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ABSTRACT. Abasic site (AP)-containing duplexes, with flanking adenine (A) or cytosine (C) bases, were
shown to be more stable with flanking A than with C baseg[S&, Hang, B., and Singer, B. (1999)
Chem. Res. Toxicol. 1217-923]. We investigated whether the lower-magnitude destabilization by an
AP site, with A neighbors, is a general effect of the purine versus the pyrimidine neighbors. Duplex
stability, as compared to that of the corresponding control duplexes, was markedly decreased by the
incorporation of the AP site (x) opposite any of the four bases. However, for the duplexes containing T,
A, or C opposite the AP site, replacement of the symmetric doublet flanking pyrimidine bases with purines
resulted in a smaller destabilization effect. The average stabilizing effect of the symmetric doublet purine
neighbors of an AP site opposite T, A, or C bases wasG.@ATy) and 1.3 kcal/molAAG°37) compared

to those of pyrimidine neighbors. In contrast, 8B pair reduced or eliminated the differential effect of

the neighbors. Using unrestrained molecular dynamics, it was shown that for the duplexes containing T
opposite the AP site, with doublet pyrimidine neighbors, there was a larger magnitude of curvature around
the lesion site than for the duplexes with the purines flanking the AP site. Purines flanking the AP site
tend to shift toward each other, creating overlap, in contrast to the flanking pyrimidines. This indicates
the possibility of stacking between purine bases at the AP site and can be the reason for the observed
smaller thermodynamic destabilization of the duplexes with the AAXAA and GGxGG central sequences,
as compared to those with TTXTT and CCxCC sequences. This work showed that for an AP site the GC
content is not the only determinant of duplex stability, but rather is influenced more by whether purines
or pyrimidines flank the AP site.

Abasic sites in genomic DNA are the most frequent, doublet neighbors of an AP site, incorporated into 15-mer
although rapidly repaired, lesion, @). Stability, conforma- double helices with all four possible bases opposite the AP
tion, repair, and replication of the abasic sites have beensite.
widely studied 8—13). Recently, we observed a correlation  Conformational studies of the AP site-containing DNA
between the thermOdynamiC Stablllty and the efﬁCiency of dup|exes showed that the presence of the lesion causes
cleavage byEscherichia coliendonuclease IV of APsite- conformational perturbations influenced by the type of
containing double helices by changing the neighbor se- gpposite (unpaired) base and/or the sequence context.
quences adjacent to the AP sité4). These neighbor  However, the regular B-DNA type geometry was maintained
sequences were symmetric triplets in 15-mer duplexes andfor the whole duplex. Local changes observed at the AP site
were composed of A and C nucleotides in different ratios. jncluded the orientation of the opposite base (both extra- and
The AP site, opposite T, strongly destabilized the duplex of intrahelical positions were observed)0( 15—18), kinking,
each nEighbor trlplet that was studied. However, when the and the Change in groove geometry of the DNA 0|igomeric
immediate neighbors of the AP site were C bases, the quplex (12, 17, 19, 20). It has also been shown that the degree
duplexes were more destabilized than when A bases weregf pNA bending is sequence-dependent and is also influ-
flanking the AP site. It could have been expected that the gnced by the type of opposite bas2l,(22). Recently,
opposite effect could occur with the more stabl€Cair.  diffusion rate studies showed that the presence of damaged

Since this effect was also observed with triplets with two sites, including AP sites, increased the DNA flexibiligd].
different GC contents, it was concluded that the effect might The increased flexibility close to the AP site was also

be due to more than chance. In the work presented hereshown by molecular dynamics simulatioriss).

this hypothesis is tested with all four possible symmetric The AP site causes significant changes in the thermody-

T This work was supported by NIH Grants CA 47723 and CA 72079 namic .Stabi”ty of a DNA oligonucleotide duplex. Thermo'
(to B.S.) and was administered by the Lawrence Berkeley National dynamics measures the global effect of the lesion on the
Laboratory under Department of Energy Contract DE-AC03-76SF00098. whole macromolecule and does not show whether structural
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1 Abbreviations: AP, apurinic site; MD, molecular dynamics; PME, showed t.hat thes? alterations are mainly Io_cal, ?XcepF for
particle mesh EwaldAT,, thermal destabilization. the bending. In this work, molecular dynamics simulation
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Scheme 1 scaled according to bond leng®8{. AMBER topology and
5 AGCGGNN x NN GAGCT 3' parameter files for the four B-DNA duplexes containirig 5

AGCGGGGXGGGAGCT-35-AGCGGCCxCCGAGCT-3

3 TCGCCNNMNN CTCGA 5 5-AGCGGAAXAAGAGCT-3,0r5-AGCGGTTXTTGAGCT-

*Where x is an AP site or A, T, C, or G, Mis T, A, G, or C, and 3’ where x is an AP site, and the corresponding comple-

Nis T, A, G, or C. . .

mentary strands were generated using xLeap. Additionally,
four DNA duplexes of the same sequence with the AP site
replaced with normal A were used as controls in the
simulations. The molecular modeling procedure described
below has been utilized for all eight DNA duplexes and
described in detail in a previous publication from this
laboratory 24).

