for understanding the sequence specific cleavage of DNA by the native 
neocarzinostatin chromophore (NCS chrom), a highly potent enediyne antitumor agent. NMR spectral analysis is presented for 
the free NCSi-glu, the free DNA duplex and the NCSi-glu-DNA complex. In addition to the previously reported structural details 
of the complex (Gao, X.; Stassinopoulos, A.; Rice, J. S.; Goldberg, I. H. Biochemistry 1995, 34, 40), we demonstrate that the 
binding of NCSi-glu in minor groove results in a patch of negatively charged surface covering the otherwise relatively neutral 
minor groove. The formation of the complex is largely driven by hydropbobic forces and the solvation of the polar surface of the 
complex. Comparison of the conformations of NCSi-glu and DNA duplex in their free and bound form reveals an induced mutual 
fit of DNA and NCSi-glu upon complex formation. The reduced NCS chrom represents a DNA binding motif for sequence 
specific recognition of DNA via intercalation and minor groove interactions. 

Introduction NCSI~ Iu  I I@IF i 

7" 
Neocarzinostatin chromophore' (NCS chrom) is the first P " ~ ' ~ m " ~  
member in a family of highly potent enediyne antitumor ~-""*" ~ - ~  
antibiotics that bind to specific DNA sequences and ~ ' ~ "  e ~  
cause single and/or double strand lesions. 2 Among the 
enediyne compounds, NCS chrom and chromophores of 
kedarcidin, 2" C-10272b and maduropeptin 2¢ are 
components of protein complexes, while caliche- 0 ~ / 0  , He 
amicins, 2d esperamicins 2e and dynemicin 2f are low 1 I  I I I l 
molecular weight molecules directly isolated from o ~ . . . .  ~ . - -  
eubacterial actinomycetes. Like other members in this ~ 
family of antitumor agents, NCS chrom contains an I I 
enediyne core (Scheme 1), attached to which are ~ , , ~  H ~ 6 ~  ~ 
several substituent groups: the cyclocarbonate moiety 
on C-4, the 2'-N-methyl-D-fucosamine (NMF) sugar on ..... q~ .... 
C-10 and the naphthoate (NPH) ring on C-11 (Scheme m, 
1). 3 Nueleophilic addition by thiol reagents, such as 
glutathione, to the enediyne core of NCS chrom results I_ ~.~.n.~-.vm,,ch~...__1 I ~ M , d , ~ i "  
in aromatization of the ring system and formation of the 
2,6-biradical species. 3b'4 When bound to DNA, this 
highly reactive species abstracts hydrogens from 
deoxyribose sugar rings, resulting in formation of a 
tetrahydroindacene ring (THI, Scheme 1). Thus, 
oxidative single-stranded (ss) and to a lesser degree, 
double-stranded (ds) chain cleavage of DNA are 
induced by the drug) c'5 Ss cleavage has been most 
frequently observed at 5'- or 4'-positions of thymine 
residues. Specific cleavage sites have been identified 
in the event of ds cleavage. For instance, in the 
trinucleotide AGX-YC! (X = C or T and Y = G or A) 

a • a o ~ t t ( s t ~ e t i ~ e e ~ H  
alibi 

Scheme 1. 

sites NCS chrom induces sugar damage at the 5'- or the 
4'-position of the T residue and at the l'-position of the 
X residue. A new mechanism of NCS chrom activation 
in the absence of thiol agents is proposed recently to 
account for the observation of the site-specific cleavage 
at a bulge site. 6 Other enediyne antibiotics have been 
shown to interact with DNA, causing ss and/or ds lesion 
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sites in target sequencesY Although the chemistry of 
the cleavage reactions is similar, the sequence 
specificity for various enediyne antitumor agents is 
distinctively different. There has been intensive effort in 
understanding the sequence selectivity of DNA 
cleavage by NCS chrom and other enediyne antitumor 
agents. This has led to the recent structural models for 
the post-activated NCS chrom-, 8 calicheamicin ¥I -9 
and esperamicin Am m°DNA complexes derived from 
modeling or NMR/molecular dynamics simulations. 
Evidence has been obtained for NCS chrom, which 
shows that the binding occurs in the minor groove" with 
the NPH aromatic ring intercalating into the base 
stacks of DNA) 2 The binding of the enediyne core in 
the minor groove has been further examined by 
modeling studies in order to rationalize the observed 
sequence specific hydrogen abstraction, s It becomes 
clear that structural information at the atomic level is 
essential for the advancement of our understanding of 
NCS chrom-DNA specific interactions. 

In this report, we describe a detailed NMR analysis of 
the glutathione post-activated NCS chrom (NCSi-glu)- 
DNA complex. The results of this study have been used 
to elucidate the structure of the complex using distance 
geometry and molecular dynamics simulation methods. 
A complete description of the structural features of the 
complex has been reported. 13 The heptamer DNA 
duplex (Scheme 2) used in this study contains an AGC 
trinucleotide site, which when embedded in a long 
DNA sequence, undergoes specific cleavage in the 
presence of NCS chrom and glutathione) 4 The 
activated NCS chrom abstracts one 5' hydrogen from 
T12 and the 1' hydrogen from C5, resulting in chain 
cleavage at the Cl l -TI2  step and an abasic site at C5, 

which eventually leads to backbone lesion formation) c'5 
The use of native NCS chrom in NMR studies of the 
complexes involving oligonucleotides is unsuitable, 
however, due to its high lability in aqueous solution. 
Our fluorescence binding studies indicate that NCSi- 
glu, which most closely resembles the biradical species 
of the drug (Scheme 1), serves as an analog of the 
native form) 3".4 Here we present an NMR analysis of 
conformational changes induced in NCSi-glu and DNA 
upon complex formation and the principles which are 
important for drug-DNA recognition and stabilization of 
the complex. 

