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ABSTRACT 

Quinocarcin binds to d(ATGCAT)2 with a preferred direction of 3' 

and the R configuration at C4 of the drug. A mode of action involving 

ring opening of the oxazolidine ring to form an iminium ion which can 

then alkylate the the N2 of guanine has been reinforced by the current 

computer modeling study. The absolute configuration for quinocarcin 

should be reversed based on the fact that the optical isomer of the 

structure arbitrarily assigned in the literature forms a much better 

binding complex to DNA. 

Anthramycin binds to the 2-amino group of guanine but its 

mechanism of action proceeds through a neutral imine. The 3' 

direction is again favored but for this molecule, the preferred 

configuration is S. This computer modeling study provided a basis for 

a 2D NMR study which confirmed that anthramycin forms a 3'S adduct 

when it binds to d(ATGCAT)2. 

Bisantrene and R9 are synthetic anthracene derivatives with 

antitumor activity. Use of UV spectroscopy provided insight into the 

ability of these compounds to intercalate between the base pairs of 

double helical DNA. Standard Scatchard plot analysis proved useless 

in determining the binding parameters. A McGhee-von Hippel equation 

was able to describe a portion of the data but a smoothing spline 

function was able to describe the data completely. 

Naphthyridinomycin studies indicate that it too prefers a 

covalent adduct in which the direction is 3' and the configuration is 

R at C7. When the noncovalent drug binds to d(ATGCAT)2 it may bind 
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with either the C3a face or the C7 face closest to N2 of guanine. 

Iminium ion mechanisms have been proposed for the binding of 

naphthyridinomycin to N2 of guanine in the minor groove of DNA and the 

computer modeling presents evidence to support such mechanisms. 

Saframycin A binds much better to d(GATGCATC)2 as a hydroquinone 

species but the quinone can still bind in the same site. The 3' 

direction is clearly preferred with the R configuration at C7. The 

hydrogen bonding network of the hydroquinone is conserved in the 

noncovalent, iminium ion, and covalent 3' R models after 32 ps of 

dynamics. Iminium ion mechanisms have been proposed for the binding 

of saframycin A to N2 of guanine in the minor groove of DNA and the 

computer modeling presents evidence to support such mechanisms. 



Introduction 

CHAPTER 1 

QUINOCARCIN BINDING TO d(ATGCAT)2 

13 

Quinocarcin is a pentacyclic alkaloid antitumor antibiotic 

isolated from Streptomyces melanovinaceous [1]. At physiological pH 

one of the tertiary nitrogens is protonated (Fig. 1) and the 

carboxylic acid group is deprotonated to yield a neutral zwitterion 

[2]. Quinocarcinol, produced by the same organism, lacks the 

oxazolidine ring (Fig. 1). Quinocarcinol can be produced by reduction 

of quinocarcin using sodium borohydride in methanol [2]. X-ray 

diffraction studies determined only the relative stereochemistry of 

the molecule [3]. This work establishes that the absolute 

stereochemistry was assigned incorrectly in the previous literature. 

Quinocarcin's mode of action has been little studied. DNA synthesis 

is inhibited in preference to RNA and protein synthesis. PM2 

covalently closed circular DNA is cleaved in the presence of 

dithiothreitol but inhibited by free radical scavengers [4]. This last 

evidence implicates a free radical intermediate but the drug 

concentration used was much higher than that required for 

naphthyridinomycin to produce a similar effect. Oxazolidine ring 

opening to give an iminium ion which then attacks nucleophilic centers 

of the DNA seems a much more likely mode of action (Scheme 1). Such a 

mechanism was proposed for naphthyridinomycin [5] and saframycin A 

[6,7], which have similar structural features and similar reactive 
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functionalities to quinocarcin. These antibiotics have been 

demonstrated to attack N2 of guanine in the minor groove of DNA; 

consequently, this atom became the alkylation target for this study. 

After initial noncovalent binding near N2 of guanine the iminium ion 

could be generated and then form a covalent bond between the drug and 

the DNA. 

Molecular modeling of the interactions between quinocarcin and 

DNA might give insight into the drug's antitumor activity. If a 

series of models are mutually reinforcing (the drug fits well into the 

minor groove, maintains the same binding site, and can easily form 

covalent bond) then there is an increased probability that this 

represents a mode of action. If good models cannot be made then it 

is likely that some other mechanism is operating. 

Since the absolute stereochemistry of quinocarcin is not known 

both enantiomers were modeled. Naphthyridinomycin was incorrectly 

assigned until its stereospecific total synthesis reversed its 

configuration. This came after the discovery of quinocarcin whose 

authors assigned its stereochemistry to match that of 

naphthyridinomycin. One enantiomer should bind to the double helix 

significantly better than the other. As discussed below, this 

corresponds to the opposite stereochemistry arbitrarily assigned in 

the previous literature. A computer modeling study of CC-I065 was 

used earlier to establish its absolute stereochemistry (8). 

Methods 
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The x-ray crystal structure of quinocarcinol was used to 

construct quinocarcin [3]. Coordinates for H06' and HN12 were 

calculated using bond lengths of 0.96 and 1.01 angstroms, bond angles 

of 108.5 and 109.5 degrees and torsional angles of 180 and -60 

degrees respectively. The structure was minimized in AMBER [9] with 

additional all-atom force field parameters being defined (Table 1 

[10] ) . 

Table 1 
Additional Bond, Bond Angle and Torsion Angle Parameters for 
Quinocarcin. These are not found in Ref.10. 

Bond kb(kcal/mol A ) Rh(A) 

CT-NT 367.0 1. 47 
CA-OS 450.0 1.38 

Angle ka(kcal/mol rad)a (deg) 

CT-CT-NT 80.0 109.7 
CT-NT-CT 80.0 109.5 
CA-CA-OS 85.0 120.0 
NT-CT-CA 80.0 109.7 
CA-OS-CT 100.0 116.3 
NT-CT-OS 80.0 109.7 
HC-CT-NT 35.0 109.5 

Dihedral kd(Vm/2) (deg) n 

X-CA-OS-X 2.0 0.0 2 
X-CT-NT-X 1.0 0.0 6 

Quinocarcin was constructed by removing atoms H4A or H4B and 

H06', defining a covalent bond between C4 and 06' and minimizing the 

energy in AMBER. Reversal of the sign for each x-coordinate gave the 
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enantiomer of the literature structure (its mirror image). MNDO 

calculations [11] using parameters in MOPAC [12] provided the partial 

atomic charges [Table 2]. AMBER was used to reminimize the 

quinocarcin and quinocarcinol structures using these charges. A 

distance dependant dielectric constant was used and the structure was 

refined until the rms gradient was less than 0.1 kcal/mol angstrom. 

The nonbonded pair list was updated every 100 cycles using a 99 

angstrom cutoff distance. 

TABLE 2. 
Atomic Charges for Quinocarcin and Quinocarcinol 

Atom * Quinocarcin Quinocarcinol Iminium Ion 

C1, C6' 0.1697 0.1637 0.1601 
H1A, H6'A 0.0285 -0.0243 -0.0118 
H1B, H6'B 0.0524 -0.0087 0.0578 
02, 06' -0.2862 -0.3141 -0.3264 
H06' 0.1850 0.2158 
C2a, C4 0.2194 0.1617 0.2140 
H2a, H4a -0.0267 0.0367 0.1526 
H4B -0.0207 
C3, C3 0.0101 0.0240 -0.0071 
H3, H3 0.0724 0.0560 0.1080 
C4, C2 0.0208 0.1617 0.0022 
H4A, H2A 0.0609 0.0366 0.0065 
H4B, H2B 0.0455 0.0525 0.0934 
C5, C1 -0.1392 -0.1341 -0.1255 
H5, H1 0.0630 0.0620 0.0722 
C5', C1' 0.3619 0.3616 0.3270 
05'A,01'A -0.5724 -0.5661 -0.5316 
05'B,01'B -0.5269 -0.5401 -0.5048 
C6, C12 0.0399 0.0894 0.0154 
H6, H12 0.1035 0.0945 0.1417 
C6a, Clla 0.0781 0.1265 0.0632 
H6a,H11a -0.0147 -0.0245 0.0679 
C7, Cll 0.0594 0.0435 0.0442 
H7A, HllA 0.0197 0.0245 0.0679 

*Atoms for quinocarcin and quinocarcinol are numbered differently. 
The first entry is for quinocarcin and the second is for quinocarcinol 
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TABLE 2. 
Atomic Charges for Quinocarcin and Quinocarcinol cont'd. 

Atom * Quinocarcin Quinocarcinol Iminium Ion 

H7B, H11B 0.0537 0.0613 0.0820 
C8a, C10a -0.0589 -0.0283 -0.0679 
C8, C10 -0.0402 -0.0745 -0.0224 
H8, H10 0.0729 0.0708 0.0906 
C9, C9 -0.0368 0.0111 -0.0010 
H9, H9 0.0726 0.0650 0.0944 
C10, C8 -0.0529 -0.1336 -0.0347 
H10, H8 0.0769 0.0668 0.0978 
Cll, C7 0.1032 0.1557 0.1226 
011', 07 -0.3188 -0.3011 -0.3165 
C11' , C7 0.2033 0.2187 0.1978 
H11'A, H7'A 0.0211 0.0941 0.0377 
H11'B, H7'B -0.0196 0.0469 -0.0031 
H11'C, H7'C -0.0305 0.0230 -0.0419 
C11a, C6a -0.0581 -0.1990 -0.1412 
Cllb, C6 0.0983 0.2167 0.1601 
H11b, H6 0.0019 0.0106 0.0562 
N11c, N5 -0.3603 -0.4474 -0.1284 
N12, N13 -0.0170 -0.0913 -0.0232 
HN12, HN13 0.1701 0.1648 0.1835 
C12' , C13' 0.1084 0.1183 0.0978 
H12'A, H13'A 0.0942 0.0941 0.1054 
H12 'B, H13'B 0.0536 0.0469 0.0725 
H12'C, H13'C 0.0276 0.0230 0.0510 

*Atoms for quinocarcin and quinocarcinol are numbered differently. 
The first entry is for quinocarcin and the second is for quinocarcinol 

A cis-fused oxazolidine ring for quinocarcin is given in the 

literature. Examination of this geometry is important to resolve 

issues related to formation of the iminium ion. 1H-NMR differences 

between quinocarcin and quinocarcinol were small (loss of OH proton 

and appearance of a methine proton at 04.95 (J=3.2 Hz» and might be 

consistent with a trans-fused oxazolidine ring at C2a. Both 

configurations at this site were modeled. 



19 

Minimized drug structures were docked near N2 of guanine in the 

minor groove of d (ATGCAT) 2 using MIDAS [13). The polynucleotide 

sequence was constructed in AMBER using Arnott's B-DNA geometry [14) 

and minimized. A schematic diagram (Fig. 3) illustrates the 

individual groups of this complex. Initial modeling coordinates of 

the docked structures were saved and refined by minimization in AMBER. 

Drug and helix distortion energies were calculated by subtracting the 

energy of the drug and DNA alone from the energy of each in the 

complex. Solvent and counter ions have been neglected but only small 

errors should arise between the various models because only the 

orientation and absolute stereochemistry of quinocarcin varies. 

Results and Discussion 

Both noncovalent and covalent binding of quinocarcin to 

d(ATGCAT)2 were studied to find the best model. The DNA sequence 

contains guanine (the alkylation site) and several other arbitrary 

residues to give a segment of DNA containing six base pairs. Drug-DNA 

interactions indicate a binding site of approximately three base pairs 

in size. Two differing orientations (3' and 5', referenced by the 

aryl ring on the covalently bound strand) and Rand S configurations 

at C4 yield four covalent models per epimer to be considered. The 

previous literature's epimer will be called isoquinocarcin while its 

mirror image will be called quinocarcin. 

