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Abstract: A combination of UV spectroscopy, calorimetry, and density techniques were used to characterize the
thermodynamics of complexes with covalently bound hydrophobic pyrenyl residues in the minor groove of DNA
undecamer duplexes. The control duplex d(CCATCG*CTACC)/d(GGTAGCGATGG) and two adduct duplexes in
which the chiral {)-anti-BPDE and {-)-anti-BPDE (the7R,8S,9S,10Rand 7S,8R,9R,108nantiomers of/r,8t-
dihydroxy9t,10tepoxy-7,8,9,10-tetrahydrobenafijyrene) had been reacted covalently with the exocyclic amino
group of the guanine residue G* were studied (designated as-heid -)-BPDE duplexes, respectively). Both

of the BPDE-modified DNA duplexes exhibit lower helix-coil transition temperatures than the control duplex. The
complete thermodynamic profileAVY, AH, AG, AS, andAnyg+) for the formation of each duplex were determined

at 20°C. Duplex formation is primarily enthalpy driven, and is accompanied by an uptake of both counterions and
water molecules (negativdV). Relative to the unmodified duplex, the differential thermodynamic profiles of each
covalent adduct duplex reveal an enthatgntropy compensation; theAV value is only marginally smaller for the
(—)-BPDE-DNA than for the unmodified duplex, but the uptake of water is nearly 50% greater for-}hBRDE

duplex. Correlation of the thermodynamic data with the known NMR solution conformations of the -BPRA
complexes (de los Santos etBiochemistry1l 992,31, 5245) suggests that these differential thermodynamic parameters,
together with the similar values for the uptake of counterions, correspond to a differential hydration of the BPDE
residues that are exposed to solvent while in the minor groove of B-DNA. The formation of }#RDE duplex

results in a greater immobilization of structural water than in the case of{hBPDE duplex; these results suggest

that the bent conformation at the lesion site apparently gives rise to an enhanced exposure of the hydrophobic polycyclic
aromatic moiety of the covalently bound BPDE residue to the aqueous solvent.

Introduction a: b:

5'- ¢-C-A-T-C-G-C-T-A-C-C~ 3’

Alterations in the characteristics and structural properties of
DNA due to chemical carcinogens are widely believed to be
the critical factors which gives rise to mutations and the initiation
of tumorigenesid=* In sivo, polycyclic aromatic hydrocarbons ~ ow
(PAH) are metabolized to highly reactive diol epoxide deriva-
tives that bind covalently to DNA. Their biological activities TRANS- (-) ~BEDE-dG 3’7 C-C-A-T-C-G-C-T-A-C-C"3'
are markedly dependent on their chemical structures and
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stereochemical configuratioRs® Benzop|pyrene, one of the i ©© ()-BPDE Duplex

most widely studied PAH compounds, is metabolized in vivo ..

to highly reactive stereoisomeric bay region 7,8-dihydroxy-9,10- ‘@@ (+)-BPDE

epoxide derivatives. Particularly striking are the differences in  on" 5'7 €-C-R-T-C-G-C-T-A-C-C"3'
the tumorigenic and mutagenic activities of the chi@R (8- OH G-G-T-A-G-C-G-A-T-G-G

TRANS- (+) ~-BPDE-dG (+)-BPDE Duplex
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ent889 These differences have been attributed to the charac- (+)-BPDE-N2-dG lesions are associated with greater degrees
teristics and conformations of the covalent adducts derived from of bending or flexibility than the {)-BPDE-N2-dG lesions.
the binding of these two enantiomers to cellular DNA, and  The physical characteristics of these two stereocisomeric
differences in the processing of these lesions by cellular enzymeadducts have long been of interest®14.16-17.22 for gaining
systemg:® an understanding of the chemical basis of the differences in
The conformations of the covalent adducts derived from the their biological activities of the two chiranti-BPDE enanti-
binding of (4+)- and (-)-BPDE to DNA and other nucleic acids ~ ©Mers associated with the formation of these DNA adducts.
have been extensively studied by spectroscopic metHod. The availability of conformational informatiof¥; 1422especially
Recently, techniques have been devised to synthesize sufficientlyt€ detailed NMR structural featur&s;” has motivated us to
large quantities of stereospecific and site-specifip- @nd ()- compare the thermodynamic characteristics of theégesPDE-
BPDE-deoxyoligonucleotide adduéfs for spectroscopié? and (—)-BPDE-mpd!ﬁed o_Ilgo_mer duplexes._ ] o
thermodynamiés and high-resolution NMR studié&1? The Th_ermodynamlc investigations of the hetfigoil transition
major adduct formed with DNA involves trans additionasti- of oligonucleotides of defined base sequences have greatly
BPDE (C10 position) to Riof guanine as shown earlig#&-2t enhanced our understanding of the conformational transitions
¢ . _ 35 e :
On the basis of optical spectroscopic studies, it was suggesteoOf nucleic acid molecule¥!® Preliminary studies of UV

; . o - . melting curves at low oligonucleotide concentrationd.Q uM
that in adducts derived from the binding of eithéf){anti-BPDE . ‘
or (~)-anti-BPDE by trans-addition tc? 'NGuanin(e in an 11- strand concentration) have shown that the BPDE residues tend