To neutralize negative charges on phosphates, 28d\s
were placed around phosphate groups. A rectangular box was
added providing at least 10 A of explicit TIP3P water
molecules around each DNA duplex. At first, the water box
was subjected to a series of equilibration molecular dynamics
(MD) runs, while holding the solute fixed. Subsequent
equilibration steps, during which position constraints on
solute molecules were gradually relaxed, as well as the final
production runs, were carried out by using the particle mesh
Ewald (PME) method to treat electrostatic interaction.
Finally, series of energy minimization runs were performed,
MATERIALS AND METHODS during which positional restrain_ts were reduced l_)y 5.0 kcal/

mol each round. The unrestrained MD production runs of

OligonucleotidesThe 15-nucleotide unmodified control, 500 ps were initiated after heating the system from 10 to
as well as the abasic site (AP)-containing oligodeoxyribo- 300 K over the course of 10 ps. This simulation length has
nucleotides were purchased from Operon Technologies, Inc.been used successfully to obtain structural parameters for
(Alameda, CA) in HPLC-purified form. The “AP” oligo-  the other adduct-containing DNA duplexesi(29).
nucleotides contained a stabilized form of the AP site, the The MD trajectories were analyzed using the CARNAL
tetrahydrofuranyl residue which can be incorporated by module of AMBER 5.0. The final structure for each duplex
standard phosphoramidite chemistry using the phosphora-was produced by 1000 steps of minimization of the averaged
midite of 1',2'-deoxyribose (dSpacer, from Glen Research, structure from the last 250 ps of MD and analyzed with
Sterling, VA). The sequences used are given in Scheme 1.CURVES 5.3 to calculate the DNA curvature and base pair

Determination of the Thermodynamic Stabilithhe non- parameters30). The terminal base pairs were omitted in
self-complementary double helices were composed on a 1:1our analysis due to the known fraying effects, which were
molar basis. The molar absorbance for the single strands waslso observed in the simulations. Molecular structures were
calculated by the nearest neighbor approximation using thedisplayed and visually analyzed using Insight Il (Insight 1l
DNA/Oligo Quantitation software of a Beckman DU 7400 98.0, Biosym/MSI, San Diego, CA). All calculations were
spectrophotometer, as described previoudl$).( Double performed on a Silicon Graphics Origin 200 server interfaced
helices with a total strand concentratia®)(of 8 uM were with an O2 workstation (Silicon Graphics, Inc., Mountain
dissolved in 0.1 M NaCl, 10 mM sodium phosphate buffer, View, CA).
and 0.25 mM NgEDTA (pH 7.0). The absorptionmelting
temperature profiles were recorded in a Beckman DU 7400 RESULTS
diode array spectrophotometer from 5 to T@at 280 nm,
essentially as described previousi4( 25). The thermal
stability (Tm) and thermodynamic parameters for duplex  Melting of 15-nucleotide unmodified (control) duplexes,
strand dissociationAH°, AS’, andAG°37) were calculated  as measured previously in this and other laboratords (
from the melting curves of the duplexes, using the MeltWin 25, 31, 32), showed a clear “two-state” process, where only
version 3.0 program26). duplex and single-stranded coil molecular species are sup-

Molecular Dynamic Simulationslhe apurinic base was posed to be present at any temperature that was studied.
constructed by replacing the base of the adenine residue (A)Thermal dissociation of the AP site-containing 15-mers was
with the hydrogen H1, using the xLeap module of AMBER  also shown 14) to fit into the concept of two-state melting
5.0 7). To obtain molecular mechanics parameters for the (33, 34), even if sequence influenced exact molecularity in
apurinic base site, ab initio quantum mechanics calculationssome cases6]. The two-state nature of melting made
were employed using the HyperChem 4.5 program (Hyper- possible the use of the MeltWin software designed to extract
cube, Inc.). Atom-centered charges were obtained by fitting thermodynamic parameters from equilibrium melting curves
the electrostatic potential calculated ab initio at the 6-311G** (26). The melting curve of each duplex that was studied was
basis set level from coordinates optimized at the 3-21G level cooperative and reversible, and could be analyzed with
using the routines provided by the HyperChem program. MeltWin in the £30 °C range ofT, values with good curve
AMBER atom types were assigned according to published fitting (X? values were in the range of 1(). The melting
guidelines, and torsional and bond stretching constants werecurve with the corresponding fit generated by MeltWin is

was used for studies of groups of structures to find a
conformational answer to the general observations obtained
by thermodynamics, that is, for the differential effect of
neighbor bases of an AP site on destabilization. For this
purpose, 15-mer duplex structures containing T opposite an
AP site (x) were used with four sequence contexts: TTXTT,
AAXAA, GGXGG, and CCxCC. The use of the explicit
solvent, counterions, and particle mesh Ewald method for
the treatment of the electrostatic interactions in the modeling
procedure should provide a realistic representation for the
highly charged DNA system. Using the same molecular
modeling approach, this laboratory showed that the confor-
mational changes induced by the presence of axf-1,
ethenoadenine adduct with various sequence contexts cor
related with the thermodynamic stability of these 15-mer
duplexes 24).

