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ABSTRACT. When covalently linked to DNA, enantiomeric pairs of mirror image aromatic diol epoxides
with differing tumorigenic potencies adopt opposite orientations along the DNA helix. This phenomenon
has been observed by high-resolution NMR solution studies in a number of systems. Preliminary modeling
efforts [Geacintov et al. (199 hem. Res. Toxicol. 1@11-146) had suggested that the origin of the
opposite orientation effect may be manifested even at the level of the carcinogen-modified nucleoside
due to primary steric hindrance effects between the aromatic moiety and the attached base and sugar.
Such a small system can be computationally investigated extensively, since a very thorough survey of the
potential energy surface is feasible. Consequently, in an effort to understand the underlying origins of the
opposite orientations inK)-trans and (-)-trans-anti adduct pairs, we have undertaken an extensive
investigation of the paradigm 8J+) and 1@ (—)-trans-anti-[BP]-N2-dG mononucleoside adduct pair,
derived from the binding of theX)-7R,859S,10R and (~)-7S8R,9R,10S enantiomers of 7,8-dihydro-9,-
10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BP) to the exocyclic amino groupdebfyguanosine.

In the present work we created 373248 different conformers for each adduct, which uniformly sampled
the possible rotamers about the three flexible torsion angles governing the orientation of the lbase (

its covalently linked BP residuex(, ') at 5 intervals, and computed each of their energies with AMBER

4.0. The extensive results permitted us to map the potential energy surface of the molecule. Only four
low-energy structural domains are found for tRerans adduct and four for the<)-trans adduct; the

(+)/(—) pairs of each structural domain are mirror images, with the mirror image symmetry broken by
the sugar and its attached '€4£5 group. The most favored of these four is observed experimentally in
the duplexes containing the sam) @nd (-)-trans-anti[BP]-N?-dG adducts (Cosman et al. (199)pc.

Natl. Acad. Sci. U.S.A. 89914-1918; de los Santos et al. (199Rj)ochemistry 315245-5252). The

origin of the opposite orientations resides in steric hindrance effects resulting from the mirror image
relationship of the BP benzylic rings in the adduct pair, such that rotation of one stereoisomer into the
conformational domain preferred by the other causes crowding between the base and the BP benzylic
ring. Limited conformational flexibility in the torsion angf#, the one closest to the bulky BP moiety at

the linkage site to guanine, plays a key role in governing the orientations in each adduct. The opposite
orientation phenomenon is likely to manifest itself when the adducts are processed by cellular enzymes
involved in replication, repair, and transcription and thus play a role in the differing biological outcomes
stemming from the) and ()-trans-anti adducts.

Benzo[a]pyrene is a polycyclic aromatic hydrocarbon 7R,8S-dihydroxy-9510R-epoxy-7,8,9,10-tetrahydrobenzola]-
present widely in the environment, in automobile exhaust, pyrene and the corresponding)t7S,8R,9R,10S enantiomer
in tobacco smoke, and as a contaminant in foods such asknown as ¢) and ()-anti-benzo[a]pyrene diol epoxide
vegetable oils1—3). It is metabolically activated to highly ~ (BPDE). These have long been of interest because-te (
reactive diol epoxides (reviewed in ref) which bind  enantiomer is highly tumorigenic in mice while the-)
chemically to cellular DNA and cause mutations in onco- enantiomer is not#, 8. The () enantiomer is also more
genes §) and tumor suppressor gend§) that can lead to  muytagenic than the() one in mammalian systems)(
cancers. Among the metabolic activation products of benzo- Both (+) and ()-anti-BPDE react with DNA principally

[alpyrene are a pair of mirror image diol epoxides;){ at the exocyclic amino group of guanine to form covalent
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FiGUrRE 1: (A) Structures of ) and (-)-trans-antt[BP]-N2-dG nucleoside adducts. Torsion angjesx’, ' are defined as followsy,
04-C1-N9-C4; o', N1-C2-N-C10(BP); 8, C2-Ne-C10(BP)-C9(BP). (B) NMR solution structures of( and ()-trans-ant[BP]-N2-dG
adducts 16, 18). Central modified duplex 5-mer of 11-mer is shown in stereo.

chemistry, respectively, at the linkage site to guanine (Figure up opposite orientations along the DNA id-)Y and ()-