. . - - - . to destabilize the oligonucleotide duplexXésin the present
mer oligonucleotides containing one single guanine residue

(duplexes of these modified 11-mers with their natural comple- work, we used density and isothermal titration calorimetry
meﬁtar strands are designated here-gjs and (~)-BPDE— P techniques to measure directly the volume change and enthalpy

y . 9 i . of formation,AHrc, of each duplex (shown in Figure 1b) from
DNA, respectively), the pyrenyl residues are exposed patrtially

. - . the mixing of their complementary strands. Duplex formation
to the aqueous solvent environmétitietailed NMR studies of is enthalpy driven, and is accompanied by an uptake of water

the solution structures of the-}-BPDE duplex” and the -)- molecules (negativé\V). The AV value for the ¢)-BPDE
BPDE duple%°'’have shown unambiguously that the benzo- y,jex of—209 mL/mol is larger than the value ef136 mL/

[a]pyrene ring lies in the minor groove of the DNA duplex. o) for the (-)-BPDE duplex, which is similar in magnitude
One face of the adduct makes extensive van der Waals contact$y the value of—144 mL/mol for the unmodified duplex.
with the sugar phosphate backbone of the complementary strandcomplementary measurements of the hetiwil transition of
while the other face is exposed to aqueous solvent. The chirality egch duplex, using differential scanning calorimetry and UV
of the BPDE enantiomers manifests itself in Striking OppOSite Spectroscopy me|t|ng techniques’ allow us to determine with
orientations of the pyrenyl residues in the adducts; in the ( proper extrapolations additional thermodynamic parameters
BPDE-DNA adduct the pyrenyl residue is oriented toward the (AG, AS, andAnya+) of duplex formation at 20C. Correlation

3" end of the modified strand, while in the-]-BPDE-DNA of the resulting and complete thermodynamic data with the
adduct it is oriented toward the Bnd!®*” Another striking  known structural characteristics of the BPBENA complexes
difference between these two isomeric BPEIENA duplexes suggests that these thermodynamic parameters, together with
is that the gel electrophoretic mobilities of theé)(BPDE- the similar values for the uptake of counterions, correspond to
DNA duplexes are significantly slower that those of the)« a difference in the hydration of the hydrophobic BPDE residues
BPDE-DNA duplexes>?® These observations suggest that the positioned in the minor groove of therf- and )-BPDE-
DNA adducts. This suggest that the formation of tHe)-(
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which the single guanine is modified at the exocyclic amino group Table 1. Isothermal Heat and Volume Change Measurements for
((H)- and ()-transBPDE-N2-dG adducts, respectively) were sepa- the Formation of Each Duplex from Mixing Their Complementary
rated from the reaction mixture, and characterized according to Strands at 20C.
procedures fully described earligr}* Extinction coefficients of the duplex AHprc (kcal/mol) AV (mL/mol)
unmodified oligomers in single strands at 260 nm were calculated for —
25°C using the tabulated values of the dimers and monomer Bases ~ Unmodified —82(k3) —144(£10)
; . - (—)-BPDE —47(*2) —136@11)
and estimated at high temperatures by extrapolation td6CQ56f the (+)-BPDE —49(+2) —209(+14)
upper portions of the melting curv&swhich correspond to the UV
temperature dependence of the absorbance of the single strands. A 2Values determined in 20 mM sodium phosphate buffer, 0.1 M NaCl
similar procedure was used for the modified oligomer strands, and a at pH 7.
value of 4 mM*-cm™ at 260 nm was used for the additional optical
contribution of the BPDE moiety. The concentration of stock aqueous rate of 0.75°C min~! with 5 repetitions. A buffer versus buffer scan
oligomer solutions was determined using the following extinction was subtracted from the sample scan and normalized for the heating
coefficients of strands at 260 nm and 8D, with all values given in rate, i.e., each data point was divided by the corresponding heating
mM~tcmt 98 (unmodified 11-mer'SCCATCGCTACC-3), 103 and rate. The area of the resulting curve is proportional to the transition
101 (BPDE-modified 11-mers'#&CATCG(—)BPPECTACC-3 and heat, which, when normalized for the number of moles, is equal to the
CCATCGH)BPPECTAC-C-3), and 115 for the unmodified comple-  transition enthalpy,AH... The instrument was calibrated with a
mentary strand’'sSGGTAGCGATGG-3. Similar extinction coefficients standard electrical pulse. The analysis of the shape of the resulting
(within 3%) were obtained by phosphate analysis. heat capacity functions allows us to calculate model-dependent enthal-
Stock oligomer solutions were prepared by dissolving the dry and pies, AHyu. Direct comparisons ofAH,y with AHcy permit us to
desalted oligomers in a buffer solution consisting of 20 mM sodium interpret the nature of the transitiéh.
phosphate, 0.1 M NaCl, pH 7.0. The stoichiometries of each duplex UV Melting Curves. Absorbance versus temperature profiles for
were determined spectroscopically using the method of continuous the oligomeric duplexes, at several strand concentrations and in buffer
variations in which one of the strands is mixed with the corresponding solutions containing 0 to 200 mM of NaCl, were measured at 260 nm
complementary strand while the total strand concentration is kept with a thermoelectrically controlled Perkin-Elmer 552 spectrophotom-
constant. All chemicals were reagent grade. eter interfaced to a PC-XT computer for acquisition and analysis of
Magnetic Suspension Densimetry.The volume change\V, that experimental data. The temperature was scanned at a heating rate of
accompanies the formation of each duplex was determined by measuringl °C min-1. From these melting curves we extract the midpoint
the density on weighed samples in a magnetic-suspension densimetetransition temperatureg,,, and the van’'t Hoff transition enthalpies.
at 20°C (£ 0.001)?° The AV value is calculated by measuring the  These parameters were calculated using standard procedures reported
mass and the equilibrium density of solutions before and after mixing; previously3! and correspond to the usual two-state hetivil ap-
the observed change in volumdy, upon adding strand A to its  proximation. From theT,-salt dependenceTf vs log [Na] plots)
complementary strand B to form a DNA duplex AB is given by: together with thél,,y’'s and enthalpies obtained from DSC experiments,
the amount of counterion release was estimated for each duplex.