5'- GI G2 A3 G4 C5 G6 C7 

C14 C13 T12 C l l  GI0  C9 G8 -5' 

Scheme 2. 

Resul ts  

NMR spectral analysis of the free NCSi-glu 

Chemical shift assignments. Two-dimensional (2-D) 
TOCSY 15 and NOESY Is spectra of the free NCSi-glu are 
shown in Figure 1. A combined analysis of the DQF- 
COSYJ 5 TOCSY and NOESY spectra provides 
resonance assignments for all nonexchangeable protons 
of the free NCSi-glu (Table 1). These assignments are 
in general agreement with those obtained from a 
sample of NCSi-glu dissolved in 2 mM DCI/D2OJ 6 Spin 
connectivities of the NMF and THI moieties are traced 
from the TOCSY spectrum where typical patterns of 
cross peaks provide multiple bond coupling networks 
(Fig. 1A). For instance, NMF H-I' at 5.64 ppm (Fig. 
1A) shows coupling cross peaks to H-2', H-3' and H-4', 
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Figure 1. Expanded clean-TOCSY spectrum of the free NCSi-gln. Experimental conditions arc given in the Experimental. Multiple-bond spin 
connoctivities are indicated by solid lines while the corresponding assignments are give along the diagonal. 
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while THI H-2 at 7.51 ppm exhibits multiple coupling to 
nearly every proton which are in the plane of the THI 
ring system (H-8, H-5, H-10 and H-12). The assignment 
of the cyclocarbonate (H-13, H-14a and H-14b) and the 
peptide side chain protons (Ha and methylene Hb 
protons) are based on cross-peak patterns typical for the 
CH-CH2 spin systems in the DQF-COSY spectrum. 
Several large coupling constants (> 7 Hz) are 
detectable from the DQF-COSY spectrum (data not 
shown). The large coupling between NMF H-2' and H-3' 
and the weaker couplings between H-I' and H-2' and 
between H-3 ° and H-4' are consistent with the axial 
orientation of the glycosidic linkage of the ¢X-D-NMF 
moiety. The strong DQF-COSY cross-peaks correlating 
the cyclocarbonate H-13 with H-14a and Cys Ha with 
Hb-1 are accompanied by extremely weak cross peaks 
correlating H-13 with H-14b and Cys Ha with Hb-2. 
These measurements are related to the cyclocarbonate 
ring pucker and the orientation of the peptide side 
chain, indicating that the dihedral angles defined by H- 
13-C-13--C-14-H14b and Ha-Ca--Cb-Hb-I are close to 
-30 ° . 

NOE and conformation of the free NCSi-glu. A set of 
well-defined NOEs are observed in the NOESY 
spectrum (350 ms mixing time) of the free NCSi-glu) 7 
These interproton contacts are qualitatively shown in 
Scheme 3 and listed in Table 1. NOEs correlating H-2 
and H-11 of THI with Ha and Hb protons of the Cys 
residue and those correlating H-12 of THI with Ha 
protons of the Gly residue (Table 1) suggest that Cys 
residue is located close to the five membered ring 
while the Gly residue of the peptide side chain is close 
to the H-2 side of the THI ring. This orientation places 
the Glu residue pointing away from the THI ring. 
Indeed, there is no detectable NOE attributable to the 
resonances of the Glu residue. NOEs connecting the 
cyclocarbonate H-13 and H-14 methylene protons with 
THI H-2 and H-5, respectively, are present (Scheme 3, 
Table 1). These interresidue NOEs suggest that the 
hydrophobic edge of the cyclocarbonate moiety (H-13, 
H-14 protons) is facing inward towards the THI tricyclic 
ring, while the carbonate carbonyl group is pointing 
outward towards the solvent. The NMF sugar and the 
THI ring show a number of interproton interactions 
which are mostly related to the hydrophobic region (H- 
I', N-methyl, H-5' and 6'-methyl) and one side of the 
THI ring (H-11, H-10, H-8 and H-6) (Scheme 3). NMF 
H-I' and T-N-methyl show NOEs to H-11 and H-10, 
while H-5 ° and 6'-methyl exhibit NOEs to H-6 and H-8. 
This set of NOEs demonstrates the nearly parallel 
orientation of the NMF sugar and the long axis of the 
THI ring with the NMF 6'-methyl located in the vicinity 
of the H-6 of THI and H-2' and the two hydroxyl groups 
of NMF pointing towards the solvent (Scheme 3). Only 
one weak NOE is related to the NPH aromatic ring, i.e. 
the one between H-3" of NPH and Ha protons of Gly. 
Thus, the NPH ring appears to adopt either a random 
conformation or a conformation that does not make 
contact with other moieties of NCSi-glu. Thus far the 
assigned NOEs have been interpreted within the context 
of intramolecular contacts, although the possibility that 

some of these NOEs may arise from intermolecular 
associates can not be excluded at this time. 
Nonetheless, it is indisputable that the free NCSi-ghi 
exists in a stable conformation in a D20 solution 
containing 27% methanol, 20 mM NaCI, 5 mM PO 4. 
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Intramolecular NOEs of the bound NCSi-giu 
Scheme 3. 