Thermodynamics
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Table 1: Thermodynamic Parameters for the Thermal Dissociation
0774 - of 15-mer Control Duplexes As Determined by MeltWin Analysis
0.74 g T of the Beckman Melting Curves
0.71 - /’/ MeltWin analysis of the Beckman melting curves
o068 __.r" # Central T H; AH’ AS° AG®37
§ 065 sequence (°C) (%) (kecal/mol) (cal/K mol) (kcal/mol)
o L2 ,"‘
é 0.62 =
059 - [ 1 -TTATT- 58.4+0.2 314 108.1+1.0 300.0+3.2 15.07+0.02
) -AATAA-
0.56 -
053 - 2 -AAAAA- 576+02 326 107.9+2.2 300.2+6.9 14.59+0.32
-TTTTT-
oW 30 s s 6 T 80 3 -CCACC- 71.7+0.4 49.1 1205+04 323.4+1.5 20.20%0.07
Temperature (C°) -GGTGG-
Ficure 1. Melting curve f) and corresponding fit (red line) 4 .GGAGG- 66.1+02 409 1179204 321.3+0.7 18214011
generated by MeltWin for the AP-containing 15-mer oligomer with -CCTCC-

the central sequence AAXAA (x is AP). See Table 2 for the
thermodynamic parameters.

5 -TTTTT- 60302 364 107.3+0.1 295.8+0.1 15.59+0.05

shown in Figure 1. Tables-15 contain the thermodynamic -AAAAA-
parameters for melting, calculated by MeltWiAH°, AS, 6 -AATAA- 57.0£0.1 329 1063+09 296.0%2.7 14.520.05
AG°37, and T, at a duplex concentration of 8M), the -TTATT-

dlfferent|a|. values fp ' stab|||ty4Tm andAAG?s), and the 7  -CCTCC- 71.0+0.1 46.1 113.7+2.0 304.2+6.0 19.32+0.23
thermally induced increase in absorbance from 10 to 100 -GGAGG-

°C at 280 nm Kl2g0). The latter value was calculated directly

from the melting curve recorded with the Beckman spec- 8  -GGTGG- 68.3+03 466 111.1+11 2992+3.0 1827+0.18
trophotometer. -CCACC-

Control Duplexes 9  TTGTT- 63.0+02 386 112.5+1.1 308.5+29 16.79+0.14
i _ o -AACAA-
Data for the thermodynamics of dissociation of the

unmodified, control dup|exes are shown in Table 1. The 10 -AAGAA- 595+0.1 36.2 108.8+1.0 301.1+£3.0 15.46+0.07
values for these 15-mer duplexes ranged from 56 t6@6 -TTeTT-

in buffered 0.1 M NaCl. It changed according to the GC 11 _.ccGee- 756402 546 982+1.5 2555+4.6 18.94+0.14
content when the doublet neighbors were changed from TT, -GGCGG-

AA, CC, or GG to an AT, T-A, C-G, or GC parr, -GGGGG- 693+0.1 349 1184+2.1 319.6£63 1923+0.17
respectively, in the middle of the duplex. The thermal _CCCCC-

stability of the duplexes with the same GC content also
changed with sequence, that is, when the doublet base pairs

were flipped. The changes ranged from 0.8 to 83 The 13 -TTCTT- 61.8£04 328 104.4+04 285.6+09 1580+0.12
large effects were observed with GC doublets, such as -AAGAA-

between duplexes 3 and 4, and 11 and 12. The thermal,, . ,cax. 605202 330 1114225 3076478 1595+0.14
hyperchromicity Hysg) also increased with GC content. TTGTT-

However, sequence also had an effect. This effect was more

pronounced with the same duplexes that showed a large!s -CCCCC- 72303 448 104011 2751435 18.700.03

. . ) -GGGGG-

difference in theT, values on alteration of sequence

(duplexes 5 and 6, and 11 and 12). 16 -GGCGG- 70.5+0.1 468 101.2+£0.9 2683+28 17.940.11
The free energy change values for strand dissociation -CCGCC-

(AG°37) generally followed thd,, values with the exception aThe absorption (280 nm) vs temperature melting curves were

of a few duplexes with high GC content. This was duplex measured with duplex concentrations gid in 0.1 M NaCl, 0.01 M

11 whereAG°3; was lower than expected from the high sodium phosphate, and 0.25 mM JE®TA, with the pH adjusted to

7.0; Hago refers to the increase in absorption at 280 nm from 10 to 100

value. Enthalpy and entropy values were also lower. Ther- °C. The standard error fdize was -1.3%.

modynamic values for duplex 12, which contains eigh€G
pairs in a row, were, however, in line with those of the other
duplexes. A further example of a lower-than-expedi€fs;
value is that of duplex 16.

thymine (Scheme 1). Thermodynamic parameters character-
izing the thermally induced dissociation of the duplexes are
shown in Table 2.