Av =Mygloag — (Ma/pa + Mg/pg) (1)
Results
wherem is the mass in grams andis the density of the solutions in

grams per milliliter. The density of each sample is obtained by relating ~ Overview of Experimental Approach. In order to obtain

the measured voltage to the straight line calibration equation of voltage complete thermodynamic profiles for the formation of BRBE
versus density of aqueous KCI solutions of known density and its DNA adducts at 20C, and to correlate the resulting energetics
precision is<5 x 10°° g/mL. The concentration of each strand ranged with the molecular interactions observed in their solution
from 2.9 to 3.9 mM in residues. The value AV is obtained after  gtryctures, we first used magnetic-suspension densimetry and
normalizing theAv (in nanoliters) for the number of moles of the jsqthermal titration calorimetry to measure the volume change
limiting strand. To make sure that the duplexes are formed completely, and heat of duplex formation (from the mixing of complemen-
weighed duplex samples were heated to°80and cooled to room tary strands), respectively. The additiode andAS param-
temperature in tightly closed 0.4 mL. polyethylene tubes to prevent ete};s are det;ermirﬁ)ed frorr):.the standard thermodynzfmic profiles
evaporation.

T?tration Calorimetry. The measurement of the heats of mixing a Of the he|IX—COI| transition Of eaCh dup|eX. These are measured
single strand with its corresponding complementary strand #20  in DSC experiments and are temperature extrapolated Trpm
was carried out using the Omega titration calorimeter from Microcal to 20°C and corrected for the contribution of disrupting base
Inc. (Northampton, MAJ® Solutions of one strand were used to titrate  base stacking interactions in the single strands at@0 We
the complementary strand to form each duplex. A &0Gyringe was also used UV melting techniques (in conjunction with DSC)
used to inject the fitrant; mixing was effected by stirring this syringe poth to measure the amount of counterion release and to test
at 400 rpm. Typically 710 injections of 7uL each were performed 6 gnpjicability of two-state transitions, by comparison of van't
in a single titration, and the concentration (in strands) of the oligomer Hoff enthalpies with the model-independent enthalfy(a).

in the syringe was~20 times higher than the concentration of the . .
complementary strand in the reaction cel5 uM). The reference Formation of Each Duplex Is Accompanied by an Uptake

cell was filled with distilled water and the instrument was calibrated Of Water Molecules. We have used a magnetic suspension
by means of a known standard electrical pulse. The calorimetric densimeter to measure directly at 20 the change in volume
titrations were designed to obtain primarily the enthalpy of formation associated with the formation of each duplex from mixing its
of each duplex4Hrc) under unsaturating conditions and are obtained complementary strands. The results are listed in Table 1 and
by averaging the heats of the initial 4 to 5 injections. _ correspond to an average of at least two determinations; in these

Differential Scanning Calorimetry. The total heat of the helix experiments we used a slight excess of the complementary strand
coil transition of each duplex was measured directly with a Microcal gyer the BPDE-modified strand to assure complete duplex
MC-2 (Northampton, MA) differential scanning calorimeter (DSC).  ¢ormation, The negative\V values in Table 1 indicate that
Typically, an oligomer solution with a concentration of 0:3555 mM the formation of each duplex is accompanied by an uptake of
(in strands) versus buffer was scanned from 20 t¢®@Gt a heating

water molecules. ThéV term at constant temperature and

(27) Cantor, C. R.; Warshow, M. M.; Shapiro, Biopolymersl97Q 9, pressure results from the net change in the molar volume of
10?%3) Marky, L. A: Blumenfeld, K. S.: Kozlowski, S.: Breslauer, K. J water, and is essentially the net change in compression of the
Biopolymers1983,22, 1247. T T "7 water dipoles in response to the intermolecular setstaute

(29) Gillies, G. T.; Kupke, D. WRev. Sci. Instrum1988§ 59, 307. interactions. Thus, the observéd/ may be regarded as the
(30) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L. Anal. Biochem.
1989 179, 131. (31) Marky, L. A.; Breslauer, K. JBiopolymers1987 26, 1601.
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1.02 transition of each duplex is accompanied by an endothermic

‘ heat that corresponds primarily to the disruption of hydrogen

bonding and base-pair stacking interactions.