Covalent complexes were constructed by removal of H4A or H4B, 

specifying a C4-N2 bond length of 1.47 angstroms and adjusting the 

partial charges. Minimizations in AMBER of docked structures produced 
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eight models whose energies are contained in Table 3. The net binding 

energy is the most important in comparing the various models. This 

quantity consists of the total intermolecular interaction energies 

minus the drug and DNA distortion energies. The 3' R quinocarcin 

complex is the best binding covalent model by over 8 kcal/mol 

primarily from increased electrostatic and van der Waals 

interactions. The quinocarcin models generally have a better net 

binding energy (-28.8 to -19.1 kcal/mol) than the isoquinocarcin 

models (-21.0 to -5.0 kcal/mol) 

Energies for interactions between the drug and individual DNA 

residues are listed in Table 4. The 3'R configuration model (Fig. 4) 

shows strong interactions with GUA3, CYT10, P10-ll and ADEll which are 

directly attributable to the formation of specific hydrogen bonds 

listed in Table 5. This 3' R complex forms a greater network of 

hydrogen bonds than any other covalent complex. HOG' of the drug to 

01' of C5, HN2A of GUA3 to N5 of the drug, HN2B of GUA9 to 07' of the 

drug and a bifurcated system involving HN13 of the drug to N2 of GUA3 

and N3 of ADEll comprise the elements in this extensive network. It 

is this system that makes this model better than the others. 

Both quinocarcin and isoquinocarcin exhibit a strong preference 

to bind in the 3' direction over the 5'. This effect is mainly due to 

decreased steric interactions between the methoxyl group of the drug 

and the DNA. In the 3', models the methoxyl group can rotate out of 

the way much more easily. 

Generally, the DNA helix distortion energies fall into a narrow 
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TABLE 3 
Energies (in kcal/mol) for Interactions Between Quinocarcin Species and d(ATGCAT)2 

Species 

Quinocarcin 

Binding 
mode * 

CV 

CV 

CV 

CV 

Isoquinocarcin CV 

Quinocarcin 
iminium ion 
Quinocarcin 

CV 

CV 

CV 

NC 

NC 

Direction 
and con
figur
ation # 

3' , R 

3' , S 

5' ,R 

5' , S 

3',S 

3', R 

5' , S 

5', R 

3' 

3' 

Total Intermolecular 

vdw elstat. total 

-437.9 -24.0 -27.6 -51. 6 

-428.8 -18.0 -22.2 -39.2 

-429.6 -17.8 -25.1 -42.8 

-428.2 -20.8 -19.3 -40.0 

-430.2 -19.7 -25.6 -45.3 

-428.3 -21.7 -19.4 -41.1 

-425.4 -20.9 -23.4 -44.2 

-414.3 -14.7 -20.9 -35.6 

-484.6 -27.4 -67.1 -94.5 

-429.9 -5.7 -12.4 -38.1 

*CV indicates covalently bound and NC indicates noncovalently bound. 

Helix 
dist. 

20.0 

17 .1 

18.4 

16.6 

19.6 

15.5 

21.4 

26.5 

13.8 

6.9 

Drug 
dist. 

2.9 

2.5 

4.0 

4.3 

4.8 

6.6 

6.8 

4.1 

2.0 

0.8 

Net 
binding 

-28.7 

-19.6 

-20.5 

-19.1 

-20.9 

-19.0 

-16.5 

- 5.0 

-78.7 

-30.4 

#Direction refers to the direction that the drug lies in the minor groove and configuration refers 
to the stereochemistry at C4 in the covalent adducts. 

N 
N 



TABLE 4 
Interaction Energies for Quinocarcin Species with Individual Residues of d(ATGCAT)2 

Species 

Quinocarcin 

Isoquinocarcin 

Quinocarcin 
iminium ion 

Quinocarcin 

Binding 
mode * 

cv 
cv @ 

cv 
CV 

cv 
cv 

CV % 
CV 

NC $ 

NC 

Direction 
and con
figur
ation 
tt 

3 1 R 
3 1 S 

SIR 
SIS 

3 1 R 
3 1 S 

SIR 
SIS 

3 1 

3 1 

GUA3 P3-4 CYT4 P4-5 P5-6 

-12.0 
-3.3 

-3.6 -7.7 
-6.7 -3.7 -7.4 

-8.2 -3.1 -3.2 
-5.9 -3.1 -4.9 

-5.5 -4.7 
-3.0 

-4.5 -11.1 -6.0 -22.5 -4.4 

-3.4 

CYTlO P10-11 ADEll 

-5.1 -3.1 -5.7 
-3.7 -4.7 -5.0 

-4.7 -3.6 
-3.3 

-3.6 -3.8 
-3.8 

-6.4 -4.0 
-5.0 -6.4 -3.4 

-8.2 -7.9 -9.1 

-6.5 

Pll-12 

-4.6 

-3.8 

-3.6 

-3.2 

Residues are listed only if the energies are> 3.0 kcal/mol. See Fig. 3 for location of these 
residues within the DNA. 
*CV indicates covalently bound and NC indicates noncovalently bound. 
tDirection refers to the direction that the drug lies in the minor groove and configuration refers 
to the stereochemistry in the covalent adducts. 
@This species also makes the following interactions: P2-3, -5.5; P9-10, -4.0 kcal/mol. 
%This species also interacts with S4 by +3.5 kcal/mol. 
$This species also interacts with S3 by -3.0 kcal/mol. 

N 
(.)..) 
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Figure 4. Stereopair for 3' R' Covalent Quinocarcin 



TABLE 5 
Hydrogen Bond Parameters Involving Quinocarcin-Polynucleotide 
Interactions 

5pecies 

Quinocarcin 

Isoquinocarcin 

Quinocarcin 
iminium ion 
Quinocarcin 

Binding Direction 
mode * and con

figur
ation# 

CV 

CV 
CV 
CV 

CV 

CV 

CV 
CV 

NC 

NC 

3' ,R 

3',5 
5', R 
5',5 

3',5 

3', R 

5',5 
5', R 

3' 

3' 

Hydrogen 
atom 

HN2A(GUA3) 
N13 (QOL) 
HN13(QOL) 
HN2B (GUA9) 
H06' (QOL) 
H06' (QOL) 
HN13 (QOL) 
HN13 (QOL) 
H06' (QOL) 
HN13 (QOL) 
H06' (QOL) 
HN2B (GUA9) 
HN13 (QOL) 
HN2 (GUA9) 
HN13 (QOL) 
HN13 (QOL) 
H06' (QOL) 
H06' (QOL) 
HN13 (QOL) 
HN2B (GUA3) 

Acceptor 
atom 

Length 
A 

N5 (QOL) 
N2 (GUA3) 
N3 (ADEll) 
07 (QOL) 
01' (55) 
01' (55) 
02 (CYT4) 
01' (54) 
03' (Pll-12) 
N3 (GUA3) 
01' (511) 

07' (QOL) 
01' (55) 
07' (QOL) 
N2 (GUA3) 
01' (511) 

01' (55) 

OA(P4-5) 
N3 (ADEll) 
N3 (ADEll) 

2.50 
2.31 
2.45 
2.26 
2.28 
2.27 
2.12 
2.48 
2.31 
2.16 
2.28 
2.38 
2.24 
2.37 
2.44 
2.10 
2.16 
1. 68 
2.29 
2.31 

* CV indicates covalently bound and NC indicates noncovalently bound. 
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# Direction refers to the direction that the drug lies in the minor 
groove and configuration refers to the stereochemistry at C4 in the 
covalent adducts. 

range (15.5-20.0 kcal/mol) indicating only small changes in the 

overall DNA structure. No significant changes were seen in the sugar 

puckers or the backbone torsional angles. Watson-Crick base pairing 

and stacking energies were highly conserved. The models with the 

lowest net binding energies (5 'R and 5 isoquinocarcin) were the 

exceptions, having high helix distortion and major changes in the 
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sugar pucker and backbone torsional angles. Results of these changes 

can be seen the S'R stereo pair (Fig. S). 

A good covalent model (3'R) can be made for quinocarcin binding 

to d(ATGCAT)2 and this structure is the enantiomer of that presented 

previously in the literature. Additional evidence for this model was 

confirmed by the results of the noncovalent models. The direct 

precursor to this model would be the ring opened iminium ion (Scheme 

I) . The 3' quinocarcin iminium ion complex (Fig. 6) exhibits an 

excellent fit between the drug and DNA. Part of the -78.7 kcal/mol 

net binding energy results from increased electrostatic interactions 

of the second cationic center of the drug with P3-4, P4-S, P10-ll and 

Pll-12. C4, the site of covalent bond formation, lies only 3.12 

angstroms from N2 of GUA3. HN13 forms the same hydrogen bond to N3 of 

ADEll as the covalent 3'R model but H06' moves to OA of P4-S. 

The building of a good model for the binding of the iminium ion 

intermediate requires that it be easily formed from quinocarcin (2S.3 

kcal/mol). A problem arises in using the cis fused literature 

structure. The lone pair of NllC is orthogonal to the pseudo-

equatorial position of 02. Surely ring opening would be facilitated 

by the NllC lone pair but it cannot participate unless the oxazolidine 

ring fusion is changed from cis to trans. This C2a epi-quinocarcin 

(3S.4 kcal/mol) has the favored trans coplanar arrangement for iminium 

ion conversion. The energy change between the forms is small (9.9 

kcal/mol) and not much greater than that allowed for cyclohexane 

chair/boat interconversion (6.9 kcal/mol). Quinocarcin with the cis-
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Figure 5. Stereopair for S'R Covalent Isoquinocarcin 

Figure 6. Stereopair for 3' Quinocarcin Iminium Ion 
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fused ring in the boat twist conformation (35.2 kcal/mol) could also 

form the required trans coplanar arrangement of atoms and is very 

close in energy to the C2a epi-quinocarcin. 

Noncovalent binding of quinocarcin to DNA is important since it 

is this species which must locate the DNA binding site. Models were 

made by converting the corresponding covalent model to the closed 

quinocarcin and letting AMBER move the drug away from the DNA. The 3' 

noncovalent complex gave quite a good net binding energy (-30.4 

kcal/mol) with little drug or helix distortion. The distance between 

C2a and N2 of GUA3 was a short 4.03 angstroms, but the resulting 

geometry does not allow for direct attack of N2 required by an SN2 

type mechanism. Consequently, direct alkylation of DNA by quinocarcin 

is less favorable than the mechanism involving an iminium ion. 

Conclusion 

Molecular mechanics simulations of the binding of the antitumor 

antibiotic quinocarcin to DNA have led to a favoring of the iminium 

ion intermediate mechanism, which features initial noncovalent binding 

in the minor groove, ring opening to give an iminium ion followed by 

attack and subsequent covalent bond formation between C2a of the drug 

and N2 of guanine. The preferred direction in the groove is 3' and 

the preferred configuration of the alkylating carbon is R. The 

enantiomer of the arbitrarily assigned published structure results in 

the better model. These results suggest that quinocarcin alkylates 

DNA to produce its antitumor effect. (This work has appeared in print 

[15) .) 
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CHAPTER 2 

ATHRAMYCIN BINDING TO d(ATGCAT)2 

Introduction 

Anthramycin is a member of the pyrrolo[l,4]benzodiazepine class 

of antitumor antibiotics [16-18]. Isolated from St rept omyce s 

refuineus [19] its tricyclic structure and tail give it a unique three 

dimensional shape for interacting with various groups on the DNA (Fig. 

7). The carbinol amine is crucial to the activity of this compound. 

It has been shown to bind to the 2-amino groups of guanine in the 

minor groove of DNA. Three different groups have published molecular 

modeling studies [20-22). This work confirmed a previous united atom 

study with d(ATGCAT)2 and served as the basis for a 2D NMR structural 

characterization study. 

X-ray diffraction studies of anthramycin methyl ether 

monohydrate determined the absolute configuration and one of these 

served as the starting point for this investigation, [23,24]. The 

presence of a right handed twist (due to the S configuration of C11a) 

is important to binding site recognition. Anthramycin has been shown 

to react with guanine containing sequences [25] and also displaces the 

guanine specific intercalator actinomycin D. Alkylation of N7 and C8 

of guanine were ruled out by tritium labeling experiments [26]. N3 of 

guanine was eliminated by a lack of depurination upon heating in 

neutral solution. T4 phage DNA (100% glycosylated in the major 

groove) was still able to bind anthramycin, eliminating C6 of guanine 

as a possible alkylation site. The 2-amino group of guanine is the 
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Figure 7. Structure of Anthramycin 

only possible site left [25). DNA footprinting experiments indicate 

anthramycin binds to 5'PuGPu sequences over 5'PyGPy sequences [27,28]. 