The presence of the stabilized, tetrahydrofuranyl AP site
strongly destabilized all four duplexes, from about 14 to 20
°C and 5.6 to 7.4 kcal/mol. The changes in thermal stability
followed the changes in GC content, modulated by sequence

Thymine Opposite the AP Sife.the initial experiments,  (Table 2, duplexes 1720). Hyperchromicity changesifso)
the central AP site flanked by symmetric doublet nucleotides were also a function of GC content. Free energy change
in the 15-mer double helices was incorporated opposite avalues AG°37) followed the thermal stability values. The

Effect of the Sequence of Doublet Neighbors of an AP
Site on the Destabilization of 15-mer Duplexes as a
Function of the Opposite Base
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Table 2: Effect of the Change of Doublet Neighbors at an AP Site Opposite T on the Destabilization of 15-mer Duplexes As Determined by
MeltWin Analysis of the Beckman Melting Curves

MeltWin analysis of the Beckman melting curves
# Central Ty ATy Hys AH° AS° AG’3 AAG'y;
sequence (°C) °C) (%) (kcal/mol) (cal/K mol) (kcal/mol) (kcal/mol)

17 TTXTT- 39.0+0.1 -194%02 326 614+0.1 170.6+02 8.50+0.02 -6.57+0.03
(cl) -AATAA-

18 -AAxAA- 403+01 -173+£02 294 812+1.0 233.0+3.1 8.94+0.02 -5.65+0.34
(c2) -TTTTT-

19 -CCxCC- 559+03 -158+0.1 459 823+0.5 224.0%1.8 12.81+0.04-7.39+0.03
(¢3) -GGTGG-

20 -GGxGG- 522+04 -13.9+0.1 450 94.1+£04 2632+12 12.47+0.12-5.74+0.01
(c4) -CCTCC-

aThe absorption (280 nm) vs temperature melting curves were measured with duplex concentratioh iof @1 M NaCl, 0.01 M sodium
phosphate, and 0.25 mM PEDTA, with the pH adjusted to 7.Qi,s refers to the increase in absorption at 280 nm from 10 to XDO0The
standard error foH,go was+1.3%. The letter ¢ and the number in parentheses refer to the corresponding number of the control duplexes in Table
1.

ATq values were larger with the TT or AA duplexes (Table containing T opposite the AP site. The AP site destabilized
2, duplexes 17 and 18) than with the CC or GG duplexes the 15-mer duplexes more when the symmetric flanking
(duplexes 19 and 20). That is, the duplexes with higher GC doublets of the AP site were TT nucleotides (duplex 21) as
content at the AP site were apparently less destabilized, ascompared to AA nucleotides (duplex 22), or the CC
determined by thAT, values, than the duplexes with lower nucleotides (duplex 23) as compared to the GG duplex
GC content. However\AG°37 values did not follow the\ T, (duplex 24). The average difference was about’C.5n the
values. Instead, these values could be correlated with theAT, values and 1.15 kcal/mol in th®AG°3; values.
sequence at the AP site. When this sequence contained TheT,, and also the\G°s; values were higher in this group
purines, theAAG®3; values were smaller than those of the  of duplexes than in those with thymine opposite the AP site
sequences that contained pyrimidines. (Table 2, duplexes ¥720), although the GC contents were

The thermal stability Tn) of the two AP duplexes with  the same. The\T,, values were, however, lower than those
AA or TT neighbors was similar (Table 2, duplexes 17 and of the corresponding duplexes in Table 2, although the
18) and varied with sequence to only a small extent. tendency was the same; the higher GC content allowed less
Destabilizations, as compared to the controls (Table 1, destabilization (duplexes 23 and 24), and purine neighbors
duplexes 1 and 2), differed by abouf@ in theAT, and 1 (duplexes 22 and 24) allowed less destabilization than did
kcal/mol in the AAG°3; values. The stability of the two  the pyrimidine neighbors (duplexes 21 and 23). Tkig°
duplexes with CC or GG neighbors (Table 2, duplexes 19 values were higher for the duplexes with purine neighbors
and 20) varied significantly with sequence, as did the controls than for the corresponding duplexes with flanking pyrim-
(Table 1, duplexes 3 and 4). However, destabilizations alsoidines (duplexes 22 vs 21 and 24 vs 23), and there also was
differed by about 2°C and 1.6 kcal/mol. The purine a minimum difference of 1 kcal/mol in th&AG°3; values,
neighbors allowed less destabilization of the duplex by the similar to the results for the group of duplexes with T
AP site than the pyrimidine neighbors. opposite the AP site.