1). trans-anti-[BP]-N2-dG adducts 15). Independent high-
Because of the striking differences in tumorigenicity of resolution NMR studies in solution revealed experimentally
(+) and (-)-anti BPDE, the structures of their adducts with that opposite orientations are indeed observed. In a normal
DNA have been of great interest. TheSLQ+)-trans-anti- duplex, the BP moiety in theK)-transadduct is situated in
[BP]-N?-dG adduct is the major reaction product of the the B-DNA minor groove, directed' flong the modified
tumorigenic (+)-anti-BPDE with native DNA (about 90%)  strand (6, 17; in the () adduct, the BP is directed &long
(11-14) and is therefore considered to be of special the modified strand in the minor groov&8). Furthermore,

importance. The analogous RQ-)-trans-anti-[BP]-N2-dG ~ the opposite orientation phenomenon is also observed, but
adduct is a significant component (about 63%) of the reaction manifested differently in a “deletion” duplex, in which there
of (—)-anti-BPDE with native DNA (1). are 11 residues on the modified strand and only 10 on the

Computational studies for duplex DNA modified with partner, with the BP-modified dG containing no partner
these two lesions suggested that the BP moiety would takeresidue (as if the replication machinery had skipped the BP
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Ficure 2: Three-dimensiong), o', andf’ energy topographies to 5 kcal/mokIV denote the 4 low energy domains. Torsion angles cycle
over 360, so 359 is actually contiguous with<0 A, (+)-trans-anti[BP]-N2-dG adduct; B, {)-trans-anti[BP]-N2-dG adduct.

Table 1: Number of Conformers in 1 kcal/mol Shells ih)(and )-trans-anti-[BP]-N2-dG Adducts, to 5 kcal/mol

0—1 kcal/mol 1-2 kcal/mol 2-3 kcal/mol 3-4 kcal/mol 4-5 kcal/mol total
domain () (-) (+) (-) (+) (-) (+) (-) (+) (-) (+) (-)
| 80 0 144 30 276 195 351 307 404 350 1255 882
I 27 0 122 31 502 388 644 709 693 816 1988 1944
11} 468 479 1651 1658 2034 1947 2080 1998 1967 1917 8200 7999
v 0 47 49 129 129 214 222 278 343 340 743 1008
total 575 526 1966 1848 2941 2744 3297 3292 3407 3423 12186 11833

Table 2: Domains of Low-Energy Wells int) and
(—)-trans-anti-[BP]-N?-dG Adducts

/' domain (deg)

x domain o domain (+) (=)
domain (deg) (deg) adduct adduct
I 45 + 25 (syn 0+40 —90+40 90+ 40
Il 210 + 75 (anti) 0+40 —-90+40 90+ 40
1l 210 £ 75 @nti) 180+40 —90+ 40 90+ 40
v 255+ 35 (@nt) 180+40 105+ 35 —110+35

aDomains of the 5 kcal/mol surface were approximated-&5. y
anda’' domains are the same fot)} and () adducts. For!' this is
the case becausé @nd 180 are the same as their sign inverted values.
Because of the cycling of the torsion angles over°36690° is the
same as 270and —11C is the same as 280

aromatic moiety. Thus, this opposite orientation phenomenon
appears to be a general one whose underlying stereochemical
origins require elucidation.

Preliminary modeling efforts(1) have suggested that the
origin of the opposite orientation effect may be manifested
even at the level of the modified nucleoside due to primary
steric hindrance effects between the aromatic moiety and the
attached base and sugar groups. Such a small system can be
computationally investigated extensively, since a very thor-
ough survey of the potential energy surface is feasible.
Consequently, in an effort to understand the underlying
origins of the opposite orientations in the)(and () adduct
pairs and to elucidate inherent conformational flexibilities
in this effect, we have undertaken an extensive investigation

damaged residue). In this case, the BP is intercalated into®f the ) and (-)-trans-anti-[BP]-N*dG mononucleoside
the helix with displacement of the modified guanine in both @dducts as these are considered a paradigm of the stereoi-

(+) and () adducts, but in the+() case this guanine and
its attached BP benzylic ring reside on thejor groove
side of the helix cylinderX9), while in the () adduct the

someric properties of polynuclear aromatic diol-epoxide
DNA adduct pairs.

In the present work we created 373248 different conform-

displaced guanine and attached benzylic ring are situated orers for each adduct, which uniformly sampled the possible

the oppositeminor groove side of the helix cylinde2().

rotamers about three flexible torsion angjesa’, and j'

