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Abstract The steric contact spaces associated with the reaction of the 
enantiomeric isomers of 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahy- 
drobenzo[a]pyrene (I) with the exocyclic amino group of guanine of di- 
nucleoside dimer structures were examined for a fixed transition-state 
geometry. This reaction is sterically prohibited for the B form DNA 
conformation. If, however, the nucleic acid structure is deformed, such 
that the distance between two adjacent base pairs (one containing gua- 
nine and cytosine) is maximized, sterically allowed transition-state 
geometries can be identified. It was not possible to uniquely identify the 
preferred transition-state complex with respect to nucleic acid structure 
or isomer of I. However, two types of general transition-state geometries 
were observed. In one, I was located “outside” the nucleic acid structure; 
in the other geometry, I was intercalated between adjacent base pairs in 
the transition state.  The intercalation process might serve as a physical 
catalyst for the alkylation of NH2-guanine by I. 

Keyphrases 7,8-Dihydroxy-9,10-epoxy-7,8,9,lO-tetrahydroben- 
zene(a]pyrene-enantiomeric isomers, alkylation of dinucleoside dimers, 
transition-state geometry Dinucleoside dimers-alkylation by enan- 
tiomeric isomers of 7,8-dihydroxy-9,10-epoxy-7,8,9,lO-tetrahydroben- 
zo[a]pyrene, transition-state geometry Transition-state geometry-of 
the alkylation of dinucleoside dimers by enantiomeric isomers of 7,8- 
dihydroxy-9.10-epoxy-7,8,9,lO-tetrahydrobenzo[a]pyrene, intercala- 
tion 

The chemical carcinogen benzo[a]pyrene (11) is me- 
tabolized to a diol-epoxide derivative (I) which is enzy- 
matically formed in two stereoisomeric forms: 7p,80- 
dihydroxy-9a,l0a-epoxy-7,8,9,lO-tetrahydrobenzo[a] - 
pyrene [III, designated anti or trans(eq,eq’)] and 
7&3a-dihydroxy-9& lOP-epoxy-7,8,9,10-tetrahydroben- 
zo[a]pyrene [N, designated syn or cis (ax,ax’)] (1-6). Each 
has a complement, trans (ax,ax’) and cis (eq,eq’), respec- 
tively, and each of these four isomers can exist as a (+) or 
(-1 enantiomer. The eight possible enantiomeric isomers 
are shown in Fig. 1, described in terms of our previous 
nomenclature (7). . 

Evidence to support the concept that activated metab- 
olites of I1 are important for carcinogenesis has been pre- 
sented (8-10). These studies have shown that NADPH- 
dependent mixed-function oxidases in liver microsomes 
produce reactive intermediates (epoxides) which can bind 
covalently to nucleic acids and proteins. Further studies 
have shown that epoxides are cleaved by a second micro- 
soma1 enzyme, epoxide hydratase, to form dihydrodiols 
(11). The dihydrodiols are substrates for aryl hydrocarbon 
hydroxylase, which then generates diol-epoxides. It is 
the diol-epoxides of selected polycyclic aromatic hydro- 
carbon carcinogens that are thought to be the ultimate 
carcinogenic metabolites, binding to macromolecules to 
initiate tumor formation. Specific diol-epoxides of I1 such 

(4  trans(eq,eq’) 

(+ )  cis(ax,ax’) (4  cis(ax,ax’) 

(4 trans (ax,ax’) ( - 1 trans (ax,ax’) 

Figure 1-Computer-drawn representations of the structure-optimized 
geometries of the eight enantiomeric isomers of I. 

as (+)-7~,8a-dihydroxy-9a,lOa-epoxy-7,8,9,lO-tetrahy- 
drobenzo[a]pyrene have been shown to be potent inducers 
of neoplasia in mouse skin (12,13). This pattern of meta- 
bolic reaction has been shown to occur in the skin and in 
cultured keratinocytes (14). 

There is also considerable evidence that I11 residues bind 
covalently to both RNA (6) and DNA (15) predominantly 
at the 2-amino group of guanine. Cytosine and adenosine 
residues in nucleic acids are also alkylation targets to a 
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Table I-Optimized Molecular Parameters of the Four Isomers 
of I 

H” H“ 

Isomer 
cis trans trans cis 

Bond (ax,ax’) (es,es’) (axax‘) (es,es’) 

C(6)-H( 12) 
C(5)-H( 13) 
0(9)-H(14) 
O(l1)-H( 15) 
C( 1)-C( 16) 

C(5)-C(6)-H( 12) 
C(6)-C(5)-H(13) 
C(3)-0(9)-H(14) 
C(4)-O(ll)-H(l5) 
C(2)-C( 1)-C( 16) 

Bond Distance, A 
1.412 
1.477 
1.487 
1.457 
1.453 
1.406 
1.394 
1.387 
1.131 
1.134 
1.122 
1.121 
1.043 
1.033 

Bond Angle, O 

120.2 
115.8 
118.1 
118.7 
59.0 

111.3 
106.1 
108.5 
109.6 
119.0 
116.4 
102.8 
107.6 

Dihedral Angle, O 

1.412 
1.471 
1.485 
1.456 
1.452 
1.405 
1.386 
1.387 
1.136 
1.133 
1.122 
1.121 
1.034 
1.033 

120.3 
116.3 
119.1 
118.0 
59.0 

105.3 
114.6 
108.6 
107.4 
118.9 
117.1 
107.9 
107.6 

1.411 
1.472 
1.485 
1.459 
1.452 
1.406 
1.389 
1.385 
1.132 
1.132 
1.122 
1.123 
1.033 
1.032 