The mode of action of anthramycin has been extensively 

studied. The rate-determining step of anthramycin binding to DNA is a 

bimolecular reaction which limits the investigation of the actual 

mechanism. NMR evidence firmly establishes C11 as the site of 

alkylation. A 16 ppm upfield shift in the 13C NMR spectrum of the 

anthramycin-calf thymus DNA adduct is indicative of an aminal linkage 

[29]. A mechanism involving elimination of water from the 10 and 11 

positions to give a reactive imine followed by covalent bond formation 

to the 2-amino group of guanine (Scheme II) was proposed. Covalent 

binding at C11 with an S configuration should show a significant 1H-

COSY cross peak for the HI1-H11a protons of the drug, whereas the R 

configuration should not. A strong cross peak was observed indicating 
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32 

a preference for the 11S configuration [30]. The geometry present in 

the drug molecule allows anthramycin to fit in the minor groove such 

that its aryl ring can be either on the 3' side or the 5' side of the 

guanine to which it is covalently bound. All-atom molecular modeling 

provides insight into why the direction (3') and configuration (S) of 

anthramycin is preferred in its binding to d(ATGCAT)2. 

Methods 

Since the previous study [22] utilized the united-atom model for 

both drug and DNA, all that was required for an all atom model was to 

add hydrogens explicitly. Coordinates for the hydrogens already 

existed and partial atomic charges were already calculated using the 

STO 3G parameters in Gaussian-SO (UCSF). Several parameters were 

added for the all-atom model of anthramycin. The structure was 

minimized by AMBER [9] until the rms gradient was less than 0.1 

kcal/mol A. The nonbonded pair list was updated every 100 cycles 

using a 99 A cutoff distance. 

The hexamer, d (ATGCAT) 2, used in the previous study was 

converted to the all-atom type in AMBER. This polynucleotide sequence 

was generated in AMBER using Arnott's B-DNA geometry [14] and 

minimized in AMBER using the parameters of Weiner et al [10]. 

Anthramycin was docked in the minor groove of this sequence using 

MIDAS [13]. 

A schematic defining the residues of the hexamer is shown in 

(Fig 3). Docked coordinates were saved and refined according to the 

same parameters as described above. Drug and helix distortions 



33 

energies were calculated by subtracting the energy of the drug alone 

from that of the drug in the complex and subtracting the energy of the 

DNA in the complex from that of the DNA alone. Solvent and 

counterions have been neglected for this study but only small 

discrepancies would be expected since only the orientation and 

configuration of anthramycin vary 

Results and Discussion 

Anthramycin binds to the 2-amino group of GUA3 through an imine 

mechanism. with the formation of such an intermediate it is possible 

to see a total of four different covalent adducts, 3' versus 5' 

according to whichever side the aryl ring lies relative to the 

covalently bound strand and Rand S configurations. All four of these 

binding modes were modeled. The long side chain provides for 

interaction with residues two base pairs removed from the covalent 

site. The base pair directly above the covalent site is also affected 

to give a final binding site size of four base pairs. Results are 

listed in Table 6. The model having the 3'S direction and 

configuration was discovered to have the best net binding energy by 

5.9 kcal/mol (Fig. 8). The S'R and S'S models differ by only 0.6 

kcal/mol while the 3' R model is 19.2 kcal/mol worse than the 3' S 

model. The superior binding of the 3'S adduct is mainly attributable 

to increased electrostatic interactions. 

The most favorable amount of Van der Waals interactions 

overcomes a slightly higher helix distortion for the 3'S model. There 

were no significant changes in Watson-Crick base-pairing energies 



TABLE 6 
Energies (in kcal/mol) of Covalent Complexes between Anthramycin and d(ATGCAT)2 * 

intermolecular distortion it 
net 

Species total steric elstat total drug DNA total binding 

(l1S,3') -391.8 -33.5 -26.2 -59.7 2.4 16.0 18.4 -41. 3 

(l1R,3') -372.6 -25.2 -19.6 -44.8 6.3 16.4 22.7 -22.1 

(l1S,5') -385.4 -29.7 -21. 0 -50.7 2.7 12.6 15.3 -35.4 

(l1R,5') -385.4 -32.2 -18.0 -50.2 2.0 13.3 15.3 -34.9 

* These energies are valid only for comparison within table. They should not be compared with other 
drugs or other DNA segments. 

t Drug distortion and helix distortion energies equal their values in the complex less their values 
when minimized alone (14.0 and -364.4 kcal/mol, respectively). 

& Net binding energy equals the total intermolecular binding minus the total distortion energy. 

VJ 
,b... 
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Figure 8. 5tereopair for 3'5 Covalent Anthramycin 

(aside from 6-8 kcal/mol at the covalent binding site) or base 

stacking energies. Any further distortions are distributed throughout 

the hexamer. The increased electrostatic interactions can be traced 

to residues (Table 7) and then correlated with specific hydrogen bonds 

between anthramycin and d(ATGCAT)2 (Table 8). The 3'R complex manages 

two hydrogen bonds. All the hydrogen bonds between 3'S anthramycin 

and d(ATGCAT)2 are intermediate in length. Two of these stabilize the 

strand opposite the covalent binding site. The 09' to HN2B of GUA9 is 

unique to this particular model and may therefore be a crucial 

recognition point for binding in this DNA sequence. The other 

hydrogen bonds are common to both 3' models but the 3'R HNll to 02 of 

CYT4 is significantly shorter by 0.23 A. The 5' models can only 

hydrogen bond to the side chain of the drug Hl4A to N3 of ADE5 while 
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TABLE 7 
Energies (kcal/mol) for the Interactions of Anthramycin with 
Individual Residues of d(ATGCAT)2. 

Residue Species 

3'S 3'R 5'S 5'R 

SUG3 -3.1 
GUA3 -8.2 -5.9 

POM3,4 -8.7 -3.3 
CYT4 -5.4 -4.1 

SUG5 -3.3 
ADE5 -3.3 -8.6 -8.7 

CYT10 -3.3 -3.2 -3.2 

SUGll -3.4 
ADEll -4.2 -3.5 

SUG12 -3.2 -3.7 
THY12 -6.7 -6.5 

TABLE 8 
Hydrogen Bond Parameters for Anthramycin-d(ATGCAT)2 Interactions * 

Species Hydrogen Acceptor Length Angle 
atom atom A (deg) 

(115, 3' ) HN2B (GUA) 09 (ANTH) 4* 1. 83 141. 4 
HN10 (ANTH) 02 (CYT) 1. 99 133.0 
HN14A (ANTH) 02 (THY) 1. 88 149.0 

(llR, 3' ) HN10 (ANTH) 02 (CYT) 2.22 116.4 
HN14A (ANTH) 02 (THY) 1. 83 159.3 

(115, 5' ) HN14A (ANTH) N3 (ADE) 1. 85 165.2 

(llR, 5' ) HN14A (ANTH) N3 (ADE) 1. 88 168.2 

*Only bond lengths <2.5 A are listed. 4* Anthramycin=ANTH. 
HN14A is the upper hydrogen on the amide nitrogen as it appears in 
Figure 7. 
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each 3' model has hydrogen bonds from the tricyclic nucleus to the 

DNA. In the 3'R model increased drug distortion cancels benefits of 

the hydrogen bond. 

Conclusions 

Anthramycin preferably binds to d(ATGCAT)2 at N2 of GUA3 in the 

3'S direction and configuration about Cll. Remarkably little change 

in the DNA helix results from the induced fit of 3' S covalent 

anthramycin. Increased intermolecular binding energy is provided by a 

network of hydrogen bonds. Molecular modeling predicts the 3'S adduct 

would be formed predominantly. 
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CHAPTER 3 

BISANTRENE AND R9 BINDING TO DNA BY SPECTROPHOTOMETRY 

Introduction 

Bisantrene and its closely related compound R9 [Fig. 9] were 

tested for binding strengths through the use of spectrophotometric 

techniques. Graphical representations of the data could not be fit 

using Scatchard plots but were described by a McGhee-von Hippel 

equation for part of the binding range. Fitting the entire range of 

data required a smoothing cubic spline function. A measure of 

relative binding strength could be obtained through the first 

derivative of this function. 

Bisantrene and R9 are anthracene derivatives which were 

synthesized in search of antitumor activity. Bisantrene (9,10-

anthracenedicarboxaldehyde bis-[(4,5-dihydro-1H-imidazole-2-yl) hydra

zone)] has been shown to be active against murine tumors in vivo [31-

33) and against human tumor cell lines [34-36). It has also been 

introduced into clinical trials [31). DNA and RNA synthesis are 

severely inhibited in the presence of bisantrene [31), and the drug 

produces protein associated DNA single strand breaks and DNA-protein 

cross links [37] . Previous experiments using absorption 

spectrophotometry [38) indicated that bisantrene binds intercalatively 

between base pairs of double helical DNA. However there was some 

question about the validity of the data treatment used in this study. 

R9, (E,E)-2,2'-(9,10-anthracenedivinylene) bis [2-imidazoline] 

dihydrochloride, was synthesized as one in a series of analogs of 
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Figure 9. Structures of Bisantrene and R9 
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bisantrene [39] which were analyzed for in vitro and in vivo antitumor 

properties. Several of these were also used for spectrophotometric 

titration and transition melt studies of which the current work is a 

part. These analogs were made and tested to further explore their 

intercalative properties, their binding site sizes and affinities and 

to develop quantitative structure activity relationships for this 

class of compounds. 
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Methods 

Calf thymus DNA (approximately 5X10- 4 M) was dissolved in O.lM 

NaCl, 0.01 sodium phosphate O.OOlM EDTA to give a final concentration 

of 5X10- 4 M. The exact DNA concentration was determined 

spectrophotometrically using an E260=6600 M- 1 nucleotides. Stock 

solutions of the drugs were approximately 2X10- 4 M. The buffer for 

the R9 studies was identical with that used for the DNA: 0.1 NaCl, 

O.OlM sodium phosphate O.OOlM EDTA. Due to solubility problems, 

bisantrene required the same buffer without the NaCl at pH 6.0. The 

wavelengths used and free and bound drug extinction coefficients are 

given in Table 9. Extinction coefficients were determined from Beer's 

law plots of absorbances obtained by adding five 100 ~L portions of 

drug solution to 3 mL of buffer or stock DNA solutions retaining a 

minimum 10:1 ratio of base pairs/drug. 

Twenty-six 50 ~L portions of drug solution were added to 2.5 mL 

of approximately 1X10-4 M DNA solution and the spectrometer absorbance 

was recorded five minutes after each addition. Calculation of the 

amount of free and bound drug in solution after each addition was done 

by the method of Muller and Crothers [40]. Three experiments were 

done for each drug and the data presented is a composite of these 

runs. Data in the 65-100% bound range was used for McGhee-von Hippel 

analysis. Curve fitting was accomplished by the use of the program 

FUNFIT [41] and the smoothing spline function from IMSL routines by 

Dr. Michael D. Karol. 



Table 9. 
Data on Spectrophotometric Titrations. 

compound 

Bisantrene 
R9 

Table 10. 

wavelength 
nm 

410 
415 

extinction 
coefficient 
free X10- 4 

14.93 
13.67 

McGhee-von Hippel Analysis of the DNA Binding by 
Bisantrene and R9 

compound 

Bisantrene 
R9 

correlation 
coefficient 

R 

0.967 
0.973 

9.03 

n 

0.9 

41 

bound X10- 4 

8.03 
7.60 

0.11 

Data were collected in the 65-100% binding range, except for 
bisantrene, whose data was in the range 76-100%. For bisantrene only, 
data beyond 76% gave a horizontal line in Scatchard plots. a Apparent 
binding constant in ~ol-l. n=Number base pairs per binding site. c 
Parameter for binding cooperativity. 

Table 11. 
Correlations Among DNA Binding Strength by Spectrophotometric 
Titration and Antitumor Potency in Cell Culture. 

compd 

Bisantrene 
,R9 

spectrophotometric titration 

McGhee-von Hippel 
Kapp, u mol 

9.03 
8.20 

cubic spline 
relative binding 

1.03 
1. 08 

antitumor 
potency 
ID 50 

2.40 
un 

Data taken from Ref. 6. They represent activity against human ovarian 
cancer cells in clonogenic assay. Nearly horizontal lines were found 
in Scatchard plots. Results where it was not possible to obtain an ID 
are denoted by un. 
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Results and Discussions 

Data from the experiments is plotted (Fig .10) as (bound 

drug/total base pairs) /free drug versus bound drug/total base pairs. 

