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Systematic substituent effects on the stability of the hydrogen bonding between 9-methyladenine (A) and
1-methyluracil derivatives (¥) having various substituent groups were studied. The hydrogen bond stability

of mismatched base pairs between 9-methylguanine (G) and the tautomeric enol structres g was

also estimated. Geometry optimization of these bases and their base pairs using the 6-31G* basis set was
carried out by HartreeFock (HF) self-consistent field (SCF) and the density functional theory (DFT) using
Becke's three-parameter hybrid method with Predew/Wang 91 expression (B3PW91). The strength of hydrogen
bonding was evaluated at the HF level and the second-order M#llesset correlation energy correction
(MP2) level in some cases. The calculated values for the hydrogen bonding strength using DFT were situated
between those obtained by using HF and MP2 but closer to the latter than the former. Introduction of an
electron-withdrawing group (EWG) into the uracil ring resulted in the formation of more stable hydrogen
bonding. These results indicate that the hydrogen bond betieehU and Nt of A is crucial for the A-U

base pairing.

Introduction H\ & donating

There are several basic principles for construction of the N N—— 0 X
unique structure of a nucleic acid duplex. Nucleic acid is ﬁ HBond B \\
composed of a base, sugar, and phosphodiester backbone, and / \ HBond A \
their components exhibit complex intra- and/or intermolecular /N Nz H——N Y
interactions. The hydrogen bonding of base pairs is a funda- Me ——/ € accepting N
mental force for molecular recognition in the duplex formation \
of DNA—DNA, DNA—RNA, and RNA-RNA! and plays an o Me
important role in heredity and mutatidrivloreover, its impor- Figure 1. Electron transfer mode in hydrogen bonds between 9-

tance is now stressed because of recent medicinal applicationgnethylladenine (A) and 1-methyluracil derivative’{U

of base-modified artificial oligonucleotides to gene thefamyd
antisense/antigefistrategies. Therefore, many studies directed

toward the chemical synthesis of functional base-modified ;.4 an electron-donor site at the exocyclic oxygef(()) of
nucleic acid derlvatlve§ have been re.poﬁédowever, there ._the uracil 4-position when it forms hydrogen bonds with the
are few theoretical studies of the substituent effect of base PairSgndocyclic nitrogen (NA)) of the adenine 1-position and the
on the stability of the hydrogen bofdParticularly, no exocyclic hydrogen SNH(A)) of the adenine 6-position,
systematic studies of ab initio molecular orbital calculations of respectively (Figure 1). The former hydrogen boncFiéfU)-
modified base pairs have appeared to date. Only natural basesyi(a) seems to be reinforced by introduction of an EWG on
adenine, guanine, uracil, thymine, and cytosine, and their baseUx while the latter is weakened
pairs have been chosen for the theoretical calculation during I,n this paper, we report systématic theoretical studies of
the p?bs7t two decadéshlthough there are several types of base g qitent effects on the hydrogen bond stability of base

i e ick- i . . . . . .
pairs;> ¢ the WatsorCrick-type base pairs are the most .o \where thymine is considered as a 5-methy! derivative of
Important. The_WatSOHC”Ck A-U bas_e pair has the S|mp_lest_ U. In addition, the results obtained by using HF, MP2, and DFT
hydrogen bonding mode among the hitherto known nucleic acid .-, 1ations were compared. During the past decade, studies

base pairs. It is, however, difficult to predict the substituent ¢ 1o prediction of chemical structures using fiEve been
effect on the whole hydrogen bond energy, because theincreasingly reported.

directions of the charge localization in the two hydrogen bonds

are opposite to each other. Namely hls an electron-acceptor
site at the exocyclic hydrogedH(U)) of the uracil 3-position
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Figure 2. (A) Substitution effects of base pairs between 9-methyladenine (A) and substituted 1-methyluracil deriv&ieshi{itrogen bonding
energies AE, kcal/mol) at various levels using the 6-31G* and 6-31G** basis sets. (B) Substitution effects of base pairs between A a@d U
on hydrogen bonding energieAH, kcal/mol) at the HF or HF-MP level and B3PW91 or B3PW91-MP2 using the 6-31G* basis set.