NMR spectral analysis of the free duplex 

A complete data set containing spectral information 
about through bond and through space connectivities is 
recorded for the free duplex. Examples of the 2-D DQF- 
COSY, NOESY and the proton detected ~H-3'P COSY n 
spectra for the free duplex (Scheme 2) are shown in 
Figures 2A-4A, respectively. The combined analysis of 
these spectra led to the assignment of the majority of 
IH and 3~p resonances (Table 2). The nonself- 
complementary heptamer duplex exhibits a typical 
spectral pattern similar to what is described for a B- 
type helix. '9 Five imino protons are observed in aqueous 
solution in the 12.7-13.1 ppm (four resonances) and 
13.89 ppm regions. Each of the four resonances around 
13 ppm show NOE connectivities to a pair of C amino 
protons (data not shown). This is indicative of Watson- 
Crick C.G base pair formation. NOE connectivities 
between intra- and interresidue proton resonances of 
DNA base and sugar moieties are well-defined. The 
spectral region showing H-2' and H-2" (FI) and base 
proton (F2) NOEs is plotted in Figure 2A, which 
demonstrates the interactions of base to H-2' and H-2" 
protons of the same and the preceding residues. The 
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Table 1. t H Chemical shifts of the free NCSi-glu and the chemical shift difference of NCSi-glu in the free and bound form' 

NPH H3 °' H4" HNM H6" H7"M H8" 

ppm 6.82 7.75 2.28 6.53 3.58 8.31 

Appm 1.17 0.47 0.27 0.99 0.98 1.61 

NMF HI' H2' H2M H3' H4' H5' 

ppm 5.64 3.33 2.83 3.90 3.63 3.69 

Appm -0.67 0.14 -0.04 0.14 0.18 0.54 

THI H2 H5 H6 H8 H10 H11 

ppm 7.51 6.27 6.91 7.36 5.19 5.77 

Appm 0.00 -0.12 -0.02 -0.29 -0.25 0.20 

CYS HA HB1,HB2 b 

ppm 4.72 2.86, 3.37 

Appm O. 14 0.26, 0.33 

HFM 

0.99 

O.O3 

H12 

4.41 

-0.44 

H13 H14a, H14b b 

4.80 4.27, 4.47 

-0.27 -0.23, -0.03 

"Chemical shift assignments of the free NCSi-glu were obtained from the NOSEY spectrum. 
Chemical shift assignments of NCSi-glu in bound form were obtained from the 150 ms NOSEY of sample II recorded at 5"C. 
A(ppm) = ppm(free NCSi-glu) - ppm(bound NCSi-glu). A positive value indicates an upfield shift upon complex formation. 
For the free NCSi-glu Gly(Ha) 3.02; Glu(Ha) 3.61; Glu(Hbl, Hb2) 2.05, 2.43; Glu(Hgl, Hg2) 2.06, 2.07. 
bNon-stereospecific assignments. 

relative intensity of these NOEs are, in general, 
consistent with an unperturbed B-type right handed 
helix. The DQF-COSY and COSY-35 (data not shown) 
cross-peaks, such as those shown in Figure 3A, reveal 
that Jal'-m' couplings are slightly larger than Jm'-m- 
couplings while those of Jar-m- and Ja3'-m' are weak or 
absent. This spectral pattern is consistent with that of a 
C-2'-endo type sugar pucker. 2° A total of 12 3~p 
resonances in the free duplex are assigned from the 
bond correlation of H-3'-P, H-4'-P and H-5',5"-P (Fig. 
4A and Table 2). The chemical shifts of the 3tp 
resonances, which fall into a narrow region of 0.6 ppm, 
are consistent with what is expected for a canonical B- 
helix, u 

NMR spectral analysis of the NCSi-glu-DNA comFlex 

Formation of the NCSi-glu-DNA complex was 
determined by the disappearance of the sharp resonance 
lines of the free drug when free DNA duplex was added 
to a sample of NCSi-glu. A mixture sample containing 
the free DNA duplex and NCSi-glu-DNA complex in 
h l ratio (sample I) and a sample containing only the 
complex (sample II, one NCSi-glu per duplex) were 
prepared. 13 Exchange cross-peaks in the NOESY spectra 
of the mixture sample I correlate proton resonances in 
the free and the bound form and is useful for proton 
assignments or confirming proton assignments of the 
complex. The shifted resonances in the complex, such 
as H-I'  protons of G2, G4, CI1, T12 and C13, are, 
therefore, unambiguously assigned from the 
corresponding exchange cross-peaks in the NOESY 
spectrum (250 ms mixing time) of sample I. The 
relative intensities of these exchange cross peaks with 
regard to the diagonal peaks range from 20-50%, which 

places a rate limit of 0.8-2 s -~ to the exchange 
process. 22 Chemical shift assignments of the IH and 3~p 
resonances in the complex have been completed and 
are reported elsewhere, t3 A comparison of the chemical 
shifts of the ~H resonances in the complex with those in 
the free duplex is given in Table 2. Large changes in 
the proton chemical shifts upon complex formation 
involve mainly resonances of G2, G4, C l l  and TI2 
residues (Table 2). 

Base pair formation. Five imino proton resonances 
observed in the spectra recorded in 90% H20/D20 
solution have been assigned to G2, G4, G6, GI0 and 
TI2 residues. The imino protons of the central binding 
site (A3-T12, G4.C5 and C5-G10) exhibit NOEs to A H- 
2 or C amino protons, indicating that base pair 
formation at these positions is not perturbed upon 
complex formation. The imino proton resonances of 
G2-C13 (12.60 ppm) and G6"C9 (13.07 ppm) are 
relatively broad and their NOEs to amino protons are 
not as strong as those seen in the free duplex. However, 
the chemical shifts of these imino protons and the 
observation of hydrogen bonded amino proton 
resonances at 8.41 and 8.09 ppm and non-hydrogen 
bonded amino proton resonances at 6.97 and 6.33 ppm 
of C13 and C9 residues suggest that these bases are 
also paired in the complex. The line broadening of the 
G2 and G6 imino proton resonances may be due to 
local motion induced by binding or simply because the 
binding causes the penultimate base pair to be more 
prone to terminal fraying effect. 