g 0.92} Differential Scanning Calorimetry and the Nature of the
<< Transitions. Typical excess heat capacity versus temperature
profiles are presented in Figure 3. While the last four repetitive
a scans of each oligomer duplex were reproducible, the first
0.82 : :
5

; showed typical deviations due to the conditioning of the DSC
25 45 65 85 . e
Temperature, °C cells to temperature and to contact of solutions. Each transition
3.2 ’ shows negligible changes in the heat capacities between the
initial and final states, and the area under these curves is

¥ proportional to the total endothermic hea@tHc.) needed to

N 34 disrupt these duplexes into single strands. The van't Hoff and
o calorimetric enthalpies measured from these curves are com-
& i

=

3.0 pared in Table 2. ThéH., value of 80.1 kcal moit for the
unmodified duplex is in excellent agreement with the enthalpy
20 , . b of 85.3 kcal mot?, estimated from nearest-neighbor param-
-14 -12 -10 -8 eters?* the small difference may be attributed to the use of 1
In[C+/4] M NaCl in the latter determination. In the case of the modified

Figure 2. (a) Typical normalized optical melts at 260 nm in 20 mM  duplexes relative to the unmodified undecameric duplex, we
NaPi buffer containing 0.1 M NaCl at pH 7 and at a fixed strand measured a decrease of 7.4 kcal Mah the enthalpy values
concentration of~18uM; unmodified duplex @), (—)-BPDE @), (+)- for the (—)-BPDE duplex and a decrease of 16.6 kcal mol
BPDE @®). b) Dependence of the transition temperature on strand for the ()-BPDE duplex. Comparison of the van't Hoff
concentration (4500uM) for each oligomer duplex in the same buffer; enthalpies AH.y), calculated from the shape of the DSC curves,
symbols as above. with the transition enthalpies measured directly by differential
. . scanning calorimetry, allows us to draw conclusions about the
net change due to the thermodynamic hydration of the solute, nay,re of these transitiofis. At this salt concentration, we
i.e, its degree of hydration. The significant observation is that obtainedAH,./AHey ratios of 1.12 for the unmodified dL,Jp|eX
the uptake of water molecules for the unmodified duplex and ;.41 00 and 1.09 for the transitions of theBPDE and {-)-
the (=)-BPDE duplex is the same, within experimental error, gppe guplexes, respectively. Thus, all three duplexes melt
while the uptake is about 50% larger for the)tBPDE duplex.  5ccording to a two-state transition model since these ratios are
Formation of Each Duplex Is Accompanied by Exothermic close to unity! It should be emphasized that this simple
Enthalpy Changes. In order to further characterize the analysis is only applied to melting curves.
thermodynamic characteristics of duplex formation, and to relate  counterion Release. The dependence df, on the sodium
these to the measured values&¥, we carried out titration  jon concentration for each of the three duplexes is shown in
calorimetric experiments at 2C, a temperature where duplexes  the inset of Figure 3. An increase in salt concentration results
are fully formed since the thermal melting points are signifi- in 3 typical increase in the overall stability of the duplexes. From
cantly above this temperature (see below). The results of theseg [inear regression analysis of tfig vs the log [N&] plots,
measurements are shown in Table 1. The exothermic enthalpies$|0pes ranging from 16 to 19C were obtained (Table 2). It

for the formation of each duplex result from the balance of has been shown that the values of these slopes are proportional
exothermic contributions (formation of base-pair stacks and/or tq the difference in the number of bound counterions in the
uptake of water molecules), and endothermic contributions (suchgjngle-stranded and double-stranded stéteés.:, according

as disruption of basebase stacking interactions in the single tg the equation, which assumes a similar type of counterion
strands); the uptake of counterions contributes little to the pinding to each state:

enthalpy of duplex formatio#?32 The magnitudes of these

enthalpies of formation depend on the nature of the duplex that dT /d In [Na*] = 0.9RT, 2AH )AN )

is being formed, being more highly exothermic for the unmodi- m cal™ Nar
fied duplex and 41% less exothermic for each of the two
modified duplexes. At 20C, this indicates a larger endothermic
contribution of disrupting base-stacking interactions of the single

:[s_trands contq;nlnfg the Iip(?E Im0|ety, since all other contribu- these values were calculated, are listed in Table 2. The values
lons are simiar for each dupliex. of Anyg+ thus obtained range from 0.13 to 0.15 per phosphate

UV Melting Curves. Melting curves (Figure 2a) were regidue. As expected, these values are somewhat lower than
measured by following the UV absorbance at 260 nm and total he value of 0.17 obtained for high molecular weight DNA,

whereAnyg = Nna+(ds) — nna+(SS), and 0.9 is a proportionality
factor for converting mean ionic activities to ionic concentra-
tions. The values oAnygt, as well as the variables from which

strand concentration ranging from 4 to 14M; hyperchro-  \yhich is characteristic of ion-binding processes that take place
micities of ~16% are observed at this wavelength of measure- \yiihin short DNA duplexes of this length with and without
ment with T's in the following order of duplex stability: |esjons® Relative to the unmodified duplex, the counterion

unmodified duplex> (—)-BPDE > (+)-BPDE; both observa-  rg|ease parameters of the modified duplexes is similar in value.

tions are consistent with previous resufts. Figure 2b shows  powever, the counterion release parameters among the modified
the typical linear dependence ofTi/ on In (Cr/4), the data  qgyplexes is different, corresponding perhaps to structural

points at the highest concentration in each plot obtained from pertypations, as discussed in a later section.

the DSC experiments. The relevant enthalpy data obtained from’  gtandard Thermodynamic Profiles of Duplex Formation.

these experiments are presented in Table 2. The etk In order to directly compare our thermodynamic results obtained
(32) Rentzeperis, D.; Kupke, D. W.; Marky, L. Riopolymers1993 (34) Record, T. M., Jr.; Anderson, C. F.; Lohman, T.®.Re. Biophys.