Transition enthalpy AH®) and entropy AS’) values Cytosine Opposite the AP Sitdable 4 contains the
generally change with the GC content of the unmodified thermodynamic data for the duplexes which contained a C
duplex, modulated by sequence. However, in the case of thishase opposite the AP site (duplexes—28). The T, and
group of AP site-containing duplexes (Table 2, duplexes 17  also theAG°3; values were lower for this group of duplexes
20), enthalpy and entropy values were different for the than for the corresponding duplexes with T or A opposite
duplexes with the same GC content, althodgB’s; values  the AP site (Tables 2 and 3), although the GC contents were
were similar (duplexes 17 and 18, and 19 and 20). The higher. On the other hand, ti2€T,,, values were much higher
enthalpy value was smaller when pyrimidine bases flanked in this group than in the groups of duplexes with T or A
the AP site, compared to when purine bases were theopposite bases. The higher GC content (Table 4, duplexes
immediate neighbors. 27 and 28) resulted in an average duplex destabilization lower

Adenine Opposite the AP Sit&denine, cytosine, and than the AT content (duplexes 25 and 26), although there
guanine were also incorporated opposite the AP site (Tableswas some overlapping (duplex 27). The difference in the
3-5) to test the stabilization effect of purine neighbors, as AT, value between duplexes with doublet purine flankings
compared to pyrimidines, observed for the duplexes with T versus the duplexes with doublet pyrimidine flankings
opposite the AP site (Table 2). The stability of duplexes with (duplexes 25 vs 26 and 27 vs 28) was greater thag,2
adenine opposite the AP site (Table 3, duplexes 24) observed for the other two groups (Tables 2 and 3). The AP
showed an effect similar to that observed with duplexes duplex with AA neighbors (duplex 26) was less destabilized
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Table 3: Effect of the Change of Doublet Neighbors at an AP Site Opposite A on the Destabilization of 15 Duplexes As Determined by
MeltWin Analysis of the Beckman Melting Curves

MeltWin analysis of the Beckman melting curves
# Central Tm ATm Hzao AH® AS° AG037 AAG°37

sequence (°C) C) (%) (kcal/mol) (cal/K mol) (kcal/mol) (kcal/mol)

21 -TTxTT- 425+0.1 -17.8+0.1 33.0 682+12 189.8+4.0 9.28+0.02 -6.31+£0.03
(c5) -AAAAA-

22 -AAXAA- 415+0.1 -155+0.1 29.8 85.0+0.8 244.0+2.6 9.30+0.05 -5.22+ 0.04
(¢6) -TTATT-

23 -CCxCC- 581+£0.1 -129+0.1 474 874+05 237.6+1.5 13.65+0.05-5.67+0.18
(c7) -GGAGG-

24 -GGxGG- 56.0+0.1 -123+03 447 98.6+28 2734+84 13.79+0.16 -4.48 +0.02
(c8) -CCACC-

2 The absorption (280 nm) vs temperature melting curves were measured with duplex concentratigh$ iof @81 M NaCl, 0.01 M sodium
phosphate, and 0.25 mM PEDTA, with the pH adjusted to 7.Q4,s0 refers to the increase in absorption at 280 nm from 10 to XD0The

standard error foHzgo was+1.3%. The letter c and the number in parentheses refer to the corresponding number of the control duplexes in Table
1.

Table 4: Effect of the Change of Doublet Neighbors at an AP Site Opposite C on the Destabilization of 15 Duplexes As Determined by
MeltWin Analysis of the Beckman Melting Cun/es

MeltWin analysis of the Beckman melting curves
# Central Tm ATm Has AH° AS° AG’s; AAG’3r
sequence (°C) °C) (%) (kcal/mol) (cal/K mol) (kcal/mol) (kcal/mol)

25 -TTxTT- 383+0.1 -247+02 30.0 62.8+04 1753+1.6 835+0.02 -844+0.12
(c9) -AACAA-

26 -AAXAA- 39.1+0.1 -204+0.1 298 80.9+06 232.9+1.9 8.62+0.02 -6.84 £ 0.08
(c10) -TTCTT-

27 -CCxCC- 53.1+0.0 -225+03 448 654+12 1742+39 11.32+0.06-7.62% 0.19
(c11) -GGCGG-

28 -GGxGG- 55.1+0.1 -142+0.2 447 902+1.6 2488+4.9 13.04+£0.12-6.19+0.04
(c12) -CCCCC-

aThe absorption (280 nm) vs temperature melting curves were measured with duplex concentratigh iof @1 M NacCl, 0.01 M sodium
phosphate, and 0.25 mM PEDTA, with the pH adjusted to 7.Qi,s0 refers to the increase in absorption at 280 nm from 10 to XD0The

standard error foH,go was+1.3%. The letter c and the number in parentheses refer to the corresponding number of the control duplexes in Table
1.