Sequential connectivities. IH resonances in the 
complex are assigned by analyzing intra- and inter- 
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Figure 2. Expanded NOESY spectra covering base proton resonances (F2) and sugar H-2' and Ho2" proton resonances (F1). Detailed 
experimental conditions are given in the Experimental. (A) Spectrum of the free duplex with a mixing time of 250 ms. The intraresidue base to 
sugar proton NOEs are marked by solid lines and the residue number. (B) Spectrum of the NCSi-glu-DNA complex with a mixing time of 150 
ms. In addition to the indicated intraresidue NOEs, peak A is the NOE from A3 H-2 to NCSi-glu H-2M and peak B is the NOE from NCSi-glu 

H-4" to NCSi-glu H-NM 

residue NOEs in combination with through bond 
connectivities. An expanded NOESY spectrum 
containing NOE cross peaks of base proton resonances 
(F2 dimension) and H-2' and H-2" sugar proton 
resonances (F1 dimension) is drawn in Figure 213. 
Intensities of intraresidue base-sugar H-I '  NOEs are 
weak, excluding the presence of a syn-glycosidic 
configuration in the complex. The sequential NOEs of 

the non-terminal residues in Figure 2B and in the base- 
H-I' spectral regions are generally weak while those 
linking A3-G4, C5--C6 and C9-G10 steps arc too weak 
to be observed. This is in contrast to what is observed in 
the free duplex, where sequential NOEs exhibit weak to 
moderate intensities (base-H-F) and moderate to strong 
intensities (base-H-2',H-2"). The reduction in sequential 
NOE intensities in the complex is suggestive of 
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prolonged separation between adjacent base pairs, 
which may be attributed to intercalation of ligand 
molecules and/or unwinding of the DNA duplex. 

~H-IH and IH-JtP couplings. A 2-D DQF-COSY 
spectrum displaying H-I'-H-2' couplings of the complex 
is shown in Figure 3B. Except for the overlapped H-2' 
and H-2" resonances of G2, C7, C13 and C14 residues, 

the H-I'-H-2' coupling cross peaks are observed for GI, 
A3, G4, G6, G8, G10, Cl l  and T12 residues but not for 
C5 and C9 residues. The chemical shifts of C11 H-2' 
and H-2" protons are inverted (H-2" at 2.07 ppm is 
shifted to upfield compared to H-2' at 2.29 ppm). 
Comparatively, H-I'-H-2" coupling cross-peaks are 
either weak or absent. These results, in conjunction 
with the absent couplings of H-3'-H-4' and H-3'-H-2", 

c14C7~~71'~CI 3 
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l ; ' i p re  3. Expanded IX~F-COSY spectra illustrating scalar couplings of H-I '  (F2) to H-2' and H-2" (Fl)  protons as indicated by solid lines and 
residue numbers. Experimental conditions are given in the Experimental. (A) Spectrum of the free duplex. (B) Spectrum of the NCSi-glu-DNA 

complex. Note that in each spectrum, the coupling cross peaks of H- l ' -H-2"  are either absent or much weaker than those of H-I'-H-2'. 
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indicate that most sugar residues are in conformations 
close to the C2'-endo configuration. 2° The missing 
coupling cross-peaks for the C5 and C9 residues and the 
weak signals in the TOCSY spectra (data not shown) 
may result from line broadening in the complex. 

The ~H detected ~H--~P COSY of the NCSi-glu-DNA 
complex is shown in Figure 4B. The two 3~p resonances 
shifted mostly downfield are assigned to the phosphate 

linking A3-G4 and Cll-T12. The chemical shift 
differences of 3~p resonances between the complex and 
the free duplex are given in Table 2. Since 31p 

chemical shifts are sensitive to bond and torsion angles 
connecting P to coordination atoms, 2~ the significant 
shifts of 31p resonances upon complex formation are 
strong evidence that the backbone conformation of the 
complex is drastically different from that of the free 
duplex. The perturbation in 3~p chemical shifts is in 
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Figure 4. Proton detected IH-3~P COSY spectra illustrating scalar couplings of H-3', H-4' and H-5',H-5" (1"2) with backbone phosphorous 
resonances (F1). The assignments of proton and 31p resonances are given in Table 1 and Ref. 13. The nH-3~P correlations of A3 H-Y to s n p ~  

and C1 ! H-3' to 3nPcu+T, z are indicated, demonstrating the large perturbation in amp chemical shifts upon complex formation. 
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Table 2. Proton assignments of the free DNA duplex and the chemical shift difference of DNA duplex in the free and bound form 

Amino(b) Amino (rib) HS/H6 ~ HI' I~  I'~' H3' 144' P31 

GI 7.73 0.03 5.52 0,04 23) 0,03 2.53 0,10 4,72 0.03 4.09 0.05 -3.82 0.03 

G2 lZ63 026 7.79 0,12 S.37 021 ZS3 0.18 2.?0 022 4,98 0.07 428 0,0S 8.63 .0.17 

A3 8,03 0,02 7.69 0.01 6.01 .0.04 2.63 0.03 2.64 0.09 5,03 .0,02 438 0.0G 4,09 .2.03 

84 12.79 1,48 7,61 .0.11 S.63 -0.17 2.42 0.03 2,~ .026 4.63 022 43) .0,12 -3,87 

CS 8.18 0.63 6.33 .0.37 7,19 .0.11 5.18 .0,12 5.64 0.10 1,64 .0,08 226 0.06 4.75 0.02 4.10 0.06 -3.99 

GS 12.96 .0.11 7.83 0.03 S.63 0,11 ~ 0.~ 2.86 0.06 4,89 0.00 -3.07 -0.30 

C7 7,13 .023 526 .0~  6.03 .0.03 2.12 .0.01 2.12 .0.01 4.43 .0.01 3 ~  .0.06 

(38 7.88 0,03 5.g0 0.01 2~54 0.03 2.?0 0.04 4.76 0,01 4.18 0.03 -4.11 

C9 8,40 0.01 6.52 0.19 7 ~  .0.03 5.29 4).03 8.66 0,03 2.03 -0.17 2.37 0,01 4.01 0.06 .3.81 

G10 13gG 026 7.86 0.06 5.8"/ 0,06 2.64 0,06 2.64 0,03 -3.91 

Cll 8.12 0.,17 6.~ 0,00 738 -0.02 528 .0.03 5,86 0.22 2.03 -028 2.44 0.37 4,84 -0,18 4,16 0.04 424 -0.01 