The opposite orientation effect in adducts derived from (Figure 1) at 8 intervals, and computed each of their

enantiomeric {) and () pairs of diol epoxide derivatives

energies. The extensive results permitted us to map the

of aromatic hydrocarbons has been observed in a number ofpotential energy surface of the molecules. Only four potential

adduct pairs, as reviewed in Geacintov et 21) (and Jerina
et al. @2), irrespective of the specific conformation adopted
by the aromatic moiety in relation to the DNA (in the minor
groove (6—18, 23, in the major groove 44, 25, base
displaced-intercalated19, 20, 26-28), quasi-classically
intercalated 29—33)), irrespective of the specific base

energy wells or structural domains are found for the-(
trans adduct and four for the—()-trans The +)/(—) pairs

of each structural domain are nearly mirror images, with the
mirror image symmetry broken by the sugar and its attached
C4—C5 group. The most favored of these domains is
observed experimentally in the duplexes modified by each

modified (guanine or adenine), and irrespective of the specific adduct (6, 18-20). The origin of the opposite orientations
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FiGURe 3: o, 8’ energy contour maps to 20 kcal/motIV denote the 4 low-energy domains. Torsion angles cycle ovet, 380359 is
actually contiguous with 0 A, (+)-trans-anti[BP]-N2-dG adducty = 50° (syn); B, (—)-trans-anti[BP]-N2-dG adducty = 50° (syn);
C, (+)-trans-antt[BP]-N2-dG adducty = 230 (anti); D, (—)-trans-anti[BP]-N?-dG adducty = 230 (anti).

resides in steric hindrance effects resulting from the mirror Table 3: Statistical Weights and Thermodynamic Parameters of
image relationship of the BP benzylic rings in the adduct Low-Energy Domains in-t) and ¢-)-trans-anti-[BP]-N*-dG
pair, such that rotation of one stereoisomer from one of its dducts

domains into the analogous conformational domain of the AG AH TAS™
other causes crowding between the guanine and the BP W%  (kcalimol) (kcal/mol) = (kcal deg mol™)
benzylic ring. Limited conformational flexibility in the  domain () (=) (+) (=) (+) (=) () )
torsion angle3’ about the BP(C18)N*(dG) covalent bond [ 17.0 21 063 192 0 143 0.29 0.43
closest to the bulky BP moiety at the linkage site to guanine I 325 404 024 015 041 028 1.09 1.05
plays a key role in governing the energetically most favored :{'/ 4?'? 43-78 go 2-%‘7‘ g-gg 8'22 5'25 3'311
orientations in each adduct. - - - - - - -

a Statistical weightsy, are given in percents of the populatiax(G,
METHODS AH, andAS are differences in conformational free energy, enthalpy,

and entropy, respectively, relative to the lowest value for either isomer.

Creating Starting Conformation€oordinates of the high-
resolution NMR solution structures of th¢Yand )-trans from which the nucleosides had been excised. Values of the
anti-[BP]-N2-dG adducts in a DNA duplex 11-met§, 18 sugar pseudorotation parameki(34) are 150 and 162,
were employed to create the modified nucleoside adductsin the normal C2endo domain of B-DNA, for the¥) and
by excising the [BP]-R-dG adduct, including the sugar with (=) adducts, respectively. The G3C4 —-C5—05 torsion
03 and 05, using the program INSIGHTII from MSI, Inc.,  angles are normal B-DNA values of 4@nd 47, respec-
which was also used to draw the three-dimensional structurestively, in the (+) and () adducts.

Hydrogens were added to the O&nd O5 to produce Energy ComputationEnergies of each of the 373248
modified nucleosides. Starting structures for the energy structures for each adduct were computed with the molecular
calculations were then created with a torsion driver program mechanics program AMBER 4.B%). Since there are no
which rotated the torsion angles o', andg’ (Figure 1) to negatively charged phosphates in the nucleosidé,ddan-
chosen values and then computed the coordinates of theerions were not needed. A sigmoidal distance-dependent
resulting structures. The starting structures uniformly sur- dielectric function 86) which is a suitable treatment for the
veyed the potential energy surface of the molecule with dielectric constant37) was employed in the Coulombic term
conformers in whichy, o', and ' sampled their 360 of the force field, to model the dielectric effects of solvent
conformation space af3ntervals, in combination, givinga  water. Parameters added to the AMBER 4.0 force field for
total of (360/5= 72 = 373248 conformers for each adduct. the [BP]-NP-dG adducts are the same as those in earlier work
The C4—C5 bond and the sugar pucker were maintained (15), except that new partial charges were computed with
in the conformation they had adopted in the B-DNA duplex Gaussian 92 at the STO-3G basis set level which is
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compatible with the rest of the AMBER 4.0 force field. [.ﬂ} {+}-.!'rﬂﬂs
Partial charges, atom types, and topology information are

Y E

given in Table S1, Supporting Information. . 18.9
Computations were carried out at the Department of 300 I | ::";
Energy National Energy Research Computer Center (Ber- o 120
keley, CA), at the National Science Foundation National | 0.0
Partnership for Advanced Computational Infrastructure (San E 200 | ::
Diego, CA), and on our own SGI workstations. E"‘ j A5
.