120.7 
116.0 
118.4 
119.2 
58.9 

110.4 
108.6 
108.9 
107.6 
119.2 
118.2 
107.2 
107.4 

C(l)-C(2)-C(3)-C(4) -31.7 -29.0 28.7 
C(2)-C( l)-C(5)-C(6) 18.0 17.5 -13.0 
C(l)-C(5)-C(6)-0(7) -106.2 -108.1 -108.7 
C(l)-C(2)-C(3)-H(8) -159.1 88.9 153.0 
C(1)-C(2)-C(3)-0(9) 86.0 -154.2 -90.5 
C(2)-C(3)-C(4)-H( 10) 163.1 -80.8 -162.6 
c(2)-c(3)-c(4)--0( 11) -79.4 162.6 81.5 
0(7)-C(5)-C(6)-H(12) -100.6 -100.0 -99.0 
0(7)-C(6)-C(5)-H( 13) 99.1 99.3 99.4 
C(4)-C(3)-0(9)-H( 14) 57.5 179.4 180.1 
C(3)-C(+O( 11)-H(15) 180.3 179.4 180.7 

1.412 
1.470 
1.484 
1.457 
1.451 
1.405 
1.386 
1.387 
1.137 
1.132 
1.123 
1.123 
1.034 
1.033 

120.6 
116.5 
118.8 
118.8 
59.0 

104.5 
114.9 
109.1 
107.1 
119.1 
118.4 
108.0 
107.8 

28.2 
-13.7 

-109.7 
-89.6 
153.7 
80.8 

-163.2 
-98.5 

99.0 
180.4 
181.0 

smaller extent, both in uitro (15-17) and in uiuo (15,18). 
The three bases contain ‘an exocyclic amino group which 
presumably is the common alkylation site. This is rela- 
tively unusual since alkylation usually occurs at the N(7) 
position of guanine (19). 

It has been reported (20) that 6O-8O%o of the total adduct 
formed by (*)I11 with DNA involves the (+) enantiomer 
with the 2-amino group of d-guanine residues. A minor 
adduct is formed from the reaction of the (-) enantiomer 
with DNA. This minor adduct is present in greater 
amounts in denatured DNA than in native DNA. Small 
amounts of 111-d -adenosine and 1114-cytosine adducts 
are also detected for both single- and double-stranded 
DNA. No differences in the total extent of (&)I11 binding 
to double- and single-stranded calf thymus DNA have 
been detected. I t  is thus of interest to identify I-DNA 

Table 11-Relative Energy and Net-Charge Distribution of the 
Four Isomers of I a 

Atom Isomer 
cis(ax,ax’) trons(eq,eq’) trans(ax,ax’) cis(eq,eq’) 

Relative Energy, kcal/rnole 
0.00 1.20 4.48 4.64 

-0.011 
0.006 
0.155 
0.143 
0.129 
0.104 

-0.229 
-0.023 
-0.274 
-0.031 
-0.249 
-0.015 
-0.014 

0.162 
0.124 
0.034 

-0.018 
0.031 

-0.009 
-0.008 

0.033 
-0.011 

0.005 
-0.011 

0.032 
-0.006 
-0.013 

0.011 
0.013 

-0.005 
-0.007 
-0.008 
-0.007 
-0.009 
-0.008 
-0.008 
-0.008 

Net-Charge, AMU 
-0.010 

0.001 
0.165 
0.155 
0.125 
0.098 

-0.221 
-0.022 
-0.253 
-0.035 
-0.239 
-0.016 
-0.015 

0.126 ’ 

0.122 
0.033 

-0.021 
0.032 

-0.010 
-0.007 

0.032 
-0.011 

0.005 
-0.011 

0.032 
-0.006 
-0.013 

0.009 
0.014 

-0.009 
-0.008 
-0.007 
-0.007 
-0.008 
-0.007 
-0.007 

-0.007 
0.004 
0.161 
0.153 
0.129 
0.095 

-0.218 
-0.038 
-0.250 
-0.033 
-0.244 
-0.017 
-0.020 

0.125 
0.131 
0.038 

-0.022 
0.033 

-0.011 
-0.006 

0.032 
-0.011 

0.004 
-0.011 

0.032 
-0.006 
-0.011 

0.011 
0.015 

-0.008 
-0.008 
-0.008 
-0.007 
-0.008 
-0.007 
-0.007 

-0.006 -0.004 

a Using the numbering scheme presented in Table I. 

-0.024 
0.003 
0.164 
0.149 
0.123 

-0.093 
-0.219 
-0.033 
-0.250 
-0.021 
-0.242 
-0.012 
-0.019 

0.126 
0.124 
0.033 

-0.020 
0.040 

-0.011 
-0.003 

0.031 
-0.006 

0.005 
-0.006 

0.031 
0.002 

-0.018 
0.003 
0.012 

-0.009 
-0.008 
-0.007 
-0.007 
-0.009 
-0.007 
-0.007 
-0.003 

stereochemical reaction models that are consistent with 
these experimental observations. Such theoretical models 
are essential for working hypotheses to explain the 
chemical reactivity of these carcinogenic species and, 
perhaps, their relative tumor induction potencies. 