33 117. 1978 11, 103.
(33) Rentzeperis, D.; Rippe, K.; Jovin, T. M.; Marky, L. A.Am. Chem. (35) Zieba, K.; Chu, T. M.; Kupke, D. W.; Marky, L. ABiochemistry

S0c.1992 114 5926. 1991 30, 8018.
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Table 2. Standard Thermodynamic Profiles for the Heli@oil Transition of DNA Duplexes

UV melts differential scanning calorimetry

AHshape AHvH AHvH AHcal TAS:aI AGcal dTrn/d
duplex (kcal/mol)  (kcal/mol) Tm (°C) (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) log[Na'] (°C) Anna+ (per Pi)

unmodified  96¢:15)  97(t15)  62.6¢0.5)  904-9)  80.1¢-3) 69.9¢2) 10.24:0.4)  16.2¢:0.8)  0.14£0.01)
(-)-BPDE  82(13)  74{t11) 57.7€:0.5)  73(7)  72.7(3)  64.4{2)  8.3@0.4)  19.1¢0.8)  0.15{0.01)
(+)-BPDE  66(t10)  79(t12) 54.4(:0.5)  69(7)  63.5(3) 56.9(2)  6.6(-0.3)  18.9¢:0.8)  0.13{-0.01)

aValues were taken in 20 mM NaPi buffer containing 0.1 M NaCl at pH 7.0. The transition enthalpies were obtained as foHigwgsfrom
the shape of optical meltayH,y from the slopes of I, vs In C{/4 plots; the calorimetridAH,y4 from the shape of DSC curves; atdHc, from
the area of the DSC curves. All the thermodynamic parameters are per mole of total dupleX. Vidiges correspond to a strand concentration
of 0.5 mM.

6 Table 3. Complete Thermodynamic Characterization for the

o Formation of DNA Duplexes at 20C?
o :: / AHrc TAS Anyat

R AG (kcal/ (kcal/ (per AV
EEEEE duplex  (kcal/mol)  mol) mol)  duplex) (mL/mol)

logiNa+)

unmodified —10.4¢£0.6) —82(+3) —72(:3) 2.9(t0.2) —144(£10)
(-)-BPDE  —5.4(£0.6) —47(+2) —42(3) 2.0(:0.2) —136(11)
(H)-BPDE  —5.1(£0.6) —49(+2) —44(x3) 2.1(t0.2) —209(14)

aThe AG (from the corresponding DSC parameters) akola+
values have been corrected by the fadibtirc/AHca, Which includes
the contribution of single-strand base-stacking interactions &C20

ACps kcal/K-mol
o = N W &K O

2 1 1 1 1 1

_1 ] 1 1 n L " L s L
20 30 40 50 60O 700 80 90 100 include the increased contribution of single-stranded base-
Temperature, C stacking interactions at Z—L. The overall favorable free energy

Figure 3. Differential scanning calorimetry curves for each duplex in  terms of duplex formation in each case result in the characteristic
20 mM NaPi buffer containing 0.1 M NaCl at pH 7. The area under partial compensation of exothermic enthalpies with unfavorable
these curves corresponds to the transition enthalpy of each oligomerentropies, the latter term corresponding primarily to the uptake
duplex: unmodified duplex®), (—)-BPDE (a), (+)-BPDE @). The of both counterions and water molecules. The lower stability
concentration in single strands was 504 for the first two duplexes and lower enthalpic contribution of the BPBIDNA duplexes,
f”d 3.’?0”'\:' for thet(J“)'E;PDE dlr‘]plel.x' 'nset:dsallt depf”d?.”c‘a Oftthed relative to the unmodified duplex, may be explained in terms
ransition temperature tor eacn oligomer auplex, at a fixed stran . . . . .
concentration Fc))f»6 UM, in same buf?er and adrj)usted to the required of dlfferences_ in base-pair stacking, hydrogen _bond!ng, and
NaCl concentration. :)r:/:rsagllvrg]otlratlon due to exposure of hydrophobic moieties to

in melting experiments of each duplex, we present tabulated . i

values ofAHca, AGea, andTAS.4 in Table 2. All values have Discussion

been extrapolated to the common temperature of@Qthe Solution Structure of the (—)-BPDE- and (+)-BPDE
temperature at which thAV and AH;rc measurements were  pyplexes. In order to correlate our thermodynamic parameters
made. TheA&, function was obtained in DSC experiments  with the molecular interactions observed in the solution structure
from the area under the curve 8fCy/T vs T, and AG.a Was of the modified duplexes, we will briefly summarize studies of
calculated from the standard Gibbs equation at@0 Overall, the solution structure of the)-BPDE duplex and the)-