by 4.3 °C and 1.6 kcal/mol than the duplex with TT and 1.3 kcal/mol for theAAG°3; values when the AP site
neighbors (duplex 25). Similarly, the AP duplex with GG was flanked by AA or GG bases instead of by TT or CC
neighbors was less destabilized by 8@ and 1.43 kcal/ bases (Tables-24).
mol than the AP duplex with CC neighbors (duplexes 27  Guanine Opposite the AP SitBestabilization of the AP
and 28). The enthalpy values were higher for the duplexes duplexes was different when G was the opposite base (Table
with purine neighbors, as compared to those for duplexes5, duplexes 2932) compared to T, A, or C as the opposite
with pyrimidine flankings, and the enthalpy was well base. With G opposite the AP site, there was a 5
compensated by entropy in all cases which resulted in similar difference in theAT,, values between duplexes with TT or
AG°3; values for duplexes with the same GC content. AA neighbors (duplexes 29 and 30); however, a difference
Effective enthalpy-entropy compensation was also observed of only 0.12 kcal/mol was found between thAG°3; values.
with AP duplexes containing T or A opposite (Tables 2 and With the duplexes containing CC or GG neighbors, an
3). The AAG®°37 values were large, and the duplexes with opposite effect was observed; the duplex with the GG
purine flanking doublets (duplexes 26 and 28) were less neighbor was more destabilized, by 0.24 kcal/mol ar&i4
destabilized than the duplexes with pyrimidine flanking °C in the AT, , than the duplex with the CC neighbor
doublets (duplexes 25 and 27) by more than 1 kcal/mol. (duplexes 31 and 32). On average, the opposite G abolished
The average difference in duplex destabilization by an AP or changed the differential effect of the neighbors of the AP
site opposite a T, A, or C base was 3Q@for theAT,, values site on destabilization, as compared to the effects observed
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Table 5: Effect of the Change of Doublet Neighbors at an AP Site Opposite G on the Destabilization of 15 Duplexes As Determined by
MeltWin Analysis of the Beckman Melting Curves

MeltWin analysis of the Beckman melting curves
# Central Tm ATm sto AHO ASo AG°37 AAG037
sequence (°C) °0) (%) (kcal/mol) (cal/K mol) (kcal/mol) (kcal/mol)

29  -TTxTT- 41.9£02 -19.9+0.1 33.0 70.9+03 199.0+1.0 9.18+0.04 -6.62% 0.08
(c13) -AAGAA-

30 -AAXAA- 42.1£0.1 -184+0.1 312 84421 241.7+6.8 9.45+0.01 -6.50+0.12
(c14) -TTGTT-

31 -CCxCC- 60.0+03 -123+£0.1 435 92.7+21 2520+64 1449+0.21-421+£0.24
(c15) -GGGGG-

32 -GGxGG- 558+0.1 -147+02 418 947£15 261.9+4.6 13.49+0.08 -4.45%0.19
(c16) -CCGCC-

aThe absorption (280 nm) vs temperature melting curves were measured with duplex concentratioh iof @1 M NaCl, 0.01 M sodium
phosphate, and 0.25 mM PEDTA, with the pH adjusted to 7.0, refers to the increase in absorption at 280 nm from 10 to XD0The
standard error foH,g was+1.3%. The letter c and the number in parentheses refer to the corresponding number of the control duplexes in Table
1.

with T, A, or C opposite (Tables-24). Table 6: Global Interbase Parameters for the T Opposite the AP
The effect of GC content on thermal destabilizatidT () Site
was, however, the same as that observed with the other three[ Base siep* Tilt (%) Roll (9 Twist (%)
groups of duplexes that were studied; the higher GC content X=A | X=AP | X=A | X=AP | X=A | X=AP
(duplexes 31 and 32) showed less thermal destabilization YTk
by the AP site than did the higher AT content (duplexes 29 -_16 ;7 b mno_- 3 9 -16 35 31 13
and 30). The enthalpy values were different for only the R
duplexes with AT base pair neighbors (duplexes 29 and 30) |4 f7 % o & | 7 - 14 14 A u
and not for those observed for the other groups in Tables G24/T23
2—4. However, for duplexes 31 and 32, enthalpy values were | £ S G Qo | 6 e 1 27 34 14
. . 253124 123 RI22092)
very similar. C241T23
-Gg G7 xs Go Gio- -3 -14 -13 -19 34 51
-Cs Cas Taz CCyi-

Molecular Dynamics Simulations ) )
a|n each case, the base step that was analyzed consisted of thymine

Overall Structure.The overall stability of the simulations  opposite the AP site and the preceding base. The values have been
was evaluated by calculating root mean square deviationrounded up to the nearest whole number.
(rmsd) values of each 1 ps “snapshot” relative to the
coordinates of the initial (energy-minimized) structures for (TTXTT and CCxCC) (Table 6). These perturbations were
all four lesion-containing duplexes and the corresponding primarily observed for inter-base pair parameters such as roll,
controls. The duplex structures containing TTXTT and twist, and tilt. In the case of the TTXTT structure, the roll
CCxCC central sequences reached the conformational equivalue for the A24/T23 base step was about 2 times higher
librium, and rmsd values plateaued after 150 ps. The than for the control structure, TTATT (Table 6). A larger
equilibrium for the AAXAA and GGxGG structures was roll was also observed for the CCxCC structure. In the case
observed after 200 and 250 ps, respectively. Therefore, onlyof purines flanking the AP site, the roll values for the T24/
conformations generated during the 258D0 ps period of T23 step with the AAXAA structure and for the C24/T23
simulations were used to monitor the structural properties. step with the GGxGG structure remained close to the values
Higher average rmsd values were measured for the TTXTT observed for the controls. The twist values for the same base
and AAXAA structures (3.66+ 0.8 and 3.2+ 0.8 A, steps indicated untwisting of DNA at the AP site for the
respectively) than for the CCxCC and GGxGG structures structures with the pyrimidines flanking the AP site. A value
(2.314 0.5 and 2.44+ 0.5 A, respectively). All four AP of 13° was observed for the A24/T23 step in the TTXTT
site-containing structures remained in the B-DNA confor- structure and 14for the G24/T23 step in the CCxCC duplex.
mational family during the entire simulation. Previously It should be noted that the small values for the twist
reported NMR studies supported the B-conformation for the parameter of the AAAAA control structure can account for
AP-containing DNA duplexesle, 17, 20, 35). The base pairs  the known high flexibility of the A tracts in DNA3J6).
immediately adjacent to the AP site showed some perturba- Curvature as a Function of Flanking BaseBhe magni-
tion in the inter- and intra-base pair parameters. An extra- tude of DNA bending was also calculated for all four AP-
helical conformation for the unpaired T was not observed. containing and four control duplexes. The values for bending
However, significant perturbation in the interbase parametersas a function of the number of base pairs can be found in
for the unpaired T and the preceding base step was observedable 7. From these data, it can be seen that the magnitude
for the structures with the pyrimidines flanking the AP site of bending depends largely on the length of the analyzed
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Table 7: Bending vs Central Oligonucleotide Length calculate the differential destabilization values, the 16