EXPERIMENTAL 

The electronic structure of four isomers of I have been investigated 
and previously reported (7). In this study several approximations were 
employed for the estimation of the molecular structures of isomers of I. 
The substructure of the epoxy group was assumed to be the same as that 
of ethylene oxide. The local conformation of the two hydroxyl groups was 
fixed at that of ethylene glycol. Moreover, the “L” version (21) of the 
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I 

Figure 2-Transition-state geometry used to perform the steric reac- 
tion calculations. In the specific I-NH3 transition-state geometry (7) 
used as the starting point in these calculations, @1 = 100°, B 1  = l lOo, 
@2 = 90°, B 2  = 80°, and @3 = 0 or 180O. 

semiempirical CNDOI2 method was employed in which only *-electrons 
were explicitly taken into account for the conjugated subsystem. 

In the present study, the conjugated part of the molecule was fixed at 
the idealized structure (C-C = 1.40 A, C-H = 1.10 A. angles = 120O). 
All other structural parameters were optimized using the CNDO/2 
method. The  optimized molecular parameters for each isomer are re- 
ported in Table I. Computer-drawn representations of the structure- 
optimized geometries of the eight enantiomeric isomers are shown in Fig. 
1. The charge distributions and total energies for the structure-optimized 
molecules are reported in.Table 11. As found in the previous study (7), 
the trans(eq,eq’) isomer (111) is more stable than the trans(ax,ax’) isomer, 
and the cis (ax,ax’) isomer (IV) js more stable than the cis(eq,eq’) isomer. 
The angle between the epoxy group and the conjugated hydrocarbon ring 
system is larger in the more stable trans and cis isomers than in the 
corresponding less stable isomers. The longer C(3)-0(9) and O(9)- 
H(14) bond lengths (Table I) for IV are due to hydrogen bonding between 
the hydroxyl group and the epoxy oxygen. These results are consistent 
with those obtained in our previous study (7). although small differences 
in valence geometry exist. 

In the previous study (7), the reactivity of the four isomers of I with 
the simple nucleophile ammonia was modeled. Isomer IV was found to 

C-G 
G-C - 
=--C .......... 

1 00 

a 

50 

1 
0 ;  I I I I ,  I , ,  1 1 ,  

@a 
Figure 3-The least number of bad-contact interactions as a function 
of the transition-state geometry variable $12 for (+)I11 interacting with 
four sequences of B form DNA. 

Table  Ill-Least Number of Bad-Contacts a t  T h r e e  
Nucleophilic Sites in Four  Base-Pair Sequences Using (+)I11 

Site Base-Pair Sequence 

I EI I i EI I I EI TI EI I 
N(7) 8 9 10 11 
O(6) 9 10 8 14 
2-NH2 34 38 31 37 

be the most reactive. These calculations allowed the identification of a 
unique transition-state geometry for alkylation. The transition state of’ 
I with ammonia corresponds to $1 = looo, B1 = l l O o ,  @2 = goo, B2 = 800, 

43 = 0 or I N o ,  and r = 2.0 A (Fig. 2). 
The calculations involving I and ammonia indicated that 111 and IV 

are both more stable, and also more reactive with the nucleophile, than 
the respective isomer complements, trans(ax,ax’) and cis(eq,eq’). This 
may explain why 111 is observed to be the major metabolic isomer relative 
to trans(ax,ax‘). Unfortunately, corresponding experimental studies of 
isomers of I with ammonia are not reported in the literature. The current 
studies have focused on (&)I11 and (*)IV, since biochemical observations 
have clearly indicated their particular importance. 

The large size of I would be expected to impose steric constraints re- 
garding its capacity to alkylate DNA. These steric constraints may limit 
the ways in which a transition-state geometry may be realized between 
an enantiomeric isomer of I and the exocyclic amino group of guanine in 
DNA. Therefore, it is necessary to examine intermolecular reaction 
geometries for the I-DNA complex. T o  do this it was assumed that the 
transition-state geometry for I-NH2-guanine is the same as that  found 
for the complex of I and ammonia (7). the labad-contacts" between pairs 
of atoms from I and DNA were sought for the transition-state geometry 
shown in Fig. 2. 

A bad-contact is assigned to an atom pair if the distance is shorter than 
a critical distance. If a specific conformation has one or more bad-con- 
tacts, it is assumed to have a high energy and cannot be realized. The 
critical distance,r,, was selected to be the van der Waals distance for all 
interactions involving atoms of the aromatic rings of I. Smaller values 
than the corresponding van der Waals distances were chosen for inter- 
actions involving epoxide, diol, and saturated ring atoms (including hy- 

100 

z 

50 

1 
O0 goo 180° 270° 360‘ 

@a 
Figure 4-Plot of N versus 92 with the sequence of the interior two base 

pairs of the B form structure fixed a t  
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Figure 5-Steric contact plots of 82 versus 6 2  for different sequences of unwound dinucleoside dimer, (&)IIZ, (*)IV, and two different values 
of 81. The shaded regions correspond to allowed intercalation transition-state geometries. The open regions identify transition-state geometries 
in which I is outside the dinucleoside dimer. The letters A through E on the steric contact maps define the (4~82) values used to construct the 
stereo model figures in Fig. 7. The criteria for constructing the stenc boundaries are gioen in Experimental. 