RESULTS =z 100 o
Four Conformational Domains with Quasi-mirror Image
Structures in {)-trans and )-trans Adducts.Figure 2
shows three-dimensional energy topographies as a function “n ' 100 200 300
of ¥, o', and ' to 5 kcal/mol for the 4) and (-)-trans o’ (degrees)
adducts. This figure summarizes the low-energy regions
computed from the complete survey of theo', and '’ (B) (-)-trans
torsion angles at % intervals in combination (373248 '-
] [}

conformers for each adduct). Table 1 gives the number of
conformers in each 1 kcal/mol energy shell up to 5 kcal/ 300
mol. We see immediately that there are only four low-energy

domains (potential energy wells) for each of the adducts. E
Domain | has aynglycosidic torsion anglg, and Domains @ 200
I, lll, and IV are in theanti region. Table 2 summarizes £
the approximate, o', ands' ranges within the 5 kcal/mol i
surfaces in each of these four domains. =2 100

energy landscapes of theéY and (~) adducts as a function

To examine in more detail the relationship between the '
of the critical torsion angles’ andf' that govern the BP i)

orientation, we made slices through the approximate centers o 100 200 300

of the wells in they axis to obtain energy contour maps in 0. (degrees)

the o, §’ plane, to 20 kcal/mol, shown in Figure 3. These Fgure 4: 4, o energy contour maps to 20 kcal/mol wigh =
reveal clearly a striking symmetry in the-Y and () adduct —90 for (+) adduct and 85for (—) adduct. 11l denote 3 low-

maps that is also manifest in the three-dimensional sur- energy domains. Torsion angles cycle over<360 359 is actually

faces: the map for the+) adduct can be essentially contiguous with 8 A, (+)-trans-anti{BP]-N*-dG; adduct B, £)-
. . . : trans-anti[BP]-N2-dG adduct.

transformed into that of the~) by inverting the sign of the

torsion anglest’ and /', and vice versa. This also corre- e made a two-dimensional energy contour slice through
sponds to a 180rotation about a central symmetry axis  the approximate centers of Domains | and Il gat= 27C°
which is perpendicular to the map plane,cét f* = 180, (—90°) for the ()-trans adduct and 85for the (—)-trans
180°. Thus, a given energy feature in a specific/’ region adduct. This map, shown in Figure 4, reveals the path at
of the (+) adduct map has a corresponding feature in the gpoyt 7 keal/mol, involving the rotation gffrom about 335
(—) adduct map in the-o',—f" region. The summary of the  tnrough O to about 15. This figure shows Domains I, I,
low-energy domains of Table 3 clearly indicates this feature 59 I, but Domain IV does not exist in th@' slices
for /', but less clearly foo because Dand 180, the lowest-  empjoyed in these maps. These paths represent upper energy
energy regions fon', are the same when their signs are |imjts since our computations could only survey the key
inverted. However, the energy landscape to 20 kcal/mol, o' gng B flexibility sources. Still, they suggest that
which displays additional’ regions, shows the phenomenon jnterconversion between domains would be slow, as a
strikingly. Such torsion angle symmetry is a classical consequence of the bulk of the BP.
hallmark of mirror image pairs of molecules. However, the  steric Hindrance Origins of Opposite OrientatiorEo
symmetry is not perfect in this case, as discussed below. g|,cidate whether the symmetry between thd and ()
Thea!, 8" energy map of Figure 3 also shows that there adduct energy contour maps as a functionodfand '
is much greater conformational flexibility ia' thanf" in (Figures 2 and 3) resides in steric repulsion, we prepared
both adducts: only for' is most of the 3600f torsion angle a’, B contour maps for each adduct with just the van der
space accessible, lying in energy regions below the forbiddenwaals component of the total energy (Figure 5). These maps

ones beyond 20 kcal/mol. reveal the same overall symmetry effects as Figure 3. The
Another feature that can be discerned fromdhg5’ maps overall shapes of the regions below 20 kcal/mol are governed
of Figure 3 is the pathways connectiagti Domains Il, IlI, by the high-energy bounds above this energy; these high

and IV to one another, at energies of about-18 kcal/ energy bounds are determined by repulsive steric components
mol. The three-dimensiong| o', andf’ energy topographies  of the Lennare-Jones potential employed to compute van
of Figure 2 suggested a path also might exist betwsaan der Waals energies3®). Therefore, steric repulsions are
Domain | andanti Domain Il, along the trajectory = 335 responsible for the starkly different energy landscapes in the
(= —25°) throughy = 0°—15°. To elucidate this further, (+) and ()-transadducts and for the symmetries between
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Ficure 5: o', ' van der Waals energy component maps to 20 kcal/mdV Idenote the 4 low-energy domains. Torsion angles cycle over
360, so 359 is actually, contiguous with® A, (+)-trans-anti[BP]-N?-dG adducty = 50° (syn); B, (—)-trans-anti[BP]-N2-dG adduct,
x = 50° (syn); C, (+)-trans-ant{[BP]-N2-dG adducty = 230° (anti); D, (—)-trans-anti[BP]-N2-dG adducty = 230 (anti).