In the McGhee-von Hippel notation this is vic versus v. There is no 

linear portion of this curve to which Scatchard analysis might be 

applied so one of the McGhee-von Hippel equations was used. These 

equations account for ligand site size and ligand-ligand cooperativity 

effects as well as yielding the intrinsic binding constant (8). 

Adequate fits of the data were achieved with the equation: 

v/c=K (l-nv) [(2w-1) (l-nv) + (v-R) /2 (w-1) (1-nv) ]n-1 [1- (n-1) v+R/2 (1-n)] 2 

where w is a cooperativity factor and R= { [1- (n-1) v] +4wv (1- nv)} 1/2 

Apparent binding constants for bisantrene and R9 are shown in Table 10 

along with the number of base pairs per binding site and the 

cooperativity binding parameter. Both compounds exhibit a strong 

binding constant with bisantrene having a slightly smaller base pair 

binding site requirement. 

Although there is good agreement with the McGhee-von Hippel 

equation over a large part of the binding data, it could not describe 

all of the data for either compound. Further insight might be gained 

into the DNA binding process if a function could be found to fully fit 

the data. A plot of bound drug/total base pairs versus total 

drug/total base pairs yields significant information about the drug 

binding process while eliminating errors in the high percent binding 

found in the McGhee-von Hippel equation. This new plot could not give 

the binding constant and binding site size available from the 
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Scat chard type plots. Curve fitting the data for the new plot proved 

difficult until a smoothing cubic spline function was considered. 

Fig. llshows fits derived from an IMSL routine. First derivative 

plots of these data provide a relative ranking of the DNA binding 

affinities based upon the point where the curve intercepts the 

ordinate. This corresponds to the time when the first drug molecule 

enters the system and binds to the DNA. There is no interference from 

other drug molecules; cooperativity and binding site size limitations 

are zero quantities. The two data treatment protocols provide similar 

results for both bisantrene and R9 but not exactly the same kind of 

result. The McGhee-von Hippel equation analyzes the binding affinity 

of the drug for DNA in the presence of other drug molecules already 

bound to it while the spline function method analyzes the binding 

affinity of the drug in the absence of all other drug molecules. 

Conclusions 

Bisantrene and R9 exhibit strong binding to DNA as measured by 

the change in absorbance of the drug molecules. Scatchard analysis 

was useless in obtaining meaningful information about binding affinity 

and site size. McGhee-von Hippel analysis provided values for the 

cooperativity, binding site size and affinity over a portion of the 

binding curve. A smoothing curve spline function was used to fit the 

entire drug binding data set yielding information about the affinity 

of the first drug molecule for DNA. 



CHAPTER 4 

NAPHTHYRIDINOMYCIN BINDING TO d(ATGCAT)2 
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Introduction 

Naphthyridinomycin and cyanocycline A (Fig. 13) are hexacyclic 

antitumor antibiotics containing a quinone ring and three tertiary 

nitrogens. The compounds were isolated from separate streptomycete 

strains [42,43]. Naphthyridinomycin has a hydroxyl group at C7 where 

cyanocycline A has a nitrile group. X-ray diffraction studies have 

been completed on each [44,45]. 

CH3 

H, 
o 

CH3 

H, o 

Figure 13. Structures of Naphthyridinomycin Hydroquinone 

and Cyanocycline A Hydroquinone 

Two reactive groups [C3a and C7] are present in the molecules. 

Treatment with HCl or HBr opens the oxazolidine ring yielding an 

iminium ion whose X-ray structures have been determined [45]. In 
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dilute acid, protonation occurs at N14 with a pKa of 6.6. 

Naphthyridinomycin has been converted to cyanocycline A by addition of 

cyanide ion (46). In 1986 a stereospecific synthesis of cyanocycline 

A was accomplished which resulted in the reversal of the absolute 

configuration (47). 

Several mode of action studies have been done with significant 

results. DNA synthesis (48) is the main cellular target with some 

inhibition of protein synthesis and RNA synthesis occurring at higher 

than cytotoxic doses. Only polynucleotides containing GC pairs are 

affected by napthyridinomycin (49). T4 phage DNA is 100% glycosylated 

in the rna jor groove, yet naphthyridinomycin binds to it readily, 

suggesting that the minor groove is the binding site. Addition of 

reducing agents (dithiothreitol and penicillamine) markedly increased 

the ability of naphthyridinomycin to bind to DNA, whereas unreduced 

drug binds only slowly. Binding also showed a pH dependence with very 

little occurring below pH 5 or above pH 7.9 even in the presence of 

reducing agents. The complex formed was relatively stable to dialysis 

with a reversibility of the drug binding occurring biphasically over 

several days (49). This can be thought of as a steady hydrolysis of 

the aminal linkages between the drug and 2-amino groups of guanine. 

Although there are two possible alkylation centers (C3a and C7), no 

evidence of crosslinked DNA was found (49). 

Two mechanisms have been proposed for the binding of 

napthyridinomycin with DNA (48). The first is similar to the one 

proposed for quinocarcin and saframycin A. The drug or its 
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hydroquinone binds noncovalently to the DNA and is converted to an 

iminium ion intermediate which then forms a covalent bond between its 

C7 and the 2-amino group of guanine (Scheme III). In this 

dissertation an alternative covalent binding process involving C3a of 

naphthyridinomycin and the 2-amino group of guanine is proposed 

(Scheme IV). The second involves nucleophilic attack by N2 of guanine 

at C7 via a SNICA type mechanism. The geometry of the drug molecule 

prevents the proper orientation of groups to facilitate this reaction 

mechanism. 

The covalent binding of naphthyridinomycin should prefer one 

orientation on DNA over the others due to the three dimensional shape 

of the molecule and its ability to form a specific hydrogen bonding 

network. The hydroquinone would be expected to be more reactive than 

the quinone because it increases the hydrogen bonding capabilities and 

assists in the formation of the iminium ion. 

Computer modeling can investigate these DNA binding processes. 

If the drug can bind covalently with the DNA without serious 

distortion occurring to itself or its target, then the mechanism may 

be considered feasible. This type of study could be used to predict 

the preferred direction in the groove, alkylation center and 

configuration of the naphthyridinomycin adduct. 

Methods 

The x-ray crystal structure of naphthyridinomycin served as a 

starting point for the modeling work [44]. The site of protonation 

was crucial in developing the best drug molecule model possible. 
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Addition of strong acid (HCl or HBr) yields an iminium ion at C3a-N14 

and protonation at N5 [45]. Under physiological conditions, would the 

deprotonated form prevail or could there be a site for 

monoprotonation? To answer this question, cyanocycline A was 

dissolved in DMSO:D20 (7:3) and the 13CNMR was taken. Data collected 

matched that taken by S.J. Gould. Upon addition of approximately 5% 

CF3COOD, an immediate color change took place. 13CNMR data indicated 

the oxazolidine ring had opened to form the C3a-N14 iminium ion and no 

evidence of protonation at NS [Dr. Neil MacKenzie, personal 

communication). A second try with cyanocycline A in CDC13 and 

approximately 2 microliters of CF3COOD gave protonation at N14, only 

according to its 13 CNMR and 1HNMR [Dr. Neil MacKenzie, personal 

communication) . Ti trat ion (0.001 M HCl) of a fresh sample of 

cyanocycline A starting at pH 8.0 resulted in a pka of 6.6. At the 

physiological pH of 7.0 one fourth of this compound would be ionized 

while at pH 5.0 (as found in some cancer cells) >97% would be 

protonated [50). In light of these experiments, N14 was protonated 

for the modeling study. HN14 was added using a bond length of 1.01 

angstroms, a bond angle of 109.5 degrees and a dihedral angle of 180 

degrees. The drug was then minimized in AMBER [9) with the additional 

parameters defined in Table 12, and these coordinates were used to 

calculate the atomic charges by Gaussian-80 (UCSF) with the STO 3G 

parameters (Table 13). The drug was again minimized in AMBER using 

these charges and a distance dependent dielectric constant and refined 

until the rms gradient was less than 0.1 kcal/mol A. The nonbonded 



TABLE 12 
Additional Bond, Bond Angle and Torsion Angle Parameters for 
Naphthyridinomycin. These are not found in Ref.10. 

Bond kb(kcal/molA Rb(A) 

C-CS 469.0 1. 400 
CA-N3 481.0 1.381 
OY-CY S70.0 1.223 
CY-CS 360.0 1. 484 
CS-CT 317.0 1. 496 
CS-CU 317 .0 1. 490 
CS-CS 470.0 1.3SS 
CT-NT 367.0 1. 460 
CS-OS 4S0.0 1.3SS 
C7-N7 470.0 1.1S8 
CT-C7 317.0 1. 440 

Angle ka(kcal/mol rad) a (deg) 

CS-C -CS 8S.0 119.0 
CS-CT-HC 3S.0 109.S 
CS-CT-CT 63.0 109.7 
CS-CT-NT 7S.0 114.6 
CS-CS-CT 70.0 122.0 
CT-NT-CT 70.0 112.0 
HC-CT-NT 3S.0 109.S 
CT-CT-NT 80.0 109.2 
CS-CS-OS 80.0 121. S 
CS-OS-CT 70.0 114.8 
CT-N3-CT SO.O 107.8 
C -CS-CU 75.0 119.4 
C5-CS-CU 70.0 121.7 
OY-CY-05 80.0 120.S 
CY-C5-CT 70.0 117.6 
CY-C5-C5 85.0 120.4 
C5-CY-C5 85.0 119.0 
CY-CS-CU 75.0 119.4 
HC-CU-HC 3S.0 109.S 
C5-CU-HC 3S.0 109.S 
OH-C -C5 80.0 120.0 
C -CS-C5 8S.0 120.4 
C -CS-CT 70.0 117.6 
C -C5-0S 70.0 116.1 
C5-C -CS 85.0 119.0 
CT-07-N7 80.0 180.0 
HC-CT-C7 35.0 109.S 
NT-CT-C7 80.0 109.S 
CT-CT-C7 70.0 109.5 

S3 
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TABLE 12 Continued 

Dihedral kd (kcal/mol) (deg) n 

CT-CQ-CQ-CT 1.0 0.0 2.0 
CQ-OS-CT-HC 1.0 0.0 3.0 
CY-CQ-CQ-CT 1.0 180.0 2.0 
C -CQ-CQ-CT 1.0 180.0 2.0 
CY-CQ-CQ-CU 5.0 180.0 2.0 
C -CQ-CQ-CU 5.0 180.0 2.0 
CU-CQ-CQ-OS 5.3 0.0 2.0 
CT-CQ-CQ-OS 5.3 0.0 2.0 
CY-CQ-CQ-OS 5.3 180.0 2.0 
C -CQ-CQ-OS 5.3 180.0 2.0 
CY-CQ-CQ-CY 5.3 0.0 2.0 
C -CQ-CQ-C 5.3 0.0 2.0 
CY-CQ-OS-CT 2.5 0.0 2.0 
C -CQ-OS-CT 2.5 0.0 2.0 
CQ-CQ-CT-NT 1.0 0.0 2.0 
CT-CQ-CY-CQ 2.0 180.0 2.0 
CT-CQ-C -CQ 2.0 180.0 2.0 
CU-CQ-CY-CQ 5.3 180.0 2.0 
CU-CQ-C -CQ 5.3 180.0 2.0 
CQ-CQ-OS-CT 1.0 0.0 2.0 
CQ-CY-CQ-OS 5.0 180.0 2.0 
CQ-c -CQ-OS 5.0 180.0 2.0 
CQ-CQ-CY-CQ 5.3 0.0 2.0 
CQ-CQ-C -CQ 5.3 0.0 2.0 
OY-CY-CQ-CT 1.0 0.0 2.0 
OH-C -CQ-CT 1.0 0.0 2.0 
OY-CY-CQ-CU 5.0 0.0 2.0 
OH-C -CQ-CU 5.0 0.0 2.0 
OY-CY-CQ-OS 5.0 0.0 2.0 
OH-C -CQ-OS 5.0 0.0 2.0 
CQ-CT-NT-CT 1.0 180.0 2.0 
CU-CQ-CY-OY 5.0 0.0 2.0 
CU-CQ-C -OH 5.0 0.0 2.0 
OY-CY-CO-CO 5.3 180.0 2.0 
OH-C -CQ-CQ 5.3 180.0 2.0 