in all three cases, the free energies of formation are negative;BPDE duplex obtained from NMR experimenfs’ In both
these favorable free energy changes result from partial com-structures, the aromatic pyrenyl ring systems are situated in the
pensation of favorable changes in enthalpy and unfavorable minor grooves of duplex DNA. This kind of positioning of
entropy changes. The significant observation is that, relative the adducts results in a widening of the minor groove with the
to the unmodified duplex, the decrease in stability, by 4.9 and interstrand phosphate to phosphate distance increasing from 4.0
8.2°C, of the ()-BPDE and ¢)-BPDE duplexes, respectively, A at each of the ends of the _duplex to 8.1 A at th_e adduct site.
corresponds to unfavorable free energy changes of 1.9 and 3.gone face of the pyrenyl rg5|due has an extensive number of
kcal mol™t, respectively. These differential free energy changes vr?n der V\llaals contacts V\ch :']Ie sEgar Eho?phat_e backbor:je of
reflect the loss of the heats of formation which are not quite the complementary strand while the other face Is exposed to

ted by f ble ch in th t N Tabl solvent. In spite of the number of molecular contacts of the
compensated by favorable changes in the entropy terms (Ta €adduct and the duplex, the duplex is minimally distorted and

2)- the (BPDE)-dG-dC base pair maintains the Watson Crick base
Corrected Thermodynamic Parameters for the Formation pairing with all of the hydrogen bonds intact. Although the

of Duplexes at 20°C. The similarity of the enthalpies\Hrc pyrenyl residues in both the-)-BPDE and {)-BPDE duplexes

= AHcy) for the formation of the unmodified duplex at 2@ are situated in the minor groove, the NMR experiments show

indicates a negligible contribution from base-stacking interaction definitively that there is a remarkable difference in the adduct
of the unmodified single strands, while the lows,rc values orientations which is a result of the chirality of the two BPDE
for the BPDE-DNA duplexes (by 33-35 kcal/mol) show the ~ €nantiomers®!7in the case of the{)-BPDE duplex, the adduct
expected endothermic contribution due to a weakening of is oriented toward the'3nd of the modified strand, while in
stacking interactions in the modified single strands. Therefore, € (+)-BPDE duplex the adduct is oriented toward tfiesd

for a proper comparison with the isothermal heat and volume of the modified strand. These adduct orientations were found
measurements, thsGe, andAny,+ terms have been correctéd earlier by energy-minimization searches of the potential energy

by the enthalpy factoAHrc/AHcg to yield the thermodynamic (36) Rentzeperis, D.; Kupke, D. W.; Marky, L. ABiochemistry1994
profiles of Table 3. These corrected terms would therefore 33, 9588.
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surface using the program DUPLEX;however, it was not interactions, hydrogen-bonding, van der Waals interactions, and
possible to conclude that the experimentally observed adductendothermic contributions due to increased hydration and base
orientatiort” was indeed the lowest energy conformer since a stacking of the single strands. The inclusion of BPDE in the
major groove adduct with a similar energy was also fotihd. maodified duplexes decreases the exothermicity of the enthalpy
Very recently, Fountain and Krugh characterized the solution by 35 and 33 kcal mott for the (-)-BPDE and ¢)-BPDE
structure of the {)-BPDE-dG adduct in a 11-mer duplex, duplexes, respectively (Tables 2 and 3). This can be attributed
where the main structural features are similar to those observedio the widening in the minor groové;in addition, the ¢)-
earlieri® but these authors reported the existence of more thanBPDE duplex is bent and more flexible at the adduct site.
one conformation for the bound adduct, due to differences in Several possibilities can explain these enthalpy differences: (i)
DNA sequence (the modified d@C base pair is actually flanked  the widening of the minor groove could conceivably result in a
by (5 to 3) dT-dA and dCdG base pairs). net loss of optimum base-pair stacking interactions at the adduct
There is another structural feature that distinguishes-the ( sites, affecting up to three base-pair stacks, with no loss of
BPDE and {)-BPDE duplexes, at least when the modified hydrogen bonding; (ii) the placement of a molecule in the minor
guanine residues are flanked b¥?Tor G23° residues on both  groove of B-DNA will result in the release of electrostricted
sides. In both cases the electrophoretic mobilities of the ( water, an endothermic contributitri2that may be similar with
BPDE duplexes with trans-adduct stereochemistry were sig- both modified duplexes; (iii) the similar area covered by both

nificantly slower than the mobilities of th#ans(—)-BPDE adducts will result in similar van der Waals contributions, with
duplexes, suggesting that there is a greater degree of bendinghe exception of the specific atomic groups of BPDE that are
at the site of the lesion in the case of the){BPDE duplex. exposed to solvent that would contribute exothermically due to

These results are consistent with flow linear dichroism studies a differential hydrophobic hydratio#;and (iv) the bent or more

which show that {)-BPDE covalently modified native DNA  flexible structure of the {)-BPDE duplex could account for

is more flexible than €)-BPDE modified DNAZ32:39.40this the larger enthalpy difference due to the higher ordering of

increased flexibility gives rise to a shorter apparent persistencehydrophobically bound watéP. The endothermic contribution

length in the case of theH)-BPDE-DNA adducts?3a41 of single-strand stacking of the complementary strand can be
Complete Thermodynamic Profiles for the Formation of assumed to be similar for all three duplexes and substantially