them, although small differences in detail stem from the
nonmirror image nature of the sugars and attachée-C8
groups (see below).

the opposite direction. An18Q rotation inS' then produces
Domain IV, in which the BPs are directed as in Domain Il,
but the bay region of the BP is at the top in Domain IV and

Figure 6 shows color views of representative structures at the bottom in Domain Il in the view of Figure 6.

of each of the four low-energy domains for the)(and )

To investigate why the structures in a given domain for

adduct. Figures 7 and 8 show these structures in stereohe (+)-transadduct are disfavored for the-J-transadduct,

Figure 6 shows that for each domain the){trans adduct
structure is a mirror image of the-J-trans structure, with

and vice versa, we rotated each structure in Figure 6 into
that of its stereoisomer. This entailed a 186tation around

the mirror image symmetry broken by the sugars and attachedg' in each case. Results are shown in Figures 9 and 10.

C4—C5 group. The nonmirror image nature of the sugars
can be discerned by noting that the sugat @éms point

in the same rather than the opposite direction for the (
and (-)-trans adducts in each domain. However, breaking
of the mirror image symmetry by the sugars and-G45

Placingg’ in the wrong conformation for the given isomer
causes crowding between guanine and BP, involving espe-
cially the benzylic ring and adjacent aromatic rings in the
bay region, except in Domain IV. In rotated Domains | and
Il the guanine N1 edge is in the crowded region, and in

groups has only a small effect on the energy contour mapSpomain |1l the guanine N3 edge is crowded. Note, however,
in the anti domain because the sugars are farther from the {4t the Domain IV structure of theH) adduct is similar to

guanine and BP moiety than in tegnconformation. Insyn

the Domain Il structure of the-) isomer, and likewise,

Domain |, interactions between the guanine and its attachedine Domain IV structure of the<) isomer is like the Domain
BP with the sugar are greater because the base lies over thgy| structure of the &) isomer, although with some adjust-

sugar and C4-C5 group.
The four structural types are approximately related by
torsional rotations as follows:

. + ~180° .
Domain I~ Domain Il
. o +~18C° .
Domain Il Domain 11l
. "+ ~18C° .
Domain 11l b Domain IV

SynDomain | differs fromanti Domain Il in orientation of
the sugar relative to guanine. ArL8Q rotation ofa’, which
converts Domain Il to Domain lll, turns the BP long axis in

ment (Table 2 and Figure 3). Table 2 shows tide j'
relationships among the domains. Figures 2, 3, and 5 also
reveal that the low energy domains of the){trans adduct

are high-energy for the<()-transand vice versa, and Figure

5 pinpoints steric hindrance as the source of the opposite
orientation phenomenon.

Statistical Weights and Thermodynamic Paramet@rs.
computed the fractional statistical weight together with
relative conformational free energies, enthalpies and entropies
for each domain of the) and () adduct, as described in
the Appendix, using standard definition88]. Table S2
(Supporting Information) gives the G, H and TS values used
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(+) ()

FIGURE 6: Color views of representative structures féf) @nd )-trans-anti[BP]-N2-dG adducts.+1V denote 4 low-energy domains. In
each pair the left structure is the-Y adduct and the right is the-) one.y, o', and ' values and energiea\E, relative to the global
minimum are the following. Domain I: 4) adduct 50, 0°, 27C; (—) adduct 50, 0°, 90°; AE (+) 0.33, () 1.91 kcal/mol. Domain II:
(+) adduct 230, 0°, 27C; (—) adduct 230, 0°, 90°; AE (+) 0.89, ) 0.90 kcal/mol. Domain IlI: 4) adduct 230, 18, 27C; (—) adduct
230, 180, 90°; AE (+) 0.54, () 0.85 kcal/mol. Domain IV: {) adduct 230, 155, 11C°; (—) adduct 230, —155°, —11C°; AE: (+)
1.34, ) 1.05 kcal/mol. The view is edge-on along the guanine with O6 directed toward the viewer.