TABLE 1: Substitution Effects of Base Pairs between 9-Methyladenine (A) and Substituted 1-Methyluracil Derivatives (¥) on
Hydrogen Bond Energies AE, kcal/mol) at Various Levels Using the 6-31G* and 6-311+G** Basis Sets

HF HF-MP2 B3PW91 B3PW91-MP2
substituent 6-31G* 6-3H+G** 6-31G* 6-311++G** 6-31G* 6-311++G** 6-31G* 6-311++G**
5-NO, —10.31 —9.99 —13.55 —13.22 —12.48 —12.41 —13.25 —13.19
5-F —9.72 —9.43 —12.96 —12.63 —11.90 —11.80 —12.69 —12.64
5-H —9.43 —9.18 —12.59 —12.31 —11.63 —11.47 —12.34 —12.31
5-NH. —9.01 —8.82 —12.12 —12.08 —11.06 —11.03 —12.01 —12.12

of the optimized structures using second-order MglRlesset
perturbation (MP2) for electron correlation were carried out at

stable Hoogsteen-type-AT base pair. Actually, this calculated
value was not fitted to the experimental déta.

the same basis sets. All of the MP2 calculations were performed Therefore, the effect of basis function was evaluated at

with the frozen core approximation. It was impossible to

the HF level. The structures of A, U, and-AJ base pairs

optimize base pair structures at the MP2/6-31G* level becausewere optimized with some basis functions from 6-31G to

such calculations require extremely long periods of time.

6-311G++G**, Dependence of the basis set on hydrogen bond

An initial geometry of the two bases of a base pair was set energy and BSSE was studied. Figure 2A shows the result that

on a plané! as Saenger’s structuteThe most stable conforma-
tion was found by preliminary calculations changing the dihedral
angle of all the substituents at every’3lep at the HF/3-21G
level 12

Hydrogen bond energy was evaluated using the supermo-

lecular method? It is important to consider the basis set
superposition error (BSSE)when intermolecular interaction

the hydrogen bond energQAE) calculated at the 6-31G* basis
set with BSSE correction is very close to that obtained by using
the 6-31H#+G** basis set® Next, dependence of the basis set
on the substitution effect of the hydrogen bond energies of
A—UX base pairs was studied by using four typical substituents
(X = NOy, F, H, and NH), as shown in Figure 2B. The
geometries of these modified base pairs were optimized at the

is evaluated in this method. BSSE was corrected by the HF and B3PW91 levels using 6-31G* and 6-31tG** and

counterpoise method introduced by Boys and Bernriihe
hydrogen bond energyAE(A—UX)) of A—UX was evaluated
according to eqs43. E(A—UX), E(A), and E(U%) refer to the

then single-point calculations at the MP2 level were done. Table
1 shows the summary of these results. Paizs and Suhai
suggestion that the valence tripfequality basis set improved

total energy of a fully geometry-optimized base pair, the energy by diffuse functions in the DFT studies is useful for hydrogen

of A with the optimized geometry, and the energy of With
the optimized geometry, respectivel(A—) andE(U*—) refer
to the energies of A and’l respectively, in which the geometry
of the optimized base pair -AUX is preservedE(A—uX) and
E(a—UX) refer to those of A and Ywhere calculation was done
when the “ghost” molecule, shown by a small letter"wr
“a” was put in place of the optimized structure-AJX.

SE(A—UX) = E(A—U") — (E(A) + E(UY)) (1)

(2
BSSE= E(A—) — E(A—u") + E(U*-) — E@@U") (3)

AE(A—U") = 0E(A—U") + BSSE

Kollmann et al’ described that the hydrogen bond energies
of both Watson-Crick-type and Hoogsteen-type-Al base pairs

bonding complexe¥’ However, our results showed that the
substitution effect on the hydrogen bond energies fX had

a similar tendency in each of the four different levels using
6-31G* or 6-31H-+G**, as shown in Figure 2B. Particularly,
the results of HF-MP2/6-31+4+G**, B3PW91-MP2/6-
311++G**, and B3PW91-MP2/6-31G* are very close to each
other. The results obtained by using MP2&L* gave a little
higher but essentially parall&lE value for the substituents NO

F, and H and almost the samE value as those from HF-
MP2/6-311-+G**, B3PW91-MP2/6-31%+G**, and B3PW91-
MP2/6-31G* for the substituent of NlHConsidering the results
described above and the number of the basis functions, the
6-31G* basis set was selected for evaluation of relative hydrogen
bond energies of other substituents. Sponer and Hobza reported
in their work!8 that use of electric correlation levels higher than
MP2 does not influence the energy in hydrogen bonding and

were evaluated satisfactorily by ab initio calculations of the z-stacking by comparison of MP2 with CCSD(T) using AUG-

optimized structure at the HF/6-31G* level followed by a single-

ccpVDZ in smaller molecules. Therefore, higher correlations

point energy calculation with the MP2/DZP method. They did were not examined.