CQ is an atom in the C=C bond of a quinone ring, previously defined 
for mitomycins (Rao, S.N.; Singh, U.C.; Kollman, P.A. J. Am. Chern. 
Soc. 1986, 108, 2058). CU is the symbol used in this particular study 
to designate the carbon atom of the C12 methyl group. This was done 
because carbons 9 and 13b are CT types and it was necessary to 
differentiate between them and C12 (which otherwise would be CT). A 
problem arose when improper dihedrals were made to C12 in order to 
flatten the quinone ring. The CU symbol has nothing to do with copper 
in this study. 
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TABLE 13 
Atomic Charges for Naphthyrdinomycin Hydroquinone 

Atom NHQ Atom NHQ 

010' -0.532 C13 0.106 
H010 0.346 013' -0.469 
C10 0.513 H013· 0.335 
C9A -0.316 C12' -0.235 
C9 -0.223 H12A 0.086 
H9 0.060 H12B 0.067 
C9' 0.362 H12C 0.060 
H9'A 0.038 C11 -0.263 
H9'B 0.031 011' -0.180 
09' -0.486 Cll' -0.154 
H09' 0.315 HllA 0.093 
N8 0.180 HllB 0.081 
C7 0.148 HllC 0.100 
H7 0.065 
07' -0.487 
H07' 0.288 
C6 0.19 
H6 0.075 
N5 -0.158 
C5' -0.249 
H5'A 0.115 
HS'B 0.066 
HS'C 0.106 
C4' -0.149 
H4 'A 0.071 
H4'B 0.034 
C4 -0.155 
H4 0.072 
C4A -0.015 
H4A 0.100 
C13C -0.327 
H13C 0.108 
C3A -0.006 
H3A 0.122 
03 -0.283 
C2 0.091 
H2A 0.081 
H2B 0.071 
C1 -0.165 
H1A 0.116 
H1B 0.091 
N14 0.522 
HN14 0.175 
C13B -0.157 
H13B 0.110 
C13A 0.204 

NHQ=Naphthyridinomycin Hydroquinone 
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pairs cut off distance was 99 A and the pair list was updated every 

100 cycles. 

AMBER was used to construct (using Arnott's B-DNA geometry) and 

minimize the hexamer d (ATGCAT) 2. A schematic drawing (Fig. 3) 

illustrates the residues in this sequence. The minimized drug 

structure was docked near GUA3 of the DNA in two different 

orientations (3' and 5'), two different centers of naphthyridinomycin 

(C3a and C7) and two different configurations Rand S. Initial docked 

coordinates were saved and input into AMBER and refined by energy 

minimization to an rms value of 0.1 kcal/mol. Helix distortion 

energies were calculated by subtracting the helix energy in the drug

DNA complex from that of the helix alone. Subtracting the energy of 

the drug alone from the energy of the drug in the bound complex gave 

the drug distortion energy. 

Solvent and counterion effects have been neglected in all the 

simulations. Net binding energy comparisons for all the similarly 

bound models should be acceptable because the same drug is involved in 

each model and only the orientation and center of alkylation are 

changed. 

Results and Discussion 

Covalent and noncovalent binding studies of naphthyridinomycin 

to the hexamer d (ATGCAT) 2 were done using molecular mechanics. 

Alkylation occurs at GUA3 of the sequence. The apparent binding site 

size is three base pairs in length according to drug-DNA interactions. 

Orientation is defined by which end of the DNA the drug's quinone ring 
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is pointing to 3' or 5'. Since the mechanism of binding goes through 

an iminium ion both the Rand S configurations are possible. The 

presence of two labile functionalities (C3a and C7) provide two 

separate alkylation site possibilities. Overall, there are eight 

possible covalent models and four possible noncovalent models. 

Covalent complexes were made by removing the oxygen atom at either C3a 

or C7 and then determining the bond angle vector for the hydrogen atom 

attached to this center. This can be done by renaming the oxygen 

coordinates as the hydrogen coordinates and deleting the actual 

hydrogen coordinates. Although the bond length and angles might be 

different, AMBER quickly corrects these to their normal limits, but in 

the process the configuration has been changed. Initial docking of 

the drug to the DNA is achieved using MIDAS. After adjustment of the 

partial charges and specifying the new C3a to C7 to N2 bond length to 

be 1.47A, the coordinates are minimized in AMBER, producing the 

results shown in Table 14. The naphthyridinomycin hydroquinone is 

placed near N2 of guanine positioned to present either the C3a carbon 

or C7 carbon for covalent bond formation. 

Comparisons can be made in the net binding energies to discover 

which one of the covalent adduct models is more energetically favored. 

In this case the 3'R at C7 of naphthyridinomycin hydroquinone is by 

far the best model in terms of net binding energy by over 15 kcal. 

This is a substantial difference and results from increased 

interactions with the DNA. Generally the C7 covalent models have a 

better net binding energy (-73.8 to -44.7 kcal/mol) than the C3a 



TABLE 14 
Energies (in kcal/mol) for Interactions Between Napthyridinomycin Species and d(ATGCAT)2 

Species Binding Direction Total Intermolecular Helix Drug Net 
mode * and con- dist. dist. binding 

figur-
ation # vdw elstat. total 
center 

NHQ cv 3' R C7 -370.1 -24.6 -75.1 -99.7 20.0 5.9 -73.8 
cv 3'S C7 -355.1 -18.2 -88.7 -106.9 33.3 15.8 -58.8 

cv 5'R C7 -340.9 -22.9 -52.9 -75.8 19.6 11.5 -44.7 
CV 5'S C7 -342.6 -17.4 -58.0 -75.4 20.4 8.6 -46.4 

NC 3' C7 -374.8 -27.2 -70.8 -98.0 12.9 6.5 -78.6 
NC 5' C7 -360.2 -22.2 -88.4 -110.6 24.8 21. 8 -64.0 

CV 3'R C3a -340.0 -15.8 -61.5 -77.3 26.0 7.6 -43.7 
CV 3'S C3a -326.6 -9.2 -62.2 -71. 4 25.6 15.2 -30.6 

CV 5'R C3a -337.9 -10.3 -81.2 -91.5 31.3 18.6 -41.6 
CV 5'S C3a -348.4 -12.0 -80.7 -92.7 26.9 13.6 -52.2 

NC 3' C3a -352.4 -21.2 -44.6 -65.8 5.6 4.0 -56.2 
NC 5' C3a -367.0 -20.5 -61. 8 -82.3 10.1 1.4 -70.8 

NHQ=Naphthyridinomycin Hydroquinone 

*cv indicates covalently bound and NC indicates noncovalently bound. 

tDirection refers to the direction that the drug lies in the minor groove and configuration refers 
to the stereochemistry in the covalent adducts. 

V1 
00 
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covalent models. Helix distortion energies range from +20.0 to +33.3 

for the covalent species. 

occurring at the C7 center. 

This would seem to favor alkylation 

Closer inspection of the drug-DNA interactions by groups (Table 

15) reveals part of the reason the 3'R at C7 has the best energy. 

This model (Fig. 14) .shows strong interactions with GUA3, P4-5 and 

especially P10-11. The corresponding 3' S at C7 shows a similar 

interaction profile but Pll-12 is the strong interaction instead of 

P10-11. The 5' Rand S at C7 models do not have such strong 

interactions. The 3'R and S models at C3a exhibit several medium and 

small interactions. The 5 'R and S at C3a models show a little 

improvement with interactions in the -30 kcal/mol range. Most of the 

energies listed in Table 15 correlate very well with the inter

molecular hydrogen bonds listed in Table 16. 

Several of the species listed form three or more hydrogen bonds 

between naphthyridinomycin and d (ATGCAT) 2. These hydrogen bonds 

generally provide the key to understanding what makes a good model 

versus a poor model. Most of these hydrogen bonds listed are under 

2.0 A which indicates that they are quite strong. Since there are so 

many good hydrogen bonds there must be some other indicator for 

finding the most important aspect.in the binding of naphthyridinomycin 

to DNA. 

Drug distortion energies may play a significant role in the 

preference of binding. This complex drug molecule requires a special 

induced fit to bind to the DNA most effectively. The better the fit 



TABLE 15 
Interaction Energies (in kcal/mol) for Naphthyridinomycin Hydroquinone with Individual Residues of 
d(ATGCAT)2 

Species Binding Direction P2-3 GUA3 P3-4 CYT4 P4-5 P5-6 P9-10 CYT10 P10-11 ADEll Pll-12 S12 

NHQ 

mode * and con
figur
ation 
center 

CV 
CV 

CV 
CV 

NC 
NC 

CV 
CV 

CV 
CV 

NC 
NC 

t 

3'R C7 
3'S C7 

5'R C7 
5'S C7 

3' 
5' 

C7 
C7 

3'R C3a 
3'S C3a 

5'R C3a 
5'S C3a 

3' 
5' 

C3a 
C3a 

-11. 6 -3.S -3.S -5.3 -14.S -S.2 
-3.7 -9.S -3.6 -11.5 -23.4 -6.5 

-4.0 -7.5 -4.5 -7.S -3.5 
-3.S -7.1 -6.3 -4.2 -7.S -3.3 

-5.5 -5.6 -3.S -20.2 -9.7 
-4.2 -7.4 -30.2 -5.4 

-3.3 -5.1 -3.0 -12.1 -S.5 -12.5 
-3.4 -3.3 -4.7 -6.6 -10.2 

-5.5 -14.3 -7.3 -14.7 -4.2 
-4.6 -14.6 -4.9 -4.0 -33.9 -5.4 

-3.6 -S.l -15.1 
-6.2 -4.5 -35.1 -16.3 -3.0 

-3.9 -4.9 -2S.6 -5.7 
-3.4 -7.9 -5.0 -32.9 

-3.0 -5.3 -7.3 -5.7 -12.9 
-3.1 -5.S -6.6 -6.S -20.5 

-3.0 -27.9 -5.6 
-5.4 -6.2 -46.1 

-5.4 -7.2 -9.9 -3.6 -S.7 
-5.6 -7.7 -11.0 -4.1 -11.3 

-3.2 -4.4 -6.0 -5.9 -32.0 
-3.2 -4.6 -7.9 -5.4 

-5.5 -3.9 -14.5 -11.4 
- 3.1 -7.6 

Residues are listed only if the energies are> 3.0 kcal/mol. See Fig. 3 for location of these 
residues within the DNA. 

*CV indicates covalently bound and NC indicates noncovalently bound. 

-3.0 

-6.3 

-3.1 

tDirection refers to the direction that the drug lies in the minor groove and configuration refers 
to the stereochemistry in the covalent adducts. 

0' 
o 
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TABLE 16 
Hydrogen Bond Parameters Involving Naphthyridinomycin-polynucleotide 
Interactions 

Species Binding Direction Hydrogen Acceptor Length 
mode and con- atom atom A 

* figur-
ation 
center 

NHQ cv 3'R C7 HN2B (GUA9) 010' (NHQ) 1. 75 
H013' (NHQ) OA (Pll-12) 1. 64 
HN14' (NHQ) 09' (NHQ) 1. 71 

3'S C7 H09' (NHQ) 02 (CYT4) 1. 87 
H013' (NHQ) OA (P12-113) 1. 64 
HN14 (NHQ) 09' (NHQ) 1.71 

5'R C7 H010' (NHQ) 02 (THY2) 1.87 
HN14' (NHQ) 09' (NHQ) 1. 70 

5'S C7 HN14' (NHQ) 09' (NHQ) 1.72 

NC 3' C7 HN2B (GUA3) 07' (NHQ) 1. 75 
HN2B (GUA9) 010' (NHQ) 1. 80 
H013' (HNQ) OA (Pll-12) 1. 64 
HN14' (NHQ) 09' (NHQ) 1. 75 

5' C7 HN2B (GUA3) 07' (NHQ) 1. 72 
H09' (NHQ) OA (Pll-12) 1. 65 
HN14' (NHQ) 09' (NHQ) 1.72 

cv 3'R C3a H03 (NHQ) 02 (CYT4) 1.81 
HN14' (NHQ) 09' (NHQ) 1. 77 

3'S C3a HN2B (GUA9) 03 (NHQ) 2.04 
HN14' (NHQ) 09 ' (NHQ) 1. 71 

5'R C3a HN14' (NHQ) 09' (NHQ) 1. 79 
H013' (NHQ) 03 (NHQ) 1. 75 

5'S C3a H09' (NHQ) OA (P4-5) 1. 63 
H013' (NHQ) 03 (NHQ) 1. 89 
HN14' (NHQ) 09' (NHQ) 1. 73 
H013 (NHQ) OA (Pll-12) 1. 64 

NC 3' C3a HN14' (NHQ) 09' (NHQ) 1. 77 
5' C3a H09' (NHQ) OA (P3-4) 1. 63 

HN14 (NHQ) 09' (NHQ) 1. 73 

NHQ=Naphthyridinomycin Hydroquinone. 