to compute Table 3. Computation of these thermodynamic in Figure 3. The inversion in the signs of andg’ for the
parameters for each domain treats these as individualcorresponding low-energy domains in the)(and ()
chemical species, which is justifiable on the basis of the high adducts, a hallmark of mirror image symmetry, is rooted in
barrier between the domains (Figures 3 and 4). Results arethe exact mirror image nature of the BP benzylic ring in the
given in Table 3. We note that about -890% of the two adducts. The mirror image breaking effect of the sugars
conformers occupy either Domain Il or Ill, with Domain Il and their attached C4C5 groups has the greatest impact
containing the highest population. Differences in population on the energy landscape in tegnDomain |, in which the
and other quantities between the)(@nd the {-) adduct stem  base and its attached BP are closest to the sugar and its
from the symmetry breaking effect of the sugar and-€4  attached C4-C5 group. The Domain IV structure is also a
C5, which has the greatest effect ayn Domain | where  more crowded one and more affected by the sugar. Differ-
the base lies over the sugar and €@5 group. ences between the two isomers in conformational enthalpies
and free energies (Table 3) are greatest in these two domains
DISCUSSION for this reason. The Domains Il and lll structures are more

Quasi-Mirror Image Symmetries and Opposite Orienta- €xtended than those of Domains | and IV, and their energy
tions. Our computations have revealed four pairs of low- landscapes are less affected by the sugars. They are the two
energy conformational domains for thé)and ()-trans- most favored domains in both adducts (Table 3); their
anti-[BP]N?-dG adducts, Domains |, Il, Il and IV. In each  €xtended nature produces more flexible structures which
domain the pyrenyl moieties adopt a mirror image symmetry corresponds to more favorable conformational entropies. This
as viewed along the O6-containing guanine edge intje ( is manifested in the larger number of conformers in the low-
and () adduct pair, resulting in opposite orientations of the energy 1 kcal/mol shells (Table 1) as compared to Domains
BP (Figure 6). The mirror image symmetry between th (| and IV. Domain Il appears to be favored over Domain II
and () BP moieties is broken by the sugars with their because the N1H1 edge of guanine is directed to the opposite
attached C4-C5 group. The energy landscape of the two side of the benzylic ring O9H in Domain Ill, while it is
adducts reveal this mirror image symmetry; they are trans- directed to the same side in Domain I; this likely causes
formable into one another by sign inversion afand j', the diminished conformational flexibility, with fewer low-
corresponding to rotation about a central symmetry axis energy conformers (Table 1), in Domain Il. Thus, differences
perpendicular to the map plane locatedigf’ = 180°, 180° in domain occupancies betweeh)(and ) adducts (Table
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FIGURE 7: Stereoviews for {)-trans-anti[BP]-N?>-dG adduct. Ficure 8: Stereoviews for €)-trans-anti[BP]-N2-dG adduct.

Representative structures of Figure 6.V denote 4 low-energy Representative structures of Figure 61V denote 4 low-energy
domains. domains.

3) are enthalpic in origin, resulting from the differing DNA duplexes containing thet) and (-)-trans-anti-[BP]-
energetic interactions between sugaf/ads and the gua- N2-dG adducts investigated in the present work on the
nine with its attached benzo[a]pyrenyl moiety; however, nucleoside level are in or very close to theo', and g’
differences in domain occupancies for each isomer aretorsion angle regions found for our most favored, oppositely
governed by both entropic contributions from the differing oriented Domain 1lI structures for each [BPFHEG mono-
degrees of conformational flexibility allowed in the different nucleoside adduct (Table 2). Table 4 gives these torsion angle
domain structures, and enthalpic contributions (Tables 1, 3).values for both the normal full duplex structurel6( 19

In the low-energy domaingy' is de facto the same for and the 11/10-mer “deletion” duplexesy, 20 found in our
the (+) and ) adducts (Table 2); consequently, rotation earlier work; it reveals that the’, g’ torsion angles in the
of just 5 to its sign inverted valuef( to —f') brings the two types of duplexes are very similar in each adduct. This
structure of one isomer into that of the other. Steric crowding is true despite the fact that the two types of structures are
between the base and the BP, especially the benzylic ring,altogether different: the full duplexes contain BP moieties
ensues in each domain. Crowding between adduct compo-which are in the minor groove, while the deletion duplexes
nents within the modified nucleoside has been termed contain base displaced-intercalated structures. In both cases,
“primary” steric hindranced1). Torsion angle5' thus plays however, the BP moieties are oppositely oriented, relative
a key role in the conformations of the two isomers, first to the 3 or 3 direction of the modified strand in the full
because! is invariant under sign inversion in the low-energy duplexes, and relative to the major or minor groove side of
domains, and second, becaysehas much more limited the helix cylinder in the deletion duplexes, as detailed in
flexibility than o' (Figure 3) since it is closer to the bulky the introduction. The differing positions of the BP in the
BP. Thus, one would anticipate that primary steric hindrance two kinds of duplexes stem from a number of differences in
effects would play an important part in keepifigout of DNA backbone torsion angles in residues immediately
high-energy regions (Figure 3) and near the region that is adjacent to the modificatiort@). The Domain Illla’ region
favored for each isomer. The extent to which this has beencentered at 180s preserved in the “deletion” duplexes even
observed so far is discussed below. though the base displaced-intercalation structures have no