]'12 133) 0,71 7.42 .024 1.,~ .0.26 6,03 -0.44 2.13 -0.28 2.46 -026 4.81 -0.18 4,12 -0,41 -4.04 .0.48 

C13 0,48 0.07 7,01 0,04 7.~ 0.03 5,69 0.06 6.00 -0.11 2,16 -0,04 2.33 0,06 4.7? .0,11 4.10 .0,17 -3.71 

014 7,82 -0.06 G.71 .0.10 6,13 -0.01 222 -0,01 2.22 .0.01 4.48 -0,02 3,96 .029 

"Proton assignments of the free DNA duplex in O20 were obtained at 10 "C, sample solution contained 5 raM 1'O4, pH was 5.8. 
Exchangeable proton assignments were obtained from a mixture of 1:1 complex:free duplex at 5 "C, sample contained 5 rnM I)O4, 20 raM NaCI. 
pH was 5.5. 
A(ppm) = ppm(free DNA)- ppm(complex),13 a positive value indicates that the chemical shift of the free DNA duplex resonance is down field 
shifted relative to that of this resonance in the NCSi-glu-DNA complex. 

accordance with the observed weakening in sequential 
NOEs of the complex (vide supra). 

NCSi-glu proton assignments in the complex. Only one 
set of proton resonances corresponding to NCSi-glu is 
observed in the complex. The assignments rely on the 
identification of spin-spin couplings and NOE analysis. 
NCSi-glu in the bound form exhibits spin connectivities 
similar to those of the free form. For instance, THI H-6 
is scalar coupled to H-5 and shows an NOE to H-8; 
NMF sugar H-I '  is scalar coupled to H-2' (TOCSY) and 
shows a strong NOE to H-10. Large couplings are 
observed between Ha and Hb-1 of the Cys residue and 
between H-2' and H-3' of the NMF residue. Thus, the 
chair form of the NMF sugar remains unchanged upon 
complex formation. All proton resonances of the bound 
NCSi-glu (except for Gly and Glu residues and the 
exchangeable amide/amine protons) are assigned in a 
way similar to what is described in the spin 

assignments of the free NCSi-glu. '3 

Chemical shift comparison with the free NCSi-glu. 
Comparison of the tH chemical shifts of the bound 
NCSi-glu with those of the free form is given in Table 
1. The resonances of the naphthoate ring exhibit the 
most significant upfield shift (0.27-1.61 ppm) upon 
complex formation. These upfield shifted resonances in 
the bound NCSi-glu are an indication of intercalation 
by the naphthoate ring. On the other hand, the trend and 
origin of the various IH chemical shifts in other portions 
of NCSi-glu are less clear. These variations could be 
due to a number of factors, such as change in 
conformation of the drug itself and/or in the surrounding 
environment upon complex formation. 

NCSi-glu intramolecular NOE assignments, NCSi-glu in 
the complex manifests 20 intramolecular NOEs which 
correlate various moieties (Scheme 3, Table 1). THI H- 
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11 shows NOEs to Cys Hb-1 and Hb-2 at equally weak 
intensities, providing the orientation of the peptide side 
chain in relation to the THI ring. THI H-2 and H-5 are in 
contact with H-14* (degenerate H-14 methylene 
protons) and H-13 in the complex, respectively. This is 
a reversed NOE pattern compared to what is observed 
in the free NCSi-glu. To establish these proton contacts 
the cyclocarbonate ring has to undergo a counter 
clockwise rotation by larger than 90 ° along the C4-C13 
bond to position the carbonate carbonyl partially inward 
towards the THI ring. This orientation, unique to the 
complex, results in the formation of a hydrophobic 
binding surface where H-13 and H-14 protons align with 
THI H-2 and H-12 protons. The NOEs between the THI 
and the NMF sugar moieties in the complex are most 
similar to those of the free NCSi-glu (vide supra). The 
difference is that THI H-10 and H-11 in the complex 
show weak NOEs to H-2' of the NMF sugar, while these 
NOEs are absent in the free NCSi-glu. Therefore, the 
relative orientation of the NMF sugar and the Tiff ring 
is only slightly adjusted in the complex. There are a 
number of interresidue NOEs involving proton 
resonances of NPH (Scheme 3), such as those 
correlating THI I-1-6, H-8 and H-10 with H-7M (methoxy 
protons) of NPH. A weak NOE is detected between 
NMF sugar H-I' and NPH H-7M. These additional 
NOEs in the complex suggest that the NPH ring has 
undergone a major conformational transition to 
facilitate complex formation. 

Intermolecular NOE assignments. Intermolecular 
interproton contacts are the most important spectral 
features for the structure elucidation of the NCSi-glu- 
DNA complex. Many of these NOEs are identified 
during spectral assignment, while some of them are 
assigned by a semiautomated cross peak assignment 
procedure. 13 These intermolecular NOEs involve THI, 
NMF and NPH residues of NCSi-glu and A3, G4, C 11, 
T12, C13 of the DNA duplex. The NPH protons exhibit 
several NOEs to DNA base protons, such as A3 H-8, 
C l l  H-5 and H-6 and T12 H-5 methyl and H-6, 
demonstrating a clear pattern of NPH intercalation 
between A3"T12 and G4.Cll base pairs. The alignment 
of the NPH ring at the intercalation site is defined by 