*cv indicates covalently bound and NC indicates noncovalently bound. 

4tDirection refers to the direction that the drug lies in the minor 
groove and configuration refers to the stereochemistry in the covalent 
adducts. 
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Figure 14. Steropair for 3'R Covalent Naphthyridinomycin at C7 

the lower the drug distortion. The 3'R at C7 model has the lowest 

drug distortion for a covalent model by 2.6 kcal/mol. This combined 

with a large electrostatic contribution and low helix distortion makes 

this the most probable covalent adduct to be found. 

The noncovalent binding models of naphthyridinomycin with 

d(ATGCAT)2 are especially interesting. Both the 3' at C7 (Fig. 15) 

and the 5' at C3a (Fig. 16) are quite high in net binding energy. 

Drug and helix distortion energies favor the 5' at C3a model, but the 

3' at C7 counters with better electrostatic and van der Waals 

interaction energies. Although neither can be ruled out as a serious 

candidate for binding, the 3' to C7 model leads to a very good net 

binding energy covalent binding model. The 5' at C3a simply cannot 
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Figure 15. Steropair for 3' Noncovalent Naphthyridinornycin at C7 

Figure 16. Steropair for 5' Noncovalent Naphthyridinornycin at C3a 
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form a decent covalently bound species and should be considered a less 

likely precursor to covalent binding. 

Conclusions 

Naphthyridinomycin hydroquinone binding simulations using 

molecular mechanics demonstrate a probable preference in its 

direction, configuration and reactive center. 3'R at C7 provides the 

best net binding model and its immediate precursor 3' at C7 the best 

binding noncovalent model. Naphthyridinomycin alkylates N2 of guanine 

in the minor groove of DNA to produce its antitumor effect. Although 

there are two possible alkylation sites the three dimensional shape of 

the drug disallows DNA crosslinking, but allows for crosslinks between 

the drug DNA and proteins which traverse the minor groove. 
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CHAPTER 5 

SAFRAMYCIN A BINDING TO d(GATGCATC)2 

Introduction 

Saframycin A is a pentacyclic antitumor antibiotic isolated from 

Streptomyces layendulae No. 314 [51]. Saframycin A (Fig. 17) was 

found to be the most potent member of this class in early 

antibacterial and antitumor screens. Saframycin A inhibits DNA 

synthesis more effectively than RNA or protein synthesis. Reduction 

of the quinone under aerobic conditions increases cytotoxicity by 

forming hydroxyl radicals which cleave the DNA strands. The X-ray 

diffraction study of saframycin C [52] provided a starting point for 

the assignment of the other saframycins according to differences in 1H 

and 13C NMR [53-55J. The absolute stereochemistry of the saframycins 

was assigned based on the X-ray structure of closely related safracin 

A [56J. 

CH30 

H ..... o 

o C 
H..... HN III 

o~~~ 
o 

OCH3 

Figure 17. Structure of Saframycin A Hydroquinone 
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Saframycin A contains two quinone rings which are at 

approximately 75 degree angles to each other, and a pyruvamide side 

chain. [57] Saframycins which have a labile group at C7 such as 

cyano (saframycin A) or hydroxyl (saframycin S) show an increased 

ability to bind to DNA. Saframycin S can be converted to saframycin A 

on treatment with sodium cyanide [58] and acid hydrolysis of 

saframycin A yields saframycin S plus one mole of HCN [53]. Although 

saframycin A has two tertiary nitrogens, only one of them, Nl6, is 

protonated in dilute acid [59]. The C7 cyano group of saframycin A 

was found to be in the axial position [59]. 

A mode of action for saframycin A was proposed based on the 

functionalities of the drug molecule and biochemical evidence. Poly

(dG) ·poly (dC) was found to be sensitive to saframycin A but poly-

(dA) ·poly (dT) was not 

activity. Treatment of 

[60] . Double helical DNA is required for 

[HC] saframycin A with dithiothreitol with 

calf thymus DNA present resulted in the incorporation of radioactivity 

into the DNA. Excess sodium cyanide inhibited this reaction [60] and 

there was no incorporation when saframycin A was labelled with l4CN at 

C7. This suggests that saframycin A forms an iminium ion reactive 

intermediate before it alkylates DNA. 

Reduction of the quinone stimulates the non-covalent binding of 

saframycins to such an extent that those lacking a labile group at C7 

bind equivalently to those that do. This result shows the importance 

of the hydroquinone functionalities to DNA binding. However, slow 

covalent binding still occurs with unreduced saframycin A. Therefore 
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two mechanisms of action are proposed for the binding of saframycin A 

to the 2-amino group of quinone. Scheme V shows the mechanism for the 

quinone species binding to N2 of quinone through C7 of the drug. Note 

that the lone pair of NS is able to assist in the elimination of 

hydrogen cyanide from the drug to form the iminium ion intermediate 

[59) . Scheme VI illustrates the participation of the hydroquinone 

functionality in assisting elimination of cyanide ion from C7 with 

ring closure to the iminium ion intermediate [59). Molecular modeling 

of some of those species binding to the octamer d(GATGCATC)2 provides 

information about the noncovalent and covalent binding of saframycin 

to the 2-amino group of guanine. 

Methods 

The structure of saframycin A was constructed by modifying the 

x- ray coordinates of the known 1S-bromo-safracin A. The bromine was 

replaced with oxygen by matching four atoms of the quinone ring on top 

of the other corresponding four atoms of the quinone A ring via the 

MIDAS interactive graphics system. These coordinates were saved and 

the new oxygen coordinates were read in place of the bromine. 

Conversion of the pyruvamide side chain of saframycin A from the 

alaninamide of safracin A was accomplished by deletion of the amino 

functional group, and converting the residual carbon to a carbonyl 

group. The geometry was corrected by minimization in AMBER [12) with 

additional parameters being defined (Table 17) and the resulting 

coordinates were used to calculate the partial atomic charges by 

Gaussian-80 (UCSF) with the STO 3G parameters (Table 18). The 
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Table 17. 
Additional Bond, Bond Angle and Torsion Angle Parameters for 
Saframycin A. These are not found in Ref. 10. 

Bond kbekcal/molA RbeA) Bond kb(kcal/moIA Rb(A) 

C-C5 469.0 1.400 CA-N3 481. 0 1. 381 
OY-CY 570.0 1.223 CY-C 360.0 1.484 
C5-CT 317.0 1.496 C5-CU 317.0 1.490 
C5-C5 470.0 1.355 CT-NT 367.0 1. 460 
C5-0S 450.0 1.355 C7-N7 470.0 1.158 
CT-C7 317.0 1. 440 C8-C8 469.0 1. 540 
CT-C8 317.0 1.522 CT-N8 337.0 1. 449 
C8-08 570.0 1.24 C8-N8 490.0 1.32 
H8-N8 434.0 1. 01 

Angle ka(kcal/mo1 rad) a (0) Angle ka(kcal/mol rad) a (0) 

C5-C -C5 85.0 119.0 C5-CT-HC 35.0 109.5 
C5-CT-CT 63.0 109.7 C5-CT-NT 75.0 114.6 
C5-C5-CT 70.0 122.0 CT-NT-CT 70.0 112.0 
HC-CT-NT 35.0 109.5 CT-CT-NT 80.0 109.2 
C5-C5-0S 80.0 121. 5 C5-0S-CT 70.0 114.8 
CT-N3-CT 50.0 107.8 C -C5-CU 75.0 119.4 
C5-C5-CU 70.0 121. 7 OY-CY-05 80.0 120.5 
CY-C5-CT 70.0 117.6 CY-C5-C5 85.0 120.4 
CY-C5-08 75.0 116.1 C5-CY-C5 85.0 119.0 
CY-C5-CU 75.0 119.4 HC-CU-HC 35.0 109.5 
C5-CU-HC 35.0 109.5 OH-C -C5 80.0 120.0 
C -C5-C5 70.0 117.6 C -C5-0S 70.0 116.1 
C5-C -C5 85.0 119.0 CT-07-N7 80.0 180.0 
HC-CT-C7 35.0 109.5 NT-CT-C7 80.0 109.5 
CT-CT-C7 70.0 109.5 CT-CT-N8 80.0 109.7 
N8-C8-C8 80.0 120.0 C8-C8-08 80.0 120.0 
C8-C8-CT 80.0 120.0 CT-N8-C8 80.0 120.0 
CT-N8-H8 35.0 120.0 HC-CT-N8 35.0 109.5 
N8-C8-08 80.0 122.9 H8-N8-C8 35.0 120.0 
C8-CT-HC 35.0 109.5 08-C8-CT 80.0 120.0 
N8-CT-C5 70.0 109.5 

Dihedral kd (kcal/rnol) (0) n Dihedral kd(kcal/mol) (0) n 

X-CT-N8-X 1.4 180.0 2. X-C8-CT-X 1.4 0.0 3. 
X-C8-N8-X 5.0 180.0 2. X-C5-0S-X 5.0 180.0 2. 
X-CT-C7-X 0.0 180.0 2. CT-N8-C8-08 5.0 180.0 2. 
CT-CT-N8-H8 2.5 0.0 2. CT-CT-N8-C8 2.5 0.0 2. 
CT-N8-C8-C8 5.0 180.0 2. H8-N8-C8-08 4.0 180.0 2. 
N8-C8-C8-08 5.0 180.0 2. N8-C8-C8-C8 5.0 180.0 2. 
08-C8-C8-CT 5.0 180.0 2. 08-C8-C8-08 5.0 180.0 2. 
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TABLE 18. 
Atomic Charges for Saframycin Species 

Atom SMH SIH SMA Atom SMH SIH SMA 

N8 -0.067 0.331 0.026 C13A -0.127 -0.174 -0.179 
C7 -0.524 0.043 -0.538 C13 0.256 0.209 0.524 
H7 0.216 0.168 0.223 013' -0.473 -0.451 -0.343 
C7' 0.533 0.518 H013 0.314 0.316 
NC7' -0.419 -0.412 C12 0.104 0.214 0.020 
C6 0.147 0.159 0.227 C12' -0.318 -0.337 -0.353 
H6 0.086 0.097 0.070 H12A 0.114 0.123 0.132 
N16 0.199 -0.157 0.166 H12B 0.097 0.109 0.109 
HN16 0.248 0.246 0.246 H12C 0.093 0.101 0.100 
C16' -0.344 -0.369 -0.341 C11 -0.058 -0.145 -0.065 
H16A 0.144 0.168 0.145 011' -0.255 -0.179 -0.199 
H16B 0.149 0.165 0.150 C11' -0.139 -0.200 -0.166 
H16C 0.187 0.203 0.187 H11A 0.091 0.108 0.104 
C5 -0.215 -0.309 -0.251 H11B 0.091 0.118 0.102 
H5A 0.149 0.150 0.148 H11C 0.099 0.122 0.105 
H5B 0.106 0.140 0.114 C10 0.383 0.401 0.517 
C4A -0.133 0.104 -0.155 010' -0.534 -0.494 -0.328 
C4 0.379 0.240 0.622 H010 0.367 0.368 
04' -0.481 -0.441 -0.336 C9A -0.186 -0.102 -0.126 
H04 ' 0.319 0.324 C9 0.210 -0.153 0.016 
C3 0.032 0.072 0.030 H9 0.057 0.118 0.074 
C3' 0.278 -0.283 -0.358 C5S 0.113 -0.113 -0.113 
H3'A 0.109 0.109 0.134 H55A 0.088 0.088 0.088 
H3'B 0.083 -0.097 0.100 H5SB 0.072 0.072 0.072 
H:; 'C 0.100 0.110 0.121 N4S -0.330 -0.330 -0.330 
C2 0.004 0.059 -0.033 HN4S 0.220 0.368 0.220 
02' -0.243 -0.256 -0.200 C3S 0.375 0.375 0.375 
C2' -0.125 -0.125 -0.215 03S' -0.383 -0.383 -0.383 
H2'A 0.073 0.057 0.098 C2S 0.375 0.375 0.375 
H2'B 0.097 0.105 0.120 025' -0.329 -0.329 -0.329 
H2'C 0.099 0.120 -0.127 C1S -0.300 -0.300 -0.300 
C1 0.389 0.420 0.594 H1SA 0.098 0.098 0.098 
01 ' -0.530 -0.528 -0.333 H1SB 0.071 0.071 0.071 
H01' 0.376 0.392 H1SC 0.088 0.088 0.088 
C15A -0.222 -0.418 -0.393 
C15 0.078 0.234 0.308 
H15 0.107 0.103 0.089 
C14A -0.195 -0.223 -0.222 
H14 0.139 0.126 0.140 
C14 -0.046 0.127 0.027 
H14A 0.085 0.065 0.079 
H14B 0.071 0.057 0.062 

SMH=5aframycin A Hydroquinone, SIH=Saframycin Hydroquinone Iminium 
Ion, SMA=Saframycin A 
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hydroquinone was constructed using a bond length of 0.96 A, a bond 

angle of 108.50 and a torsional angle of 0 or 1800 to place it in such 

a manner to induce the least amount of steric interactions. The drug 

was then reminimized in AMBER using these charges and a distance 

dependent dielectric constant and refined until the rms gradient was 

less than 0.1 kcal/mol A. The cutoff distance used for nonbonded 

pairs was 99 A and the pair list was updated every 100 cycles. 