Preferred Domains and Relance to Opposite Orienta-  Watson-Crick base pairing, which requires near 180
tions in DNA DuplexeOur results are specifically relevant  (21). Thus, this domain is intrinsically favored apart from
to embedding the BP-modified nucleosides into B-DNA since any further stabilization that would result from base pairing.
we employed the C2endo sugar pucker and CAC5 bond Domain Il was also observed in the solution structure of
orientations found predominantly in B-DN/A9). Nucleo- the (+) adduct at a single strand/double strand junction in
sides can manifest additional conformational flexibilitié8,( which a partner cytidine residue was present opposite the
41). Nonetheless, it is quite striking that the structures of [BP]dG (43). In this case a normal B-form was preserved at
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Ficure 10: Stereoviews of-f) adduct structures rotated to wells

FIGURE 9: Stereoviews of{) adduct structures rotated to wells ot (1) adduct as detailed in Figure 6-IV denote 4 low-ener
of (—) adduct as detailed in Figure 6-IV denote 4 low-energy dor(na)ins. g ' »

domains.

the modified residue, angd o, andg’ were centered at 269 Table 4: y, o, ﬁ’_OrientaZtion in NMR Solution Structures of-§
196, 278, respectively, in the NMR ensemble. However, and ()-transanti{BP]-N*-dG Adducts

in the solution structure of a single strand/double strand x: o, ' (deg)

junction with () adduct at the junction, but no partner duplex type ) =)
cytosine present, the B-DNA conformation was not preserved  normal partner 257 137,258 260, 152, 78
at the modified residue, with a wide array of sugar puckers partner residue missing 301,138,263 179,178, 94
differing very substantially from the B-DNA C2ndo region aCosman et al. 16); 258 = —102. P de los Santos et allg).

in the ensemble of NMR structured4). The glycosidic ¢ Cosman et al.19); 263 = —97°. 9 Feng et al. 20).
torsion angley is synin these structure2(, 44, but their
energies cannot be deduced from our energy landscape
which were computed only for the G&ndo sugar pucker.

In this very flexible situation it was possible for interactions
between the hydrophobic pyrenyl rings and the mobile single- - : : L e
stranded region to satisfy the BP hydrophobicity, and this is produce different kinds of mutations in differing sequence

L2 . contexts 48—55).

not possible in more constrained duplex structures. ) k ) ) )

Finally, we consider the possibility of overcoming the ~ Of partlcula_lr interest are recent S|te_-d|rect_ed mutagenesis
opposite orientation proclivity in4) and ()-trans-anti experiments in various cell systems, including mamn_’nahan
adduct pairs and the significance of Domain IV. We note Cells 61, 59, using definedinti-[BP]-N*dG adducts, which
that the Domain Illy, o', andp’ values and BP orientations show that a particular stereochemically defined adduct can
for the (+) adduct are rather similar to the Domain IV values 9give rise to more than one kind of mutation and is base
for the (—), and vice versa (Table 2, Figures 3 and 6), sequence-dependel(-55). There are indications that the
although with some adjustment. Domain IV has a low conformations ofanti-[BP]-N*-dG lesions depend on se-
probability, but its existence leaves open the possibility that quence contextl, 17, 56 reviewed in ref21), especially
it could become more favored in particular environmental at template/primer replication fork model syster8,(44.
situations, including larger structures, differing neighbor Loechler and co-workers48—50, 57-59) have proposed
sequences, and the presence of a polymerase enzyme. Athat the different kinds of mutations engendered by the same
exquisite dependence of conformational balance on neigh-stereochemically defineahti-[BP]-N2-dG adduct may be due
boring sequence has recently been shown for another bulkyto the coexistence of multiple conformations. Whatever these
adduct, 2-aminofluorene to guanine C85{47). This conformations may be, our results strongly suggest that
possibility for occupancy of Domain 1V, in which the primary steric hindrance effects limit the range of allowable

Yrientation of the BP moiety is rotated oppositely compared
to the most favored Domain lll, may contribute to an
understanding of the observation that a given adduct can
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conformations, especially the relative orientations of the dG of each conformer was computed from the relationship
and BP residue ring systems.