not compare the calculated value with its experimental value
for the Watson-Crick-type base pair although they compared
the calculated value with its experimental data for the more

Considering the fact that the total energies obtained by using
B3PW91-MP2 are lower than those derived from HF-MP2, the
B3PW91-MP2 calculations seem more suita§lelowever, it
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AL M o™ TABLE 2: Substitution Effects of Base Pairs between
| i 9-Methyladenine (A) and Substituted 1-Methyluracil
o~ S 07 NN Derivatives (UX) on Hydrogen Bonding Energies AE,
N/& N kcal/mol) at the HF or HF-MP Level and B3PW91 or

o )

B3PW91-MP2 Using the 6-31G* Basis Set

o Me
. - - _ HF B3PW91/ B3PWOL-
y Mo substituent HF/6-31G* MP2/6-31G*® 6-31G* MP2/6-31G*
i 11 9 o 0 5-NO, -10.31 -1355  —1248  -13.25
SOr L SOt I B2 omE opm o
| | - —J. —lo. —lz. —lo.

wk\o o ! N/go wko 5-F —9.72 —12.96 —11.90 —12.69
Me Me Me Me 5-COCH; —9.46 —12.70 —11.59 —-12.43
5-COH -9.93 -13.33  -12.16 -13.16
v 5-CO:Me —9.59 —12.79 -11.75 —-12.50
Figure 3. Structures of two tautomers of"G. 5-CONH —-9.38 —12.61 —11.50 —12.37
was found that thAAE values calculated by the two methods 5:(H:|_b _g:gi _g:gg _ﬁ:gg _ig:gg
are very small. Generally, it is recognized that the MO method 5.ccy —9.67 —12.91 —11.88 —12.63
lacks accuracy to absolutely evaluate a small difference less 5-NH, -9.01 -12.12 —11.06 -12.01
than 1 kcal/mol in energy between two substrates. Nonetheless, 5-NMe; —8.65 —11.83 —10.53 —11.58
the comparative substituent effect of the hydrogen bond energy auin —9.18 —12.39 N/~ N/A
can be predicted as far as a series of compounds having a5:Pf __1%2; :ﬁ‘gg wﬁ wz
common fundamental structure are concerned. Therefore, rela-g.5,4 2979 ~13.10 —12.17 —12.87
tive values among various hydrogen bond energies of base pairss-NO, —10.06 —13.46 —12.39 -13.21
calculated were used for discussion in this paper. 6-F —9.85 —13.04 —12.05 -12.72
The solvation effect was considered by changing the dielectric 6-CQ:H —9.56 —12.86 ~ -11.83 —12.62
constant in the Onsager reaction field calculafoiSCRF= 6-NH, —9.69 —12.75 —11.83 —12.41
R ) - . 2-S —8.66 -11.99 —-10.83 -11.82
dipole” in Gaussian 94). The structures of- A optimized in 4-S —412 ~783 26.49 812
gas phase were used to evaluate the molecular volumggs (a dft —2.40 —4.13 —2.929 —4.26

and then optimized in the reaction field at the HF level. L
Successively, single-point calculations of the structures thus Hydrogen bond energy of the geometry of the base pair optimized
! at the HF/6-31G* level® Hydrogen bond energy of the base pair

optimized were performed at the MP2 level. The procedure of optained after a single-point MP2 calculation using the geometry of
the BSSE correction in the solvent is the same as that used forthe base pair optimized at the HF/6-31G* levigHydrogen bond energy

nonsolvated calculations. The energy of each speciés (A—, of the geometry of the base pair optimized at the B3PW936 level.
A—uX, a—UX) in solvated structures was used. The following ¢ Hydrogen bond energy of the base pair obtained after a single-point
dielectric constants were used for base pair formatior: 40 MP?2 calculation using the geometry of the base pair optimized at the

. : B3PW91/6-31* level.® The base pairs having these structures were
(when DNA forms duplexes, the surrounding circumstance not optimized because the molecules are too big to be calculated at

around the DNA duplexes correspondscte= 407! This value these levels.

is almost the same as the dielectric constant in DMF);and . . ) .