The singular site of protonation of saframycin A was determined 

to be N16 according to its 1H-NMR spectrum in DMSO-d6 /D20 (7:3) con

taining 5% CF3COOD [59]. This position was protonated in all models. 

This site has been suggested to be preferred due to its increased lone 

pair accessibility. Nitrogen inversion at this site is discouraged 

because steric interaction would result with both H14A and 7-CN group. 

Additionally, in all models the methyl group lies in the minor groove. 

If the proton and methyl group configuration were reversed, then the 

methyl group would point directly into the DNA, causing severe steric 

interactions and eliminating important hydrogen bonding interactions 

between HN16 and hydrogen accepting groups of the DNA bases. 

AMBER was used to construct (using Arnott's B-DNA geometry) and 

minimize the octanucleotide d(GATGCATC)2. A schematic drawing (Fig. 

18) shows the major groups of this sequence. The minimized drug 

structure was docked near GUA4 of the DNA-duplex in two different 

orientations using MIDAS. These docked coordinates were captured and 

the models were refined by energy minimization using AMBER to an rms 
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Figure 18. Schematic for d(GATGCATC)2 
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value of 0.1 kcal/mol A. This minimized drug-DNA complex was run 

through the dynamics module of AMBER for 32 ps and then reminimized to 

an rms of 0.1 kcal/mol A to give the final model. Helix distortion 

energies were calculated by subtracting the helix energy in a drug-DNA 

complex from that of the helix energy for the DNA alone after 

minimization from Arnott's B-DNA geometry. Drug distortion energies 

were calculated by subtracting the energy of the drug alone from the 

energy of the drug in the bound complex. 

The effects of solvent and counter ions have been neglected in 

all but one of the simulations. Relatively small errors would be 

expected in comparing the net binding of the drug-DNA complex models 

invacuo since they involve the same drug at the same binding site and 

vary only in their orientation in the groove. 

Results and Discussion 

A slightly improved approach over our previous studies with 

anthramycin and quinocarcin was used to determine the preferred 

orientation and direction of the binding of saframycin A to 

d(GATGCATC)2. The use of molecular dynamics was implemented for the 

current study. Both the hydroquinone and quinone species were modeled 

covalently and noncovalently. The hydroquinone iminium ion and the 

solvated covalent quinone models are examined as special cases to 

check certain effects of the mechanism or behavior in water. 

The DNA sequence used in this study was based on our previous 

work with anthramycin and quinocarcin in which we modeled the binding 

of these antibiotics to the hexanucleotide d (ATGCAT) 2 . Initial 
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saframycin binding experiments with d(ATGCAT)2 using dynamics produced 

models in which the DNA significantly deviated from the B-DNA 

conformations. Since the termini of the sequence are two adenine-

thymine base pairs, there are only 2 hydrogen bonds per pair to 

stabilize the ends of the hexamer. When this sequence was run through 

dynamics enough energy was present to completely flip one base on 

either end of the hexamer out of its standard Watson-Crick base 

pairing. NMR data for anthramycin indicated that adding a guanine-

cytosine base pair "cap" to both ends of the sequence could stabilize 

the helix enough to perform an experiment at 25°C instead of at OOC. 

Analogously adding guanine-cytosine "caps" to our hexamer enabled us 

to perform dynamics without degenerating from the B-DNA tertiary 

structure. A larger number of conformational structures can be 

searched using this technique than is available by just minimization 

alone. We can therefore expect to move closer to the global minimum 

of the system while eliminating any bias related to the initial 

docking of the drug to the DNA. 

Saframycin A binds to sequences containing guanine-cytosine 

pairs only: more specifically, N2 of guanine in the minor groove. 

Reduced saframycin A binds much more effectively than saframycin A. 

However, since both saframycins A and C still show binding without 

reduction, we investigated binding of both hydroquinone and quinone 

species. Mechanisms have been proposed for both species binding to 

DNA. Scheme V illustrates the reaction for saframycin A quinone. 

Addition of acid and assistance of the N8 lone pair promotes loss of 
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the nitrile from C7 to form an iminiurn ion. Scheme VI illustrates a 

slightly different mechanism for saframycin A hydroquinone. Loss of a 

proton from the hydroquinone and cyano group from C7 with opening 

yields a quinone methide which quickly recloses the ring and 

reabstracts the proton to give another iminium ion. These species can 

then act as electrophiles toward nucleophilic centers of the DNA (in 

this case N2 of guanine) to form covalent adducts. Our modeling study 

corroborates these mechanisms which may occur while the saframycin is 

bound noncovalently to the DNA. Two models were chosen for study: 1) 

The hydroquinone forms to investigate the best binding species of 

saframycin A, 2) the quinone forms because activity was still present 

without reduction. 

Modeling species intermediate in the sequence of the mechanism 

was completed to show that only small changes in the DNA are necessary 

to allow covalent binding. Essentially the binding scheme was done in 

reverse. We started from the best covalent model and converted it to 

an iminium ion, minimized it, performed 32 ps of dynamics and 

minimized the resulting structure. Likewise, the iminium ion adduct 

final structure was converted to the noncovalent drug adduct, which 

was reminimized, subjected to dynamics for 32 ps, and minimized again. 

In the case of the quinone, we wished to confirm that it could bind in 

a similar site as the hydroquinone both covalently and noncovalently. 

Since its mechanism of binding is similar to that of the hydroquinone 

we would expect it to behave similarly. Effects of solvation were 

also studied on this species because it is more stable than the 
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hydroquinone and the geometry of its adduct might be corroborated in 

the future by an NMR study. The iminiurn ion intermediate implies the 

possibility of four covalent adducts. These consist of two different 

orientations in the groove (3' and 5' according to where the E ring 

lies along the strand containing the covalent binding site) and Rand 

S configurations at the C7 carbon bound to N2 of guanine. The size 

and shape of the saframycin iminium ion intermediate prohibits 

formation of the S configuration. The S configuration would require 

one ring of the drug to be directed into the DNA, drastically 

increasing steric interactions instead of projecting out of the minor 

groove as it does in the R configuration. Nucleophilic attack by N2 

should occur preferentially pseudo axially (Pro R) because this 

position is less sterically hindered by groups on the drug. In both 

the 3' and 5' orientations the saframycin iminium ion presents the pro 

R face of C7 to N2 of guanine. 

The 3'R covalent adduct constitutes the best model of saframycin 

A binding to d (GATGCATC) 2. The 3' hydroquinone iminium ion model 

shows increased energy of binding due to electrostatic effects of a 

second positive charge. The noncovalent quinone has a slight increase 

in net binding energy over the covalent adduct (excluding the covalent 

bond). Solvation of the 3'R covalent structure produced a model which 

retained the same binding site after 15 ps of dynamics. 

A molecule of this size (72 atoms) and three dimensional shape 

should clearly show some sensitivity to its potential binding sites in 

the minor groove of DNA. Some sequence specificity for this compound 
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is expected but this area has not been investigated beyond changes in 

transition melt temperatures in only a few sequences. The most 

important aspect of the 3'R model compared with the 5'R model is a 

significant difference in the net binding energy. Both the 3' Rand 

5'R covalent models have similar amounts of helix distortions (+59.4 

and +61.4) and drug distortion energies (+6.6 and +5.6; Table 19). 

The major difference between the two models can best be explained by 

interactions between functional groups of the drug and groups on the 

DNA. The 11.1 kcal/mol difference in van der Waals interactions 

provides evidence of increased steric advantages of the 3'R saframycin 

hydroquinone binding to d (GATGCATC) 2 over the 5' R model. This 

difference could be compensated for by increased electrostatic 

interactions to favor the 5' model. Instead, the van der Waals 

difference is reinforced by a 38.2 kcal increase in electrostatic 

interactions of the 3 I R model. To discover the source of these 

interactions, the models were analyzed further. Analysis by groups 

(Fig. 18) indicates which sections of the octamer are most important 

in drug binding (Table 20). Overall, the 3 1 R and 5 1 R orientations 

show very similar group interaction profiles. Strong (>l1/kcal) 

interactions occur between the drug and GUA4 (site of attachment), P5-

6, P13-14, and P14-15 in both the 3'R and 5'R models. However, the 

5 1 R model shows two small unfavorable interactions with S13 (+4.0) and 

S14 (+4.3) while the 3'R model induces only one with S15 (+5.4). 

Major differences appear where the 3'R model exhibits interactions 

with ADE6, ADE14 and P15-16 but in the 5 1 R model, these same group 



TABLE 19. 
Energies (in kcal/mol) for Interactions Between Saframycin Species and d(GATGCATC)2 

Species Binding Direction Total Intermolecular Helix Drug 
mode * and con- dist. dist. 

figur-
ation f vdw elstat. total 

SMH CV 3 1, R -636.0 -30.9 -143.0 -172.8 59.4 6.6 

CV 51, R -585.3 -18.8 -104.8 -123.6 61. 8 5.6 

NC 3 1 -631.4 -33.2 -122.0 -155.2 43.5 9.5 

SIH NC 3 1 -674.6 -31.9 -180.7 -212.6 44.1 14 .4 

SMA CV 3 1, R -588.7 -34.0 -95.8 -129.8 51.1 6.7 

NC 3 1 -590.3 -28.1 -83.9 -112.0 36.6 1.9 

*cv indicates covalently bound and NC indicates noncovalently bound. 

Net 
binding 

-106.8 

-56.2 

-102.2 

-154.1 

-72.0 

-73.5 

fDirection refers to the direction that the drug lies in the minor groove and configuration refers 
to the stereochemistry at C7 in the covalent adducts. 

SMH=Saframycin A Hydroquinone, SIH=Saframycin Hydroquinone Iminium Ion, SMA=Saframycin A 

-....J 
-.D 



TABLE 20 
Interaction Energies (in kcal/mol) for Saframycin Species with Individual Residues of d(GATGCATC)2 

Species Bind- D 
ing and 
mode C 

P 
3-4 

GUA 
4 

P 
4-5 

CYT 
5 

p 

5-6 
P 

6-7 
GUA P 
12 12-13 

CYT P ADE P P 
13 13-14 14 14-15 15-16 

* f 

SMH @ CV 3',R -3.9 -16.6 -3.5 -4.0 -35.9 -3.8 -3.8 -3.8 -6.4 -23.5 -13.5 -29.8 -18.7 

CV 5', R -11.6 -4.0 -4.0 -25.6 -5.9 -4.6 -10.2 -20.3 -31.0 -4.2 

NC 3' -5.5 -3.5 -32.5 -3.0 -5.0 -3.0 -3.0 -29.3 -7.7 -42.4 -5.1 

SIH & NC 3' -8.7 -3.0 -11.9 -7.2 -47.0 -6.7 -7.1 -10.5 -34.0 -17.2 -52.5 -10.0 

SMA CV 3',R -4.1 -19.0 -3.1 -3.7 -21.5 -3.2 -4.0 -7.7 -11.4 -14.8 -22.5 -6.4 

NC 3' -3.9 -22.4 -7.8 -4.8 - 8.3 -45.1 - 3.4 

SMH = Saframycin A Dihydroquinone, SIH = Saframycin Dihydroquinone Iminium Ion, SMA 
Residues are listed only if the energies are greater than 3.0 kcal/mol. 