efAEi/RT
CONCLUSION P = .
The mirror image symmetry in thet) and ) pair of Z g AERT
mononucleoside adducts at the level of guanine base linked i=

to BP produces four mirror image pairs of structural types _ _ _ _
with the symmetry broken by the sugar and €85 group where AE; is the relative energy of a given conformgr in
at the nucleoside level. About 8®0% of the populationis ~ Kcal/mol with respect to the lowest-energy structuReis
occupied by two pairs of structures, Domain Il and Domain the universal gas constant, 1.98710"% kcal/mol; T = 300°

lIl. Domain Ill, the most favored, represents the domain K; andN is 373248, the total number of conformers for each
actually observed so far in DNA duplexes for each of the adduct. S
adducts. Thus, the mirror image symmetry manifested only The energies were used to construct both three-d|m_en5|onal
at the guanine-BP adduct level and rooted in the mirror image €nergy surfaces as a function of theo, and ' torsion
nature of the benzylic rings in thetj and () adducts is angles gnd two-dimensional energy contour sllce_s through
sufficiently forceful in primary steric interactions to be them; slices were made at fitervals ofy as a function of
retained in DNA duplexes, resulting in the observed opposite &', ', and also at selectgti values as a function of, o’
orientations of the ) and (-)-trans-anti adduct pairs in ~ The program TECPLOT was used for this purpose. These
duplexes {6—20). The opposite orientation phenomenon Plots revealed four low-energy wells or domains (Figure 2,
could manifest itself when the adducts are processed byand Supporting Information Figures S1 and S2). This
cellular enzymes because it is a direct consequence ofPermitted grouping the full data set into four regions, each
primary steric hindrance effects. Thus, repair, replication, of which encompassed one of the four low-energy domains:
or transcription enzymes could process the @nd (-)- . o o )
trans-anti[BP]-N?-dG lesions differently. In vitro exonu- Region 1: = 0°~100"; o' = 0°—100" and 283—355";
clease digestion studies by Mao et @0) have already ' for (+) adduct= 185 —355;

revealed such differential processing. Moreover, our finding p' for (—) adduct= 0°—175

of a low but real probability for overcoming the opposite Region 2: 4 = 105—355’; o’ = 0°~100° and 285—

orientation proclivity in our Domain IV structures might o ]
contribute toward explaining mutagenic hotspot sequences 355, ' for (+) adduct= 185 —355’;

in vivo (49), if such hotspots are characterized by conforma- p' for (—) adduct= 0°—175°
tions that differ from those at coldspots, as has been Region 3:y = 0°—355; o’ = 105°—280;
hypothesized48, 49. However, other conformational rear- B for (+) adduct= 185 —355;
rangements such as exchanges between minor groove type ; . '
orientations and base displaced-intercalated orientations could p' for () adduct= 0°—175
well play an important role in defining hotspo®l(, 47, 58, Region 4.y = 0°-355; o' = 0°—355’;
59, 61). Whatever the conformations may be, primary steric B for (+) adduct= 0°—180’;

hindrance effects are likely to limit the range of allowable , _ _
orientations of the BP residue relative to the DNA. Moreover p' for (—) adduct= 180°—355

the methods developed here offer the opportunity to elucidate \yith this grouping, we computed the combined fractional

other systems by a similar approach. statistical weight\M, for each region (containing one low-
energy well) by summing the individual statistical weights,
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SUPPORTING INFORMATION AVAILABLE wheren; is the number of conformers in each one of the
four regions [ = 1, 2, 3, 4). In practice, only conformers

Two tables, one listing partial charges, topology, and atom with energiesAE; below 3 kcal/mol contribute significantly
type assignments for thetj and (-)-trans-anti-[BP]-N2- to the fractional statistical weight of a given region, but all
dG adducts and the other giving G, H, and TS values usedconformers in the region were included in the calculation.
to compute Table 3, and two figures showing the full set of  The conformational free energy of each wel], was then
o', f' energy contour maps af fntervals ofy for the () computed from the relationship
and (-)-trans-anti[BP]-N2-dG adducts, respectively. This

material is available free of charge via the Internet at http:// i CAE/RT
G =—RTIn 2 e ™
pubs.acs.org. i
1=

APPENDIX . .
To obtain the conformational entropy of each w&l, we

Computation of Statistical Weights, Thermodynamic Quan- first computep;, the fractional statistical weight of each
tities, and Energy Mapd he fractional statistical weighk conformer within its own well or region:
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n
§=-R) plnp

=

Conformational enthalpies for each wel;, are then
obtained from
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