Bending (F corresponding control duplexes were also prepared. Ther-
Central 5 it Top 5o modynamic parameters for the thermally induced strand
. X-A [ X-AP | X-A [ X-AP | X-A | X-AP | X-A | X-AP dissociation for all duplexes were calculated from equilibrium
TTxTT- absorptior-melting temperature profiles (Tables-%).
- - 14 5 8 22 4 30 6 18 .
AATAA All 15-mer duplexes were strongly destabilized by the
i N R N R . 0 single, site-specifically incorporated tetrahydrofuranyl AP
site. The most important conclusion drawn from the analysis
-CCxCC- . . e
-GGTGG- | 10 | 19 8 19 6 16 7 12 of thermodynamic data is that the less destabilized duplexes
GoxGo- were those in which purine bases flanked the AP site. This
-CCTCC- 7 7|4 12 9 13 8 i was shown by both thAT,, and AAG°;; values when the

opposite base was T, A, or C. In other words, flipping of
the neighbor base pairs affects the extent of destabilization
by an AP site. Thus, for 12 of the 16 duplexes, the average
segment. In the following analysis, only values for the stabilizing effect of the symmetric doublet purine neighbors
truncated 11-mer duplexes (central 11 base pairs) will be of an AP site was 3.2C for AT and 1.3 kcal/mol for
discussed to avoid the contribution of the terminal bases, AAGs7, as compared to the pyrimidine neighbors. When G
which showed fraying effects during the simulation. In all is opposite the AP site, the neighbor-induced differential
four AP duplexes, the presence of the AP site increased thedestabilization was also found to be smaller when the
magnitude of the DNA curvature in comparison with the neighbor bases were AA or TT nucleotides. However, this
values observed for the controls (Table 7). For the structure €ffect was absent when CC or GG nucleotides were the
containing the AAAAA central sequence, or A tract, there flanking bases. Thus, 14 of 16 possible combinations of
was only a small increase in the curvature when the centralflanking sequences and opposite bases in the 15-mer AP
A was replaced with the AP site (18s 16, respectively).  duplexes yielded similar results.

However, in the structures with the pyrimidines flanking the ~ The observation of the role of flanking bases is similar to
AP site (TTXTT and CCxCC) curvature values were larger our earlier finding with 15-mer AP duplexed4). In that
than for the structures with the purine bases flanking the case, by replacement of C with A bases in the neighbor
AP site (AAXAA and GGxGG). triplets, the difference between ti,, values was 47 °C

Base Qerlapping as a Function of the Flanking Sequence and decreased with increasing GC content. I? the work
at the AP SiteThe top views of the central 3 bp motif of all  Presented here, these differences ranged from T'@ &nd
eight averaged minimized structures produced by the model-With higher GC content, there was also less destablllzatlon
ing are shown in Figure 2. In all four control structures, the of the du.plex by an AP site. The differences betwa#G*s, .
bases flanking the central A showed almost no overlapping V&!ues did not depend on the GC content. The duplexes with
(Figure 2, right panel). In the case of the AP duplexes with symmetric A neighbors were then less destabilized by about

TTXTT and CCXCC central sequences (Figure 2, left panel, 1 kcal/mol than those with C neighbork)(This difference

top two structures), some displacement of the bases flanking!S V'Y similar to the average value calculated in our work
the AP site toward each other can be seen, but no significant(l'3 kcal/mol). The importance of the sequence context with

overlap was observed, as compared to the controls. However,reSpeCt to the thermodynamic consequences of the formation

in the AP site-containing duplexes with AAXAA and GGxGG  Of @n abasic site was recently reported by Gelfand e6l. (-
central sequences (Figure 2, left panel, the two bottom Their data showed that duplexes containing the GxG motif

structures), a significant overlapping can be seen betweenVere less destabilized than the duplexes with the CxC maotif,

the two bases flanking the AP site. This may be an indication (hUS Supporting the idea of a differential effect of the purine
of a distant, weak stacking interaction, which was produced Yersus pyrimidine neighbors on the AP site-induced desta-
by the molecular dynamics simulation. Note that the starting Pilization. . . L

structures for the AAXAA and GGXGG duplexes were The_dlffere_nces in the relative stablllz_mg _effect _caused
generated as B-DNA and have no overlap between the base§Y Purine neighbors, as compared to pyrimidine neighbors,