Table IV-Atomic Coordinates of the Deformed DNA Structure and Intercalated (+)I11 

c 
Fc 
Fc 
c 
fr 
F; 
c 
P 
h! 
C 
N 
c 
FJ 

*H 
t H  
hi 

*Fi 
c 
0 
c 
ri 
C 
H 
0 
c v 
c1 
H 
H 
n 
P 
@ 

ZH 
n 
0 
c 
H 
c 
i l  
H 
c 
P 
N 
c 
0 
N 
c 
k 

*H 
* H  

I 
2 
3 
4 
S 

7 
fi 
9 

1 0  
11 
1 2  
1 3  
14 
15 
I h  
1 7  
18 
I Q  
2 0  
2 1  
7 7  
3 3  
2 4  
35 
2 6  
2 7  
7P 
29 
3 (1 
3 1  
3 2  
3 3  
34 
35  
3 6  
3 7  
3s 
3G 
4 0  
4 1  
47 
4 3  

4 5  
4 0  
4 7  
4 8  
49 
5 0  

O 

q a  
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1 
1 
3 
1 
1 
3 
1 
4 
? 
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4 
1 
1 
3 
1 
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7 
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7 
1 
6 
3 
1 
3 
1 
1 
6 
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7 
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1 
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7 
4 
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4 
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n 

0 
0 
9 
0 
0 
0 
n 
0 
0 
0 
0 
C 
0 
0 
0 
0 
n 
0 
0 
0 
0 
0 
0 
0 n 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
c 
c 
0 
0 
0 
0 
0 
n 
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Table IV-continued 

c 
H 
c 
H 
2 
z 
2 
n 
c 
k 
H 
2 
2 
c 
H 
H 
c 
H 
H 
c 
H 
N 
C 
N 
c 
N 

*H 
*H 

N 
* H  
c 
c 
PI 
c 
i4 
0 
c 
H 
c 
H 
H 
n 
P 
n 

ZH 
n 
r, 
c 
H 
c 
H 
H 
c 
q 
h, 
c 
n 
N 
C 
N 

S H  
* H  
c 
H 
C w 
z 
7, 
z 
n 
c 
H 
H 
7 

r) 

0 
c 
c 

51 
5 7  
S 3  
5 4  
55 
56 
5 7  
5 8  
59 

6 1  
h? 
6 3  
6 4  
65 
6 h  
6 7  
6 8  
6 5  
7 0  
71 
7 7  
7 3  
74  
7 5  
7 b  
77 
78  
7 9  
d 0 
8 1  
c 2  
83 
A4 
d S  
F h  
p7 
8 9  
A9 
90 
4 1  
97 
9 3  

9 5  
Q h  
9 7  
O R  
9 9  

1 0 1 
1 0 2  
1 0 3  
1 0 4  
1 0 5  
1 Oh 
1 0 7  
1 0 8  
1 0 0  
1 1 0  
1 1 1  
1 1 2  
1 1 3  
1 1 4  
1 1 5  
1 1 6  
1 1 7  
1 1 8  
1 1 9  
1 2 0  
1 2 1  
1 3 2  
1 2 3  
1 2 4  
1 2 5  

60 

q a  

1 o n  

1 2 h  
1 7 7  
1 3 R  

2 
1 
3 
1 

2 0  
20 
20 

6 
3 
1 
1 

2 0  
2 c  

3 
1 
1 
3 
1 
1 
3 
1 
4 
2 
4 
2 
4 
1 
1 
4 
1 
2 
7 
z 
4 
2 
1 
h 
3 
1 
3 
1 
1 
h 

1 0 
7 

2 9  
7 

3 
1 
3 
1 
1 
3 
1 
1 
2 
7 
4 
3 
4 

7 
1 
2 
1 

3 0  
2 0  

6 
3 
1 
1 

2 0 

h 

; 

7 0  

t; : 

- 3 . 1  186 
- 3 . 9 6 4 5  
- 3 . 3 1 9 3  
- 4 . 3  3 1 0 

1 . 5 5 7 6  
1 .!is76 
1 . S 5 7 6  

- 4 . 7 7 4 0  
- 4  .H46f i  
- 5 . 7 7 4 0  

0 .0000  
0 .  0000  
9 . 7 3 6 0  

1 0 . 5 0 € 0  
8 . 4 8 6 0  

Fi. 3 6 6 0  
7 .3F00  
‘1.2240 
6.0900 
4 . 3 5 6 2  
4 . 9 3 6 9  
3 . 6 9 9 3  
3 . 4 8 6 1  
4 . 3 3 2 6  
2 . 4 7 7 4  
2 . c 7 3 7  
1.594c: 
2 . 5 7 0 7  
1 . 5 0 0 7  
3 .S892  
4.3356 
5 . h 3 P 3  
0 .  7 4 5 0  
7 . 7 5 6 0  
9 , 1 9 4 0  
9 . 7 7 4 0  
q. l b 0 0  
9. i; s 0 0 
9 . 5 r n n  
7 . t 8 0 0  
7 . 5 0 2 0  
f i .  572n 
9 , 5 ( i 7 ( !  
c .  2 6 4 0  
7 . 7 9 b 0  
6.070ci 
5 . 3 0 b 0  
5.6120 
h.438fi  
4 .g ( iOG 
5 . 0 0 0 0 
5.36$G 
3 . 5 1 0 0  
2 . 7 3 3 5  
3 .3126  
1 .  !b54 
0 . ~ n h 2  

-T; .E . l l l  
- 1  .OOS3 
- 1  . ( i ? 9 4  

1 . 5 7 4 0  
1 . 1 3 7 s  
2.9315 
3 .5484  

-1.2SQA 
- 1 . 7 s 9 4  
- 1 . 2 5 9 4  

5 . 3 1 6 0  

7.C200 
5.4440 

- 4  . I  1 4 0  

i n . i i ( 8 o  

P . ~ W  

b . f i b 4 0  

1 3  ;934 1 

5 . 0 5 7 1  
5.1544 
4 .Oh25 

C.12b’)  
- 0 . 5 4 5 4  

1 . 4 7 1 7  
1.8492 

- 1  - 6 0 4 3  

- r 1 . 2 7 6 ~  
0 , 7 1 4 0  

- 1 , 0 2 4 0  
- 0 . 2 5 2 3  

1 . l o 5 6  
1 .59G2  
2 . 9 1 3 4  
3 . 5 9 6 0  
3.296.3 
n . 7 9 5 4  
1 . ? 4 b 9  

- c  
- 1 . 7 1 5 1  
- 1 . 1 2 5 7  
- 7 . 4 4 0  3 
- 2 . 3 2 6 4  
- 3 . 1 4  3 7  
- C . l n C r I  
-i! . h 5 0 ( !  