Each Duplex at 20°C. In order to discuss the observed different for the two modified strands.

thermodynamic parameters in terms of molecular and structural  The overall entropy change is equal to the sum of the

parameters, it is useful to cast the formation of a DNA duplex following contributions: theASn (the loss of entropy due to

from two complementary single strands (S8d S§) into the a bimolecular association reaction) addm (the loss in
following general form: entropy due to the complementary nature of the oligomers).
These two contributions are identical for all three duplexes.
SS, +S§ + nNa™ + n'H,O — duplex 3) ASonf (changes in the oligomer configuration in going from

single strand to duplex) is somewhat less unfavorable for the

All of the thermodynamic parameters reported in Table 3 at 20 modified duplexes because of their more rigid structuteSs,

°C refer to the above reaction. Each single strand and each(uptake or release of counterions) is marginally similar for all
duplex has associated with it a certain number of sodium ions three duplexes; andlS,yq (uptake of water molecules) is similar
and bound water molecules. Formation of duplexes from the for the unmodified and~)-BPDE duplexes, but is substantially

two single strands may be accompanied by changes in thesedifferent for the (-)-BPDE duplex according to ounV
parameters. measurements which correlates with the degree of reordering

The overall free energy of formation of a DNA dup|ex of water. This may be inconsistent with the lower unfavorable

includes the following contributions: (1) loss of entropy due €entropy term obtained in calorimetric melting experiments of
to the bimolecular asssociation of two strands; (2) loss of entropy the (+)-BPDE duplex (Table 2). However, the energy contribu-
due to the symmetry of the sequence (a combinatorial factor tion of the A4 term in the melting of a nucleic acid duplex
due to the complementarity of the two oligonucleotides), both is usually small and is easily compensated with the increase in
terms contributing unfavorable free energy terms; (3) a favorable temperature.
free energy term due to base stacking interactions; and (4) a The volume change accompanying the formation of a nucleic
free energy term associated with the hydrophobic BPDE residue.acid duplex is interpreted to reflect changes in the electrostriction
The first two terms are identical for the unmodified and the and/or hydrophobicity of water dipoles, which are immobilized
two BPDE-modified DNA sequences. The third term should by each of the participating species. These two effects tend to
be not significantly different either, because the NMR data compensate each other in this type of reaction. For the
suggest that the basic hydrogen bonding and base stackingcomparison of the thermodynamic profiles of the duplexes at
parameters are similar in all three duplexes except that there is20 °C (see next section) we are assuming that the modified
a widening of the minor groove in the immediate vicinity of strands have a similar contribution to th&/; this may be true
the BPDE residue®:1? The observed differences in the free because these two strands have a similar chemical composition.
energy terms should thus depend primarily on the interactions  Differential Thermodynamic Profiles Indicate a Higher
and structures of the BPDE moieties in the minor groove of Ordering of Structural Water for the ( +)-BPDE Duplex.
the (+)- and (-)-BPDE duplexes. Comparison of the isothermal thermodynamic parameters for
The observed enthalpies of duplex formation are different the formation of each of the BPBEDNA duplexes with those
and comprise exothermic contributions from base-pair stacking of the unmodified duplexes yields AAG (AG(modified) —
(37) Singh, S. S.. Hingerty, B. E.. Singh, U. C.. Greenberg, J. P.: AG(unmodified)) of+5 kcal/mol of duplex. This results from

Geacintov, N. E.; Broyde, SCancer Res199], 51, 3482. a partial compensation of an unfavoraldé&\H ¢ of 34 kcal/
(38) Fountain, M. A.; Krugh, T. RBiochemistryl993 34, 3152. mol of duplex with a favorableA(TAS) of 29 kcal/mol of
19%9)25”1‘23;8”' M. Nordin, B.; Jernstrvm, B.; Gislund, ABiochemisty  qyplex, and a similar differential counterion relead@\nya+
(40) Roche, C. J.; Geacintov, N. E.; Ibanez, V.; Harvey, RB®phys. of ~0.8 mol of Na& per mol of duplex. However, thAAV
Chem.1989 33, 277.
(41) Narden, B.; Kubista, M.; Kurucsev, TQ. Re. Biophys.1992 25, (42) Gasan, A. J.; Maleev, V. Ya.; Semenov, M.Stud. Biophys199Q
51. 136, 171.
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terms show a marginally positive value 8 mL per mol of (b) Duplexes Containing Extrahelical Bulges. The helix-
duplex for the -)-BPDE duplex, but a clearly negative value coil transition of duplexes containing imperfections, such as
of —65 mL per mol of duplex for the)-BPDE duplex. The bulge bases and base-pair mismatches, is accompaniggy
similar signs of the differential enthalpyentropy compensation  and transition enthalpies that are lower in magnitude than those
and AAV for the (-)-transBPDE duplexes are characteristic  of their fully paired parent duplexes. The melting behavior of
of processes that are driven by differential hydration due to our modified duplexes can be viewed as being similar to that
electrostrictior’>**“*while the opposite signs of the differential  of quplexes containing extrahelical bulges, which show intact
enthalpy-entropy compensation and the\V for the (F)-trans-  pase pairing and base-pair stacking interactions with the
BPDE duplexes are characteristic of processes that are drivengyirahelical bulge base phasing the major groove of DNA and
by a differential structural hydration as has been described partially exposed to solverit;depending on the nature of the
previously3® This strongly suggests a greater exposure of bulge base, these duplexes are bent. Zieba &t r@ported
hydrophobic residues to the aqueous solvent environmentinthethermodym{miC data of such systems in which the reduced

case of the £)-BPDE-DNA than in the case of the~{)- stability of the duplexes containing the bulged bases adenine
BPDE-DNA duplexes. . .
and thymine corresponded to reduced unfavorable enthalpic