@ This species also makes the following interactions ADE6, -7.2, S15, +5.4. 

Saframycin A 

& This species also makes the following interactions P2-3, -3.8, S4, +3.0, S5, +3.1, ADE6, -3.3, 
P7-8, -3.4, Pll-12, -3.5, S14, +6.8, SIS, +3.6. 

*CV indicates covalently bound and NC indicates noncovalently bound. 

fDirection refers to the direction that the drug lies in the minor groove and configuration refers 
to the stereochemistry at C7 in the covalent adducts. 

00 
o 
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interactions are missing or much weaker. The presence or absence of 

intermolecular hydrogen bonds can be used to explain these 

interactions. 

Table 21 lists the hydrogen bonds between the various species of 

saframycin and d(GATGCATC)2. 3'R saframycin hydroquinone forms six 

intermolecular hydrogen bonds, (plus one intramolecular) whereas S'R 

saframycin hydroquinone forms only 3 intermolecular (plus 2 

intramolecular). Clearly, this is the main reason that the 3'R (Fig. 

19) configuration is preferred over the S' R configuration. Every 

hydroquinone hydrogen in the 3'R model (H01',H04', HOlD', and H013') 

is strongly «2.0 A) hydrogen bonded to an acceptor atom (typically OA 

of a phosphate residue) of the DNA. In the S'R model, only H04' and 

H013' are able to form similarly strong intermolecular hydrogen bonds 

with phosphate oxygens of the DNA, while the remaining two 

hydroquinone hydrogens remain bonded intramolecularly. Interestingly, 

HOlD' forms a bifurcated system with N3 of ADE6 as well as 011' of the 

drug and this results in a very important interaction that the 3'R 

model makes but the S'R model cannot. HN16' forms a tight (1.81 A) 

hydrogen bond with N3 of ADE14 in the 3'R model but in the S'R model 

HN16' forms a much weaker 2.46 A hydrogen bond to 02 of CYT13. Most 

importantly in the 3'R model, 010' forms a strong 1.83 A hydrogen bond 

to HN2B of GUA12. This is the only example of an acceptor atom of the 

drug bonding to a hydrogen of the DNA. In the S'R model, 010' forms 

only an intermolecular hydrogen bond because there is no other 

hydrogen bonding group in that area of the DNA to interact with. 



82 

TABLE 21 
Hydrogen Bond Parameters Involving Saframycin-Polynucleotide 
Interactions 

Species 

SMH 

SIH 

SMA 

Binding 
mode 

* 

cv 

cv 

NC 

NC 

cv 

NC 

Direction 
and con
figur
ation i 

3', R 

5', R 

3 ' 

3' 

3', R 

3' 

Hydrogen 
atom 

H04' (SMH) 
H010' (SMH) 
HN2B (GUA12) 
H013' (SMH) 
H01' (SMH) 
HN16' (SMH) 
H010' (SMH) 

H013' (SMH) 
HN16' (SMH) 
H04' (SMH) 
H010' (SMH) 
H01' (SMH) 

H04' (SMH) 
HN2B (GUA12) 
H013' (SMH) 
H01' (SMH) 
HN16' (SMH) 
H010' (SMH) 

H04' (SMH) 
HN2B (GUA12) 
H013' (SMH) 
H01' (SMH) 
HN16' (SMH) 
H010' (SMH) 

HN2B (GUA12) 
HN16' (SMA) 

HN2B (GUA12) 
HN16 (SMA) 

Acceptor 
atom 

OA (P5-6) 
N3 (ADE6) 
010' (SMH) 
OA (P13-14) 
OA (P14-l5) 
N3 (ADE14) 
011' (SMH) 

OA (P5-6) 
02 (CYT13) 
OA (P14-15) 
011' (SMH) 
02' (SMH) 

OA (P5-6) 
010' (SMH) 
OA (P13-14) 
OA (P14-15) 
01' (ADE14) 
011' (SMH) 

OA (P5-6) 
010' (SMH) 
OA (P13-14) 
OA (P14-15) 
N3 (ADE14) 
011' (SMH) 

010' (SMA) 
N3 (ADE14) 

Length 
A 

1. 63 
2.06 
1.83 
1. 66 
1. 63 
1. 81 
2.23 

1. 67 
2.46 
1. 64 
2.11 
2.10 

1. 63 
1. 81 
1. 65 
1. 62 
2.17 
2.03 

1. 65 
1.83 
1. 64 
1. 61 
1. 76 
2.08 

1. 90 
1. 79 

010' (SMA) 2.16 
OA (P14-15) 1. 65 

*cv indicates covalently bound and NC indicates noncovalently bound. 

tDirection refers to the direction that the drug lies in the minor 
groove and configuration refers to the stereochemistry at C7 in the 
covalent adduct. 

SMH = Saframycin A Dihydroquinone, SIH = Saframycin Dihydroquinone 
Iminium Ion, SMA = Saframycin A 
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Figure 19 Stereopair for 3 ' R Covalent Saframycin Hydroquinone 

A much better stabilizing system of hydrogen bonds can be formed in 

the 3 ' R configuration and explains the large increase in net binding 

energy compared to the 5 ' R configuration. 

Binding of saframycin iminium ion to d (GATGCATC) 2 in the 3 I 

(Fig. 20) orientation yielded a model with high net binding energy, 

increased interactions to groups of the DNA and only one less hydrogen 

bond than the 3 ' R covalent model. Comparison of energies with the 3 ' R 

covalent model reveals much lower helix distortion (15.3 kcal) but 

increased drug distortion (7.8 kcal). Favorable steric interactions 

are increased by 37.7 kcal mainly due to increased binding with 

phosphate groups of the DNA. Group interactions closely parallel 

those of the 3 I R covalent model. Several small unfavorable inter

actions arise: S4 (+3.0), S5 (+3.1), S14 (+6.8) and S15 (+3.6) which 
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Figure 20 Stereopair for 3' Saframycin Hydroquinone Iminium Ion 

are countered by new favorable interactions with P2-3 (-3.8) P 7-8 (-

3.4) and Pll-12 (-3.5) plus large increases with P3-4, P4-5, and P14-

15. There is an elimination of interaction with GUA4 and decreased 

interactions with ADE6 and P15-16 which are due to partial retreat of 

the drug away from the DNA as measured by the distance from C7 to N2 

of 1.47 A in the 3'R covalent compared to 3.28 A in the 3' iminium ion 

model. A lack of interaction between with GUA4 and the drug may also 

be due to an increase in energy due to steric interaction cancelling 

the increased electrostatic attraction. The hydrogen bonding network 

remained identical with that of the 3'R covalent model minus the H010' 

to N3 of ADE6 hydrogen bond. Intermolecular hydrogen bond distance 

differences between the 3' bond 3' iminium models vary ±O.05 at most. 
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overall, binding of the saframycin iminium ion in the 3' direction to 

d(GATGCATC)2 showed no marked changes from the structure found in the 

3'R covalent adduct. 

Noncovalent binding of saframycin A in the 3' direction resulted 

in a favorable model with comparable energy to that of the 3' R 

covalent model and small changes from the 3' iminium ion intermediate. 

The 3' noncovalent model has slightly more drug distortion and VDW 

interactions, but less helix distortion and electrostatic interactions 

than the 3' R covalent model. The van der Waals interactions are 

increased in spite of the fact that the nitrile is inserted between 

THY3 and GUA4 (Fig. 21). Group interactions closely parallel that of 

the 3'R covalent model but the drug has now retreated to a place where 

the C7 to N2 of guanine distance is 3.44 A. Intermolecular hydrogen 

bond distances between the 3' noncovalent and 3'R covalent vary ±O.06 

A at most. The HOIO to N3 of ADE6 hydrogen bond was missing as was 

seen with the 3' iminium ion model. Saframycin A hydroquinone can 

bind noncovalently to d(GATGCATC)2 in the same site and form the same 

hydrogen bond network as both the 3' saframycin hydroquinone iminium 

ion and 3'R covalent saframycin hydroquinone. 

Covalent binding of saframycin was modeled for the 3'R 

configuration and direction only. The S'R covalent adduct for the 

hydroquinone would be expected to have only a single hydrogen bond 

after elimination of the S'R covalent hydroquinone hydrogen bonds. 

This would likely result in a poor model with a low net binding energy 

and was not investigated. This 3'R covalent quinone model (Fig. 22) 
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Figure 21 Stereopair for 3' Noncovalent Safrarnycin A Hydroquinone 

Figure 22 Stereopair for 3'R Covalent Safrarnycin 
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has the same amount of drug distortion, less helix distortion and 

electrostatic interaction energy and slightly greater van der Waals 

interaction energy than the 3'R covalent hydroquinone model. Group 

interactions are essentially identical with those found with the 3'R 

hydroquinone but are generally lower in energy for the 3'R quinone. 

Elimination of the hydroquinone hydrogen bonding groups leaves two 

possible hydrogen bonds which are found to be only ± 0.07 A, different 

than those present in the 3' R hydroquinone model. This model 

indicates that saframycin can bind well covalently to DNA without 

prior reduction of the quinone. 

Noncovalent saframycin A was also bound to d(GATGCATC)2 (Fig. 

23) to see if it formed a reasonable precursor to covalent binding. 

Figure 23. Structure for 3' Noncovalent Saframycin A 
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Net binding energies indicate that the noncovalent is the better model 

by having a lower energy due mainly to greatly reduced distortions of 

the drug and DNA. Van der Waals electrostatic interactions are 

decreased mainly due to the drug binding to a slightly different site. 

The number of group interactions is cut by half compared to the 3'R 

covalent quinone model. A large increase in interaction between P14-15 

and the drug is seen because it switches hydrogen bonds to OA of P14-

15 from N3 of ADE 14 in the 3'R covalent quinone model. This is the 

first change seen in the hydrogen bonding network and is due to steric 

interaction between the 7' nitrile of the drug and ADE14. This may 

represent a preliminary interaction of the drug binding to DNA, which 

leads to covalent binding. Such a possibility cannot be ruled out 

with such a dynamic target for drug binding. 

The 3'R covalent quinone model was solvated in a box of water 

plus or minus 10 A from the farthest coordinate in the plus or minus 

x, Y, and Z directions. Counterions (sodium for the phosphate groups 

of DNA, chloride for the protonated amine of the drug) were added to 

bring the total charge of the system to zero. This water bath model 

was subjected to dynamics (the waters dampen the freedom of DNA and 

drug movement). After 15 ps, the resulting model was minimized and 

checked for large changes from the unsolvated 3' R covalent quinone 

model. Although the energies cannot be compared, the hydrogen bonding 

network can be examined. The 010' of the drug remains closely bonded 

to HN2B of GUA12 (0.01 A difference), but the HN16' of the drug has 

moved 0.21 A further from N3 of ADE14. No other hydrogen bonds 
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between the drug and DNA exist as was found in the unsolvated model. 

The 11' methoxy group has rotated its methyl from its position in the 

minor groove 180 degrees so that now it is interacting with 

hydrophobic portions of the drug instead of the water molecules. 

Water molecules form hydrogen bonds with 02', 01', 013', 011', and 

035' atoms of the drug. 

Conclusion 

Molecular mechanics simulations of the binding of the antitumor 

antibiotic saframycin have reinforced the following mechanism: 1) 

5aframycin binds noncovalently to DNA near N2 of guanine (the 

hydroquinone is able to bind much better than the quinone), 2) the 

iminium ion is formed (with assistance from the hydroquinone or H+ for 

the quinone), and 3) a covalent animal linkage is formed between N2 of 

guanine and C7 of saframycin. Most of the hydrogen bonding network 

between saframycin and the DNA is conserved throughout the mechanism. 

The preferred direction in the minor groove is 3' and the preferred 

configuration is R. 

affect the results. 

The presence of solvent and counter ions do not 
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