C .0760 - 2. ( IOh0 
-7 .h7OO 

- 2  . F O i i C  - 3 .  kS0Q 
-4 .71kC 
- 4 . 5 0 6 0  
- 4 . 4  1 R(? 
- 3 . 1  320 
- 3 . 1 7 P 0  
-3 . h 4 t , O  

- 1  . o s 2 0  
- 1 . 3 6 b 0  
- 7 . 0 1  G C  
- 1  . ‘ /h2f i  
- 2  . O O & O  - c  .krit;x 
0.7a32 

-r .Y 7 1 0  
-2.17H4 
- 7 . 2 4 0 1  
- 3 . 2 0 0 7  
- 1 . 3 3 0 3  
- 3 . 3 7 9 2  
- 4 . 3 6 5 5  
- 3 . 3 3 9 h  
- 4 . 1 2 5 P  

c .7?C5 
c . 7 7 n 5  
0 . 7 2 9 5  

- 3 . 8 l h 0  
-3.673G 
-4 .c?cI7n 
1 4 . 3 4 7 1  

- 1  . ~ 7 0 n  

- 1  .7hkfJ 

- 3  .4fIf,0 

3 .3770  
3 . 3 7 7 0  
3 . 3 7 7 0  
3 .3770  
3 . 3 7 7 0  
3 . 3 7 7 0  
3 . 3 7 7 0  

2 . 9 4 7 0  
3 . ~ 2 3 n  

3 ; 4 2 9 0  
2.80ql-l 

- 3 . 3 7 7 0  
- 3 . 3 7 7 0  

3 . 3 5 7 0  
3 . 5 4 7 0  
3 . 5 6 3 0  

5 . 1 8 7 0  
4 . 2 9 3 0  
3.3830 
3 . 8 0 7 0  
3.3830 
3 . 3 8 5 0  
3.3850 
3.3650 
3 . 3 8 5 0  
3 . 3 8 5 0  
3 .3S50  
j . 3 8 5 0  
3.3A50 
3 . 3 8 5 0  
3.3650 
3 . 3 6 5 6  
3.3H50 
3.3ti:O 
3.3P50 
1 . a 2 1 0  
1 . 9 3 7 0  
1 . 3 1 3 0  
1 . 2 5 1 0  
1 . 7 5 5 0  
0 . 2 5 7 0  
1 . 3 7 4 0  

4 . 1 ~ 3 0  

- 0 . 1  6 3 0 
0 . 0 2 0 0  
0 . 1 9 0 0  

o : 0 o c 0  
0 .0000  

- 0 . 2 7 1 0  
0 . 0 9 4 0  

0.00C0 

Q . 7 4 0 0  
Q . 0 5 2 0  
0 . 0 5 2 0  

- 0 . 0 4 1 0  c . 0 4 2 n  
0 . 0 4 2 0  
0 . 1 1 4 0  
0 . 0 5  4 0  

0 . 0 5 1 0  0 .051  0 

o .oonn 

-0: 1 0 3 0  
0;2210 

-0 .37  30  
0 . 4 0 0 0  

- 0 . 2 5 4 0  
0 . 1 2 3 0  
0 - 1  3rj0 . _ _  _ _  - 

-0.2 1 c n  
0 . 1 2 3 0  
C. 3 5 5 0  

- 0 - 3 7 9 0  -6 ; i )951j  
- 0 . 1 7 2 0  

0 . 1  1 9 0  
- 0 . 0 2  30  
- C  . ? 7 1 0  

0 . 0 9 4 0  
0 . 0 5 1 0  
r!. 2 0 9 0  
0 .  c s 3 r) 
0 . 0 5 3 0  

- 0 . 3 5 0 0  . . _ _ _  

0.1640 
O I 3 t S Q  -C.5520 
0 . 8 9 7 0  o.oncn 
( ! . f i g 3 0  

- 0 . 9 6 7 0  
- 1  . S n 3 0  

-2 . o c 3 0  

- 1 . 2 6 5 0  
- 3 . 3 7 5 0  
- 4 . 0 7 5 6  - 3.3 7 1 0  
- 3 . 3 7 1 0  
- 3 .  3710  
- 3 . 3 7 1 0  

- 0 . 9 0 7 0  

- 2 . 0 6 3 0  

- 0 :  5 5 i n  
- 0 . 3 5 0 0  
0.2400 
0 . 0 5 2 0  

- 0 . 0 4 i n  
0 . 0 4 2 0  
0,04/0 
o I i i 4 0  
0 . 0 5 4 0  

- 0 . 1 7 5 0  
c .  1 2 3 0  

-0 .4  1 9 0  
- 0 . 3 4 4 0  

9 ; 3 2 4 n  

- 3 . 3 7 1 0  0.1 1 7 0  

- 3 . 3 7 1  0 
- 3 . 3  7 1 0 

- 3 : 3 7 1 0  -0.?220 

- 3 . 3 7 1 0  0 . 1 3 0 0  

- 3 I 3 7 T o  
- 3 . 3 7 1 0  
- 3 . 3 7 1 0  - 3 . 3  7 1 0 
- 3 . 3 7 1 0  
-3 .5  1 5 0  
- 7 . 9 3 9 0  
- 3 . 4 2 1 0  
- 2 . 8  c 1 9  
0.OG00 