several NOEs, such as those of H-7M to Cl l  H-I' (m), 
H-2' and H-2" (w) and those shown in Figure 5, where 
H-2-0H of NPH exhibits NOEs to A3 H-2' and H-2" (H- 
2-OH to A3 H-I' NOE also exists, data not shown). 
These interproton interactions indicate that the long 
axis of NPH is proximately parallel to that of the 
adjacent base pairs with the methoxy group pointing 
towards the T12 strand. The contacts between the NMF 
sugar and the DNA duplex are reflected in NOEs 
connecting NMF H-I', H2M (N-methyl) and HFM (5'- 
methyl) with H-I' and backbone H-4', H-5', 5" protons 
of T12 and C13 residues. Additionally, a strong NOE 
cross peak is assigned to NMF H-2M and A3 H-2. In a 
right handed duplex, H-1', H-4' and adenine H-2 protons 
are located in the minor groove. Therefore, NOEs 
related to NMF reveal that the sugar moiety binds in 
the minor groove at a site adjacent to A3, T12 and C13. 
The interactions between the THI ring and the duplex 
are found at two locations. The H-6 and H-8 protons 
from one side of the unsaturated ring of THI (Scheme 
1) show several NOEs to H-4', H-5' and H-5" protons of 
T12 (moderate to weak), while H-10, H-11 and H-12 
from one side of the saturated ring of THI show NOEs to 
A3 H-2, T12 H-I' and (34 H-I' (moderate to weak). This 
set of NOEs permits the placement of the THI ring in 
the minor groove with ring A-C aligning in a 3'-5' (TI2- 
Cl l )  fashion. H-6 and H-2 of NCSi-glu are the sites of 
free radical formation in the hydrogen-abstraction 2,6- 
biradical species (Scheme 1). In the complex, H-6 is 
found to give NOEs to H-4', H-5' and H-5" of T12 with 
moderate to weak intensities, while H-2 does not show 
any detectable NOEs to non-exchangeable DNA 
protons. 

Discussion 

In this article, we present an NMR spectral analysis of 
the free NCSi-glu, the free DNA duplex and the NCSi- 
glu-DNA complex. These results and their comparisons 
provide qualitative representations of the stable 
conformations for each of the above three molecular 
entities. Using combined distance geometry and 
molecular dynamics simulations we have established 
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Figure 5. Expanded NOESY spectrum (200 ms mixing time) of the NCSi-glu-DNA complex recorded in 90% H2OI10% DzO. The HOE cross- 
peaks are assigned to contacts between the T12 imino proton resonance and the NCSi-glu methyl proton resonances (NMF H-2M and NPH H- 

7M) and between the NC$i-glu naphthoate hydroxyl (2"-OH) and the DNA sugar proton resonances (A3 H-2' and H-2"). 
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the three dimensional structure of the NCSi-glu-DNA 
complex, t3 Structural drawings of the complex showing 
views into the minor groove and from the side of the 
minor groove are given in Figure 6. The discussion 
below emphasizes the comparison of the free NCSi-glu 
and DNA with those in the bound form, respectively, 
and the structural features of the NCSi-glu-DNA 
complex as revealed by this NMR study. 

NMR results and structure features of the NCSi-glu-DNA 
complex 

NMR spectral analysis reveals (a) chemical shift 
perturbation of ~H and 3~p resonances at Cll--C13 and 
A3-C5 sites upon complex formation; (b) proton-proton 
contacts between DNA bases (A3.T12 and G4-C11) and 
the NPH moiety; (c) many other interproton 
interactions between DNA and NCSi-glu. These results 
permit positioning of NCSi-glu in the minor groove 
adjacent to the A3G4C5"C11T12C13 site with the NPH 
ring intercalating into the A3G4-CllT12 step (Fig. 6). 
This mode of binding is consistent with what is 
proposed for the native NCS chrom interaction with 
DNA 1~'12 and the results of modeling studies of NCSi- 
glu-DNA complexes. ~c The NOEs correlating H-6 of 
THI with the H-4' and H-5' of the T12 residue, and 
NOEs involving protons of the THI ring and protons in 
the minor groove of DNA unequivocally define the 
orientation of the THI moiety and place the H-2 of 
NCSi-glu close to the H-1' of C5 (Fig. 6). These results 
are in agreement with deuterium abstraction 
experiments. 2"3 The stacking of the Cl l  sugar on the 
THI ring may be the origin of the upfield shifted H-2" 
resonance. Examination of intermolecular NOEs in the 
complex reveals the important contribution from van 
der Waals hydrophobic interactions between NCSi-glu 
and DNA. The color coded electrostatic surface 
drawings in Figure 7 show that the binding interfaces at 
the intercalation and minor groove sites are neutral 
(white and light blue). In contrast, the solvent exposed 
surface of NCSi-glu is negatively charged (reddish, Fig. 
7). Thus, the binding of NCSi-glu to DNA results in a 
negatively charged patch covering the otherwise 
relatively neutral minor groove, indicating that the 
complex formation is largely driven by hydrophobic 
forces and the solvation of the polar surface of the 
complex. 

Conformational transition of NCSi-glu from free to bound 
form 

The presence of a set of well defined NOE correlations 
in the free NCSi-glu suggests that the molecule adopts 
a stable conformation in an aqueous solution, although 
the orientation of the NPH moiety is inconclusive. The 
schematic drawings of these NOEs (Scheme 3) 
demonstrate the relative orientation of the NMF sugar, 
the cyclocarbonate and the peptide side chain with 
regard to the THI ring. When the complex is formed, 
the conformational change in NMF and THI appears to 
be trivial as shown by a similar set of NOEs in either 