Comparison with Previous Thermodynamic Results of interactions with an increase in the uptake of both counterions
Related Systems. (a) Duplexes Containing AdductsThere . . P
and water molecules; a higher amount of structurally (hydro-

are relatively few additional studies of the thermodynamic . . ]
characteristics of oligonucleotides covalently modified with PNopic) bound water was reported with the duplex having the
bulky hydrophobic aromatic polycyclic aromatic hydrophobic A bulge. Therefore, we proposed that the enhanced hydration
residues. Using UV spectroscopic techniques, Cosman et®f the (F)-BPDE-DNA duplex as compared to the--BPDE-
al.1%244have studied the melting profiles of analogo#y-(and DNA duplex can be correlated with the_ obs_ervec_j pronounced
(—)-BPDE-N2-dG trans-addition product in the sequence 5  local bend of this duple®? Structural distortions induced by
CACATGTACAC-3 complexed with its complementary strand ~ the binding of bulky mutagens and carcinogens to DNA, and
5-GTGTCAGTGT-3; at a 10uM concentration of modified differences in the extent of hydrations of these hydrophobic
strands in the duplex form, tHB, values were 45.2, 32.1, and  covalent bound ligands, may play important roles in the
27.9 °C for unmodified and €)-BPDE- and {)-BPDE- interactions of the damaged DNA with regulatory, repair,
modified duplexes, respectively, under the same buffer condi- replication, and other proteins.
tions as used in this work. Consistent with the results reported
here, bothtransBPDE-modified duplexes are destabilized Conclusions
relative to the unmodified double-stranded oligonucleotide;
however, the {)-trans adduct exhibits a somewhat lower =~ Complete thermodynamic profiled\d, AV, AG, AS and
melting point than the «)-transBPDE adduct, which is Anngt) for the formation of each duplex were determined at 20
different from the relative ordering of thB,’'s obtained by us °C. Relative to the unmodified duplex, the - BPDE-DNA
(Table 3) and by Y¥® for our oligonucleotide sequence, in and ()-BPDE-DNA duplexes are characterized by lower
which the BPDE-modified G is flanked by two C’s rather than thermal stabilities that are primarily due to lower exothermic
by two T’s. The extent of destabilization of the duplexes thus enthalpies of formation of the BPDE-modified duplexes. The
depends not only on the configuration of the substituents aboutformation of each of the three duplexes is accompanied by
the four chiral carbon centers in the covalently bound BPDE ynfavorable entropies of formation, which is attributable to an
residues but also on the bases flanking the lesion, as well as onyptake of both counterions and water molecules. AWevalue
the sequence context of the complementary stt&hd. is only marginally smaller for the)-BPDE-DNA than for
Stezowski et af> have studied the melting temperatures of he ynmodified duplex: however, the uptake of water is
three different oligonucleotides 7, 9, and 15 baseg Iong in which significantly greater in the case of thé-BPDE duplex than
a 7-methylene-12-methylbenzggnthracenyl m_0|e.ty 1S €0 for the other two types of duplexes. Analysis of the thermo-
valently attached to the Nposition of an adenosine; this bulky dynamic data, together with nearly identical changes in bound

P;Ml;' rl:r)]loeilr:ytf:S tr)r:eh.e\:edr tovreS|'(\jle gt alnxextt?,\rlnc';ll ?'T?r:ng \?vlitti, counterions Anyg+), suggests that the largéV value for the
probably € major groove.  INo duplexes were forme formation of the ¢)-BPDE-DNA duplex than for the {)-

the complementary strand in the case of the 7-mer, and the . . . N
; . - BPDE-DNA duplex is due to a difference in the hydration of
duplexes resulting from the alkylated 9-mer and 15-mer were the BPDE residues that are exposed to solvent in the minor

destabilized by the polycyclic aromatic residues. Casale and
McLaughlir?® have studied a covalently modified 13-mer grooves of B-DNA. These results strongly suggest that the

oligonucleotide duplex d(GTTATCCG*CTCAC)/d(GTGAGCG-  formation of the {)-BPDE duplex results in an additional
GATAAC) containing an R-(anthracen-9-ylmethyl) moiety at immobilization of water molecules; the bent conformation at
the starred guanosine residue, most likely situated in the minor the lesion site of the+)-BPDE-DNA duplex* apparently gives
groove. The melting data were consistent with a two-state "S€ to greater exposure of the hydrophobic groups of this
model, and the modified duplex was destabilized Codue ~ covalent bound BPDE moiety to the aqueous solvent.
to changes in the entropy rather than enthalpy of melting. In
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