Intercalated (+)I11 

-Oil630 
0.0200 

- c .0930  
0 . 0 0 0 0  
0 .0000 
0 . 0 0 0 0  

- 0 . 7 2 1 0  

0 . 1 9 0 0  

47 
51 
51 
53 
54 
5 4  
5 4  
4 1  
5R 
59 
59 
61 
6 3  
6 3  
6 4  
6 4  
6 4  
6 7  
6 7  
67  
7 0  
7 0  
7 4  
7 5  
7 9  
7 5  
76 
76  
8 1  
7 9  
7 9  
R l  
8 1  
8 3  
A4 

R R  
P9 
8P 
A8 

9 0  
9 0  
9 3  
9 4  
95 
9 4  
9 4  
9P 
99 
9 9  

1 0 1  
1 0 1  
10s 
1134 
1 0 4  
1 0 6  
1 0 7  
1 0 7  
1 0 9  

1 1 1  
i l l  
1 I n  
1 1 4  
1 1 4  
1 1 6  
1 1 7  
1 1 7  
1 1 7  
1 0 4  

q 9  
1 3 2  
1 2 2  

0 

n \  

9 0  

I i n  

1 2 7  
1 7 6  

52 
0 

5 4  
55 

0 
0 
0 

59 
36 

6 2  
6 3  
6 4  
65 
0 
0 

68 
0 
0 

7 1  
0 

7 3  
A3 
7 3  
7 6  
7 7  

0 
0 

8 0  
0 

8 2  
0 

7 3  
R 5  
8 6  

0 
7 0  
6 4  

c)  
9 1  
0 
0 

9 4  
4 5  
96 

0 
r) 

9 4  
1 O G  

0 

0 
0 

1 O h  
0 

1 0 7  

0 

1 1 1  
1 1 2  

n 

1 0 2  

i n a  
i i n  

(3 
0 

1 5  
0 

1 7  
1 6  
I) 
0 
0 

2 2  
2 1  

0 
0 
0 

1 7 P  
12R 
1 3 7  

53 
0 

4 3  
5 6  

0 
C 
0 
0 

60 
0 
0 
c 
0 

6 6  
0 
0 

6 9  
0 
0 

8 7  
0 

A 5  
7 2  

0 
7 4  
78  

0 
0 

7 5  
0 

8 3  
0 

8 4  
0 

7 2  
0 
0 

8 7  
0 

9 2  
0 
0 
0 

97 
0 
n 
0 

101  
0 

1 0 3  
0 
0 

1Gl 
0 

1 1 6  
1 0 9  

0 
0 

1 1 4  
1 1 3  

0 
0 

1 1 6  
0 

1 96 
1 1 9  

0 
0 
0 
C 

1 2 3  
0 
0 
0 

n 

0 
1 2 0  
1 3 0  

0 
0 
0 

5 7  

0 
n 

6 1  
0 
0 
0 
0 

6 7  
0 
0 

7 0  
0 
0 

7 2  
0 
0 
0 
0 
0 
0 
0 
0 
0 
9 
0 
0 
0 
0 
0 
0 
0 

90 
0 

93 

0 
0 

9 9  
0 
0 

0 
1 3 2  

0 
1 0 4  

r) 
0 

1 2 1  
0 
0 

0 
0 
n 
0 
0 
0 
0 
0 
n 

1717 
0 
n 
0 
0 

1 2 4  
0 
0 
n 

: 

n 

n 

n 

n 
1 3 7  
1 3 1  

n 
0 
I) 
G 
n 
0 

0 
c 
C 
0 
0 
0 

8rj 
0 
0 
0 
0 
0 
0 
0 
0 
0 
C 
0 
0 
0 
0 
0 
c 
C 
0 
0 
0 
0 
0 
C 
n 
0 
0 
0 
0 
0 
0 
c! 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
C 
0 
0 
(1 
c 
0 
0 
0 
0 
0 
0 
0 
I: 

n 

C 
0 
0 

3 . k ? 9 3  0 . 1 4 3 4  -C.2290 
3 . 2 3 7 6  - 1  . O f S R  0 . 1 1 2 0  

- -  3 . 4 4 s 9  - 0 . 7 6 4 3  0 . 1 2 7 0  i ? h .  
continued on next page 
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Table IV-continued 

Intercalated (+ ) 111 
H 
U 
c 
c 
c 
rl 

*F 
H 
c 

0 
*H 
IJ 
c 
c 

C 
C 
C 
c 
C 
c 
c 
c 
c r 

i- 

1 2 q  1 
130 1 
131 3 
17‘1 7 
1 3 3  3 
1 3 1  h 
1 3 5  1 
1 3 6  1 
13’1 3 
1 3 9  h 
1 3 9  1 
1 4 0  1 
i s i  2 
1 4 2  7 
1 4 3  7 
i 4 4  7 
i 4s 2 
1 4 b  2 
1 4 7  2 
1 4 9  7 
1 4 9  3 
i 50 2 
1 5 1  2 
1 5 3  ? 
1 5 3  2 

r 1 5 4  7 
H 1 5 5  I. 
Fc 1 5 6  1 
H 1 5 7  1 
Fi 1 S P  I 
Fc 1 5 9  I 
I4 1 6 0  1 
H 1 6 1  1 
F1 1 6 2  1 

h . l O 0 2  
7 . 1 2 7 7  
3 . 2 7 O n  
1. h 7 ( I Q  
1 .CIS?; 