the free or the bound form (Scheme 3). However, the 
cyclocarbonate ring, the peptide side chain and the 
NPH aromatic moiety adopt a significantly different 
conformation in the complex. The cyclocarbonate ring 
of the free NCSi-glu has the hydrophobic edge (H-13, 
H-14a and H-14b) facing the THI ring and the polar 
carbonate group projecting towards the outer surface. In 
contrast, the cyclocarbonate ring in the complex has 
the hydrophobic edge facing outwards. The reason for 
this conformational transition is simple when the 
structure of the complex is examined (Figs 6 and 7). 
The orientation of the cyclocarbonate ring relative to 
the THI ring extends the hydrophobic surface of NCSi- 
glu along the direction of the THI ring, thus, enhancing 
the recognition of NCSi-glu in the minor groove of 
DNA. The peptide side chain in the free NCSi-glu is in 
close proximity to H-12 (the Cys residue) and H-2 (the 
Gly residue). In the complex, only the Cys residue is 
well defined, and this residue does not make contacts 
with H-12 (Scheme 3). Although the peptide side chain 
is not included in the structure shown in Figure 6, NMR 
results indicate that this residue may be quite flexible 
and does not have a stable bound conformation. The 
structure of the NCSi-glu-DNA complex shows that the 
THI and NMF moieties are well-positioned in the minor 
groove, leaving little room in the minor groove to 
accommodate the peptide side chain. Thus, the 
observed local motion at the C5 and G6 residues is 
likely due to the flanking peptide residues. Most 
notably, complex formation results in significantly 
different alignment of the NPH ring, which is not well- 
defined in the free form, but is confined in a stable 
conformation in the complex. As shown in Figure 6 and 
Scheme 3, the bound form of NPH protrudes into the 
DNA bases with the methoxy group and H-8" in close 
proximity to the THI ring. 

Conformational transition of the duplex from free to 
bound form 

NMR analysis of the free DNA duplex indicates a 
typical spectral pattern that is characteristic of a B- 
family helix. In comparison, NMR spectra of the 
complex exhibit many irregular patterns. The most 
significant spectral features are the weak or absent 
sequential NOEs that connect the base to adjacent 
sugar HI' protons and the largely shifted imino proton 
and 3~p resonances around the AGC site. These are 
typical spectral patterns of an intercalation complex. 
The conformation of the complex is well defined by a 
large set of intermolecular NOEs. A canonical B-DNA 
duplex and the DNA duplex in the NCSi-glu-DNA 
complex drawn in boxed form are shown in Figure 8A. 
The vertical view into the minor groove illustrates the 
elongation of the helix, especially at the AG (red- 
yellow) and CT (magenta-blue) sites and base buckle 
and tilt at the intercalation site. The view looking down 
the helix in Figure 8A demonstrates the unwinding of 
the helix (the two ribbons could not complete the circle 
in the complex) and base displacement relative to the 
helical axis. The base position displacement is most 
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Figure g. The comparison drawing of the DNA duplex in the complexed form (left) and the canonical B-DNA duplex (right) generated from the 
Quanta program. The block-ribbon representations are produced using the GRASP program.29 The four DNA bases are color coded according to 
type: A is red, C is magenta, G is yellow and T is blue (A). The top drawings show the elongated duplex and the intercalation site in the 
complex. The bottom drawings show the unwinding of the duplex by noting that the ribbons are ends-open in the complexed DNA duplex. Base 
stacks are mostly B-type in the complex, although there is apparently some variation (B). A display of base stacking patterns at dinucleotide 
steps of G2.Ci3/A3-T12 (top), A3.T12/G4-CI 1 (middle)and G4.CI I/C5"GI0 (bottom). The comparison between the DNA in the complex and 
the B-DNA demonstrates the displacement of the DNA bases in order to accommodate the intercalator NCSi-glu. The movement of the 

A3-TI2/G4.CI 1 (middle) in the complex is quite dramatic compared to that of the canonical B-DNA. 
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significant at the point of NPH ring insertion (Fig. 8B). 
At the adjacent sites of intercalation, the pattern ofbase 
stacking in the complex is rather similar to that in 
typical B-DNA (Fig. 8B). These results and structures 
of several other ligand-DNA complexes 23 are 
compelling evidence for the flexible helical duplex of 
DNA. 

Concluding remarks 

This NMR study of the NCSi-glu-DNA complex and 
the comparison of the free forms of NCSi-glu and DNA 
with the complex provides a basis for 3-D structure 
elucidation of the NCSi-glu-DNA complex, t3 The 
binding of NCSi-glu to DNA is accompanied by mutual 
adjustment of the conformations of the free DNA duplex 
as well as the free NCSi-glu. NMR results define the 
alignment of the THI ring, which correlates well with 
the sequence specificity of the ds cleavage at the AGC 
site and thus, permit the deduction of a similar 
orientation for the enediyne core in the minor groove of 
DNA. Furthermore, this NMR analysis reveals the 
critical role of various substituents and their interaction 
with DNA in modulation of the formation of DNA lesion 
sites. The many specific contacts between the non-THI 
ring protons of NCSi-glu and those of DNA further 
illustrate that the binding of the enediyne ring to DNA 
is guided by the attached substituent groups. Similar 
observations have been reported in other enediyne 
antitumor agent-DNA complexes, such as those 
involving the calicheamicins and esperamicins. 9'~°b A 
new aspect revealed by this study is the realization that 
the NPH, NMF sugar and the THI tricyclic ring, 
chemically bound as such, is a DNA binding motif that 
recognizes specific DNA sequences, such as the AGC 
site. A variety of synthetic analogs may be developed 
to derivatize this structural motif. For instance, C-14 of 
the cyclocarbonate and N-2 of the NMF sugar may be 
potential sites for chemical modification by functional 
groups, which can further extend in the minor groove of 
DNA and are capable of selectively binding and/or 
cleaving specific DNA sequences. 