@ The values have been rounded up to the nearest whole number.

flanking the AP site. can be found in the differential enthalpy destabilization. The
enthalpy value AH°), which is thought to be influenced by
DISCUSSION base stacking, was always smaller, by about 20 kcal/mol,

when pyrimidine bases flanked the AP site than when purine

Abasic sites are known to significantly destabilize deoxy- bases were the immediate neighbors. A connection to the
ribooligonucleotide duplexes and to induce changes in duplexenthalpy is more pronounced when the changes im\tHe
conformation in the vicinity of the site of base log 9—11, values of the AP duplexes, compared to tkid°® values of
13). A recent finding showed that when A bases were the the control duplexes, are compared, that is, when the
flanking neighbors the duplexes were less destabilized, asdifferential enthalpy valuesNAH°®) are calculated and used.
characterized by thAT,, and AAG°3; values, than when C Duplexes with purine neighbors at the AP site had smaller
bases flanked the AP sitd4). To determine whether this AAH®° values than those with pyrimidines. The average
observation is a general phenomenon of the purine versusAAH® was —42.3 and—25.7 kcal/mol for duplexes with
pyrimidine neighbors, 16 AP site-containing 15-mer duplexes flanking TT (duplexes 17, 21, 25, and 29) and AA bases
were synthesized which contained all four possible symmetric (duplexes 18, 22, 26, and 30), respectively. The average
double neighbors at the AP site and all four possible basesAAH® was—32.4 and—21.5 kcal/mol for duplexes with CC
opposite the AP site in all combinations. Additionally, to (duplexes 19, 23, and 27) and GG flankings (duplexes 20,
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AAAAA-

—_

.

-GGxGG- -GGAGG-

Ficure 2: Top view of the central 3 bp motif of all eight averaged minimized structures produced by molecular dynamics simulations. The
left panel shows the AP-containing structures, and the right panel shows the corresponding controls (AP is x). To visualize the overlap
between the bases flanking the lesion site (or the central A base in controls), the pyrimidines flanking the AP site, or the central A base in
controls, are shown in blue at théénd and yellow at the’nd. The purines at theé Bnd are shown in light purple and at th'ee®d in

red. Note the significant overlap between the purines flanking the AP site in the AAXAA and GGXGG structures (indicated by arrows).

24, and 28), respectively. The smallefAH® values are likely effect of a base loss on enthalpy and also the differential
to indicate better stacking interactions at the AP site. effect of the neighbor bases, although the global stability
For duplexes with an Af& pair and TT or AA neighbors,  for the duplexes with the CCxCC-/G and GGxGG-/G central
the AAH® values were almost as high as those for the sequences also decreased significantly, as reflected by the
duplexes with T, A, or C opposite bases. However, the AAG°;; values. These decreases were among the smallest
differential effect on enthalpy by the neighbors almost that were observed. The G opposite FT@&TImismatch) and
disappeared in thAAG°3; values (only 0.12 kcal/mol vs  other exocyclic base adducts were also recently shown to
the average value of 1.3 kcal/mol). For the -&Pduplexes cause the smallest duplex destabilizati@s)(
with CC or GG neighbors, only very smaNAH®° values Our calculations for the duplexes with a T, A, or C base
were observed:-11.3 kcal/mol for duplex 31 anet6.5 kcal/ opposite the AP site can be interpreted as showing that the
mol for duplex 32. Thus, unpaired G diminished the negative purine neighbors, due to their potentially higher balsase
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overlapping energy, tend to close the gap created by the lossstarting structures containing both extra- and intrahelical

of a base more than pyrimidine neighbo2®); Molecular positions of the base opposite AP site can be used in the

dynamics simulations were carried out with a selected group future to validate our observations. It is reasonable to assume

of structures (four structures containing T opposite the AP that in some DNA duplexes used for thermodynamics

site and corresponding controls; Scheme 1, where M is T measurements the opposite base might be in an extrahelical

and x is an AP site or adenine) to prove or reject the position. However, we expect that the tendency of the two

conclusion of the thermodynamic calculations. purines flanking the AP site to stack still will be higher than
Previously, it had been shown that the presence of that of the two pyrimidines, thus compensating partially for

mismatch sites can alter DNA flexibility and curvature and the thermodynamically observed destabilization.

thus affect DNA-protein interactions, including recognition The differences in the local conformation at the AP site

(23, 37—40). Recent modeling and NMR studies demon- may provide an explanation for the observed differential

strated that the presence of the AP site alters the DNA thermodynamic destabilization by an AP site, which is

curvature {2, 21, 22). Our values for DNA curvature in the  dependent on whether purine or pyrimidine bases are flanking

structures with the pyrimidines flanking the AP site (TTXTT the AP site opposite a T, A, or C base.

and CCxCC) were larger than those for the structures with
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