- 0 . 3 1 c q  
-19.9779 
-2.37hk - 1. c: 3 7  P 

-3.900 1 
-I:. 1 6 2 1  

1 . ? 3 7 7  
1 .?9Fth 
1 . 1 5 9 H  

-7 . ? G c r k  

- Ci 7 3 9 1 
3 . 7 3 0 4  
I . 59?7  

- 0 . P E 6 2  
-7  . q 4 o  1 
- 4 . 1 1  70 
- 2 . 9 0 9 7  
- 0  -t73c 

3 .’+I r 5  
4 . 2 R 4  3 
i . 79 f i ?  
1 . 1 ? 1 5  
1 . O f k C  
1 .hfirlil 
2 . 5 7 4 5  
P . 6 1 4 7  
1 . & a 3 9  
1 . 2 7 7  1 
1.6147 
1 . 9 2 h l  
0 . 0 1 4 3  
c .0554 

- 1  .Oh1 F 
- 1  . o g n 7  

C . l  3 F 0  
c . 1 7 9 5  
1 . 7 3 8 ?  
2 . 4 q 5 3  
3 . 4 1 4 3  
3 . 5 3 1 4  
3 . 4 q f i 4  
2 . 3 3 1 7  
1 . 2 1 4 1  
1 . 7 5 5 6  

-C.67$15 
- 1  - 0 5 5 6  - i  I f i d 2 5  
- 0 . 6 8 7 3  
1.3102 
3.3497 
4.475 3 

1 .Go69 4.3537 

1 . 3 5 b 2  

O . C ~ ? l  
-0.997 2 
- 2  , 3 4 9  7 
- 2 . 9 4 3 8  
- 0 . P 6 6 4  

0 . 4 9 1 5  
0 . 4 7 4 5  
0 , 6 8 7 4  

i . 4 n ~ ~  

- 0 . 3 9 2 5  
- 0 . A C C 3  - 0 . 7  R 3 4 
-0.35P4 
0.0456 

0 . 6 1 9 3  
I . ? l o 2  
l . l F 0 1  
0 , 7 3 6 0  

- 0  .o 1 4 9  
-0.7 37 3 
- 1 . 1 2 P 7  
-1.09FO 

0.0325 

1 2 7  
1211 
1 ? R  
1 3 1  
1 3 2  
1 3 3  
1 3 4  
1 3 3  
1 2 1  
J 3 7  
1 3 $  
1 3 7  
1 3 7  

142 
1 4 3  
1 4 4  
1 4 5  
1 4 6  
1 4 7  
1 4 9  
1 4 9  
1 5 0  
I 3 1 
1 4 2  
1 4 5  
1 4 1  
1 4 3  
1 4 4  
1 4 6  

148 
1 5 9  
I 5 1  

1 4 1  

1 4 7  

0 
0 

1 3 3  
1 3 3  
1 3 4  
1 3 5  

0 
0 

1 3 3  
1 3 9  

0 
0 

1 4 2  
1 4 3  
1 4 4  
1 4 5  
1 4 6  
1 4 7  
14A 
1 4 9  
1 5 0  
1 5 1  
1 5 2  
1 5 1  
15? 
1 4 9  

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

1 5 2  
141 
1 3 h  

0 
0 
0 

1 3 8  
0 
0 
0 

15s 
153 
1 5 6  
1 5 7  
1 5 4  
1 se 
1 5 3  
I 6 0  
1 5 4  
1 6 1  
1 0 2  
1 5 3  
1 5 4  
1 5 3  

0 
0 
0 
0 
0 
0 
0 
0 

n n 
0 0 
0 0 
0 n 

i 3 i  d 
0 0 
0 0 
0 0 

1 4 0  0 
n n 
0 0 
0 c 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
n 0 
c 0 
n 0 
0 0 
0 0 
0 0 
0 0 
f-l 0 
0 0 
0 0 

0 n 

drogens) to qualitatively account for the uncertainty in molecular ge- 
ometry and flexibility at the transition state. A set of rc values that give 
a 5 kcalhole repulsive energy in the 6-12 potential (22) for each unique 
atom pair was chosen subjectively in this work. 

Four base-pair sequences of trinucleoside dimers in the B conformation 
(23) were considered: 

The reaction of the central guanine (G*) with (&)I11 and ( f ) I V  was in- 
vestigated. In each case the isomer was located “above” the central base 
pair, as shown in Fig. 2. In the first series of calculations, all conforma- 
tional variables, except 42, were held fixed. $2 was allowed to fully rotate 
in each case. For completeness, transition-state conformational analyses 
were also performed for the N(7) and O(6) positions on guanine. Tran- 
sition-state geometries found in earlier studies (24) for these two sites 
were used as constraints in the analyses. 