Experimental 

Preparation of the NCSi-glu-DNA complex 

NCSi-glu was synthesized and purified as reported, t6b 
The two heptanucleotide strands were chemically 
synthesized and purified by reversed-phase HPLC as 
described previously. 24 The annealing of the two strands 
at room temp. was monitored by tH NMR. The resulting 
DNA duplex was dissolved in 5 mM PO4 and 0.1 mM 
EDTA (all salts used for NMR samples are in sodium 
form unless otherwise indicated) and gradually added to 
a sample of NCSi-glu dissolved in d4-MeOH at 15 °C. 
The disappearance of the sharp signals of the free 
NCSi-glu and the shifted DNA imino proton resonances 
(vide infra) are markers for complex formation. Two 
samples were generated for NMR studies. Sample I 

contains 50% 1:1 NCSi-glu-DNA complex and 50% 
free duplex, while sample II contains > 92% 1:1 NCSi- 
glu-DNA complex (percentage estimated from I-D 
NMR data). These samples have a concentration of 
-0.3 mM in 5 mM PO4 and 0.1 mM EDTA, pH 5.5-5.8 
(spectra were invariant in the pH range of 5.5-7.0). pH 
was adjusted using either an HCI or an NaOH solution 
and was uncorrected for readings in D20. 

NMR experiments 

NMR experiments were performed on spectrometers of 
600 MHz at the U. of Houston and 750 MHz at Bruker 
Analytische Messtechnik GMBH (Bruker, Germany). 
For the DNA duplex and the NCSi-glu-DNA complex, 
D20 (99.96%, Cambridge Isotopes Inc.) or 10% 
D20/90% HzO were used as solvents for observation of 
non-exchangeable and exchangeable protons, 
respectively. Proton chemical shifts were referenced to 
the HOD resonance (4.70 ppm at 25 °C, temperature 
correction factor --0.0109 ppm °C-~). 31p chemical shifts 
were referenced relative to an external trimethyl 
phosphate in an aqueous solution containing 0.1 M 
NaCI (pH 6.5). All 2D NMR data were obtained with 
simultaneous detection in F2 and TPPI zs phase cycling 
in F1 dimension, respectively. The States-Ruben- 
Haberkorn 26 phase program was used for the COSY-35 
and ~H-3tP correlation spectra. NMR data were 
processed using the FELIX 2.3 program (Biosym 
Technologies, Inc.) on an INDIGO/ELAN workstation 
(Silicon Graphics Computer Systems) and the UXNMR 
program (Bruker Instruments Inc.). 

(a) NMR spectra of the free NCSi-glu. NMR spectra of 
the free NCSi-glu dissolved in 0.15 mL d4-MeOH and 
0.4 mL D20 solution (20 mM NaC1, 5 mM PO4, pH 5.8) 
were recorded at 10 °C. 2-D DQF-COSY, clean- 
TOCSY 27 (107 ms mixing time) and NOESY (350 ms 
mixing time) were recorded. The residual HOD signal 
was saturated by low power continuous irradiation. 2-D 
data sets were acquired with 2.05 s relaxation delay, 
2.83 Hz resolution in F2 and 44 ms t l ~  in F1 
dimension, respectively. A 90 ° phase shifted sine bell 
was used in the t2 and t~ dimensions of NOESY, while a 
30 ° phase shifted skewed sine bell was used prior to 
Fourier transformation of TOCSY and DQF-COSY 
spectra. The final spectral matrix consists of 2048 x 
2048 data points. 

(b) NMR spectra of the free duplex. The free duplex (-2 
mM) was dissolved in an aqueous solution containing 5 
mM sodium PO4, 0.1 mM EDTA, pH 5.8. 2-D NOESY 
spectra of exchangeable protons were acquired at 5 °C 
(0.86 s relaxation delay, 150 ms mixing time, 12 kHz 
spectral window and 2048 x 512 data size). The 
acquisition times in t 2 and t~ dimensions were 170 and 
21 ms, respectively, The strong H20 signal was 
suppressed using the Jump-Return pulse sequence 2~ with 
a delay of 52 ~ts. 2-D NOESY spectra of non- 
exchangeable protons were acquired at 15 °C (3 s 
relaxation delay, 100 and 250 ms mixing times, 5 kHz 
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spectral window and 1024 x 512 data size). The 
acquisition times in t2 and tt dimensions were 202 and 
51 ms, respectively. DQF-COSY, COSY-35 and 
TOCSY (100 ms mixing time) data were obtained with 
a 2.6 s relaxation time while other parameters were 
identical to those used for the NOESY experiments, 
except that the t2 acquisition time for the COSY-35 
experiment was 405 ms for achieving higher digital 
resolution. Proton detected IH-31P COSY spectrum ts 
was obtained at 20 °C with a 1.5 s relaxation delay. The 
sweep width was 2000 Hz (3.33 ppm centered at HOD 
resonance) in the ~H dimension (F2) and 1200 Hz (4.55 
ppm centered at -3.15 ppm) in the 3~p dimension (F1). 
t2 acquisition time and tl ,u were 512 and 133 ms, 
respectively. All ~H-~H correlation data were processed 
as described in (a), while a 37.5 ° phase shifted qsine- 
bell was used in both the t2 and tt dimensions to process 
the ~H-3*P COSY data, No zero fill of data points was 
used throughout the process. 

(c) The NCSi-glu-DNA complex. 2-D exchange spectra 
were recorded in D20 (250 ms mixing time) and H20 
(200 ms mixing time) for sample I. 2-D IH-31P COSY, 
IH DQF-COSY, TOCSY (100 and 150 ms) and NOESY 
(70, 100, 150 and 250 ms) spectra were recorded in 
I)20 and H20 in the 5-20 "C temperature range for 
sample il. Data acquisition and processing were 
performed using similar conditions as described for the 
free duplex (vide supra) except that the relaxation 
delay for D20 data was 2 s. NOE cross-peak volumes 
were measured using the FELIX program. Initially, the 
assignments were made through spin system and 
sequential connectivities which were well-defined. 
These assignments and a list of cross-peaks were cross- 
matched to give a table containing all possible 
assignments for each cross-peak in the 150 ms NOESY 
(collected on the AMX 750 MHz instrument). Manual 
screening of the cross-peak assignment table completed 
the NOE cross peak assignments. NMR results were 
finally used as restraints for structure elucidation of the 
complex as described in a separate report, m3 
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