The transition-state I-NHZ-guanine conformational analyses were next 
repeated for two deformed dinucleoside dimer sequences: 

v .  VI 
The particular deformed conformation selected is that  with the largest 
possible base-pair separation distance, d = 6.76 A; it has been used pre- 
viously in nucleic acid-drug intercalation studies (25). The atomic 
coordinates of this structure (along with (+)I11 intercalated between base 
pairs) are in Table IV. The nitrogen atom of the 2-amino group in the 
lower guanine, G’, is attacked by the C(l0) atom of I using the transi- 
tion-state geometry shown in Fig. 2. Once again the conformational 
studies are characterized in terms of bad contacts. Since the N-C(10) 
distance is fixed a t  2.0 A and d = 6.76 A, the upper base pair has minimal 
influence on specifying bad contacts. The conformational degrees of 
freedom, defined in Fig. 2, were varied over the same range of values as 
used in the calculations for B form DNA. 

RESULTS 

The least number of bad contacts (N) was determined for each of the 
N(7), 0(6) ,  and 2-amino reactions with (*)I11 and ( f ) IV .  As an example, 

these least numbers are reported in Table 111 for (+)I11 [(+)trans(eq,eq’) 
isomer]. Relative magnitudes in Table I11 may not be important. The 
essential observation is that  in all cases bad contacts were found to exist. 
Figure 3 is a more detailed steric description of the 2-amino alkylation 
by (+)III. Nucleic acid sequence does not appear to alter the steric re- 
pulsions occurring in the transition state of the reaction. Figure 4 shows 
the dependence of N for 2-amino alkylation by (&)I11 and ( f ) I V  as a 
function of transition-state conformation for d-(cytosine-guanine)2. The 
steric effects in the 2-amino alkylation process by the (+) enantiomers 
are different from those of the (-) enantiomers. Nevertheless, alkylation 
by each form of I a t  the 2-amino position in guanine appears to be steri- 
cally unlikely from a study of Fig. 4. Alkylation a t  the N(7) or O(6) of 
guanine was also found to be sterically prohibited. I t  can be concluded 
from these conformational analyses that the B form of DNA cannot react 
with I because of steric hindrance for the selected transition-state 
geometries. Thus the experimental evidence (6, 8) which indicates 2- 
amino alkylation of guanine must be explained in terms of a deformation 
of the B form DNA structure. Of course, these results are dependent on 
the calculated transition-state geometry. 

The two conformational degrees of freedom most critical to generating 
a stereochemically acceptable alkylation complex are 02 and $2. Steric 
maps that define complexing geometries that  are possible for the tran- 
sition state are shown in Fig. 5. The shaded areas correspond to inter- 
molecular geometries in which I is intercalated between base pairs. The 
other areas correspond to structures in which the I isomer is located 
outside the dinucleoside dimer. Several typical complex structures are 
shown in stereo-stick model representation in Fig. 6. 

Both (+)I11 and (+)IV can react with the 2-amino group of guanine 
for V. Reaction with VI is more restricted for both these isomers. There 
is little difference in the steric constraints for (+)I11 and (+IN alkylation 
to V. The results suggest that  (+)trans(eq,eq’) and (+)cis(ax,ax’) al- 
kylation with V should occur subsequent to intercalation. 

There is no difference between the electronic structures of (+)I11 and 
(-)IV. However, experiments indicate that the (+) enantiomer alkylates 
guanine more efficiently than (-)I11 (20). Thus the intercalation and 
chemical reaction may be controlled by the absolute configurations of 
these enafitiomers. Figures 5A and 5C indicate a large difference in the 
steric effect due to the enantiomeric properties of 111. Th;? (-) enantiomer 
is not expected to react with the 2-amino group of guanine in the V dimer 
through intercalation. However, for VI, different possible reaction 
geometries are predicted for (+) and (-)I11 (Figs. 5D and 5E). The (+) 
enantiomer is expected to intercalate and react with the 2-amino group 
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( B )  

( E l  
Figure 6-Stereo-stick models of sterically allowed I-dinucleoside dimer transition-state geometries defined in Fig. 6 (A-E on the steric contact 
maps). The top uiews are looking down the helix axis of the nucleic acid structure; the bottom figures are side uiews. 

of guanine just above the nitrogen atom (01 = 90°, Fig. 5D). The inter- 
calated (-) enantiomer can reach the reaction site from slightly outside 
the dimer ( 0 ,  = 110'. Fig. 5C). Both the (+) and (-) enantiomers of I11 
can react from outside the dimer helix. I t  is, however, not possible to 
deduce which reaction geometry is preferred since energetics are not 
included in the analysis. 

The intercalation of isomers of I as a prerequisite for alkylation of the 
2-amino of guanine is an interesting hypothesis. The intercalation process 
could be conceptualized as a physical catalyst which stabilizes the reaction 
geometry in  a manner analogous to enzyme-substrate-inhibitor inter- 

actions. However, the intercalation model requires that the I component 
of the reaction product remains between the base pairs. Experimental 
studies indicate, however, that the adduct involving I is located outside 
the DNA structure (26). The conformational analysis of the I open-form 
model of DNA indicates that the part of the reaction product involving 
I cannot come outside of the base pairs by rotation about the adduct 
C(10)-N bond unless the hydrogen bond involving the exocyclic amino 
group of guanine and the cytosine oxygen is broken. 

Thus the change in the hydrogen bonding energy for such a reaction 
process (Scheme I) was examined, and the relative energies of the three 
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0- HO the double-stranded structure introduces more steric repulsive sites than 
a single strand. 

The calculations reported here are based in part on “soft” steric contact 
distances (those atoms of the diols, epoxide, and saturated ring of I). As 
such, this model cannot be used to identify the preferred transition-state 
geometry. The following paper explores in detail the physical interaction 
of I with nucleic acid structures to better quantify allowed intermolecular 
geometries, with special emphasis on possible intercalation mecha- 
nisms. 
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