78.5 (this value corresponds to agueous solution). In the case Al MO calculations were carried out using the Gaussiaff 94
of UN°?, the tautomer protonatéd from the opposite side of ~ Program on a Cray C-916/12256 supercomputer.

the hydrogen bond (¥P?’) is more stable than the tautomer
protonated in the same direction as the hydrogen boN&{)
However, 0'°? was used to evaluate the tautomerism because Hydrogen Bond Energies in Gas PhaseFigure 4 shows

Results and Discussions

UNO2' cannot act & a C analogue (Figure 2A). the uracil analogues and abbreviations for the hydrogen bond
_H
o] o} o] o] CHs O oo MeO
H| NHHf”C| NHOZN\[U\NHNCI NHFSC. NHFI NH O l/rlu:o |/IJ\1\\HO ]r
N’l\\o rluJ*o N/&O N’&o rlu’&o rlq)*o N"So Mo NS0
hllle Me Me Me Me Me Me Me Me
UM uMe uNo2 UCN UCFs uf COCHs yCO2H (CO:Me
NH, O H “ o o 0 0 0 F
A
O | /rJ\l\\H HeN {ONH MeZN\fLNH NH CONH - F
"o o Lk "o . Ay
Me Me Me Me Me I\I/Ie
UCONHg UCECH UNH2 UNMeg Uquin UPh

|
Me Me Me 0 Me

UGN U6N02 USF UGCOzH U6NH2 UZS U4S Udft

o 0 o o s
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| ﬁ | l | | !
N. e T ry’go HoN NAO NS NS
Me

Figure 4. Structures and abbreviations of substitued uracil derivativé$ (ided for ab initio calculation in this study.
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Hydrogen bond energy  (keal/mol) SH(U)-NY(A) (H-bond A in Figure 1) plays a more important
0 -5 =10 =15 =20 role in these systems.

Some inherent differences in these regioisomers were
found: (1) the 5-NQ@ group has a stronger effect on the
hydrogen bond energy than the 6-pli@oup and the 5-F group
- has a smaller effect than the 6-F group; (2) the 5@@roup
S 2cEe has a greater effect than the 5-F group, while reversibly the
: 6-COH group has a lesser effect than the 6-F group. The
marked effect of the 5-C£P1 group might be explained in terms
of the intramoleculer hydrogen bonding between H of the
5-CQ.H group and*O as shown in Figure 3B, which leads to
significant localization ofd+ on the*O atom. The geometry
optimization suggests that the structure having this cyclic

— hydrogen bond is the most staBfe.

s From the results for smaller systems such asQ(J;2*
GO electrostatic energy contributes largely to the hydrogen bond
NH, energy. In other words, the local charge distributiors X
NMe, Ho* are importan2> Therefore, the atomic charges of the

associated atoms §U), H(U), and G(U)) were calculated
by Mulliken’s and natural population methods. These results
suggest that the atomic charges considerably affect the hydrogen
bonding, as shown in Table 3. There is a linear relationship
between the atomic charge #f(U) of UX and the hydrogen
bond energy as shown in Figure?6lt is reasonable that the
data plots of US and dft are located far from those of a series
of 5-substituted uracil derivatives because of the destruction and/
or decrease of the hydrogen bond ability that were caused by
replacement ofO by S in U*S or both N by C and*O by F in
dft. These substitutions are essentially different from the other
cases, since these substituted atoms directly participate in
- BIPWOLMP26-31G* hydrogen bonding.
B BSSE ... BIEWOLCSICE Additivity of the Substituent Effect. Next, the additivity
HrERG of substitution effects was investigated at the HF/6-31G* and
Figure 5. Hydrogen bond energies and BSSEs of & calculated B3PW91/6-31G* levels. Figure 7 shows di- or trisubstituted U
by various basis functions. derivatives at the 2- (O or S), 4- (O or S), 5- (N@&, COH,
H or NHp), and 6- (NG, F, COH, H, NH,, or endocyclic
energies evaluated in this study. For the following reasons, mostsubstitution from C to N) positions.
of the compounds have a substituent group at the 5-position:  Substitution parameterdAE) prescribed for calculation of
(1) The 5-substituent group can be located toward the major additivity of substitution effects are defined according to eq 4
groove of double-stranded nucleic acids so that it does notand shown in Table 4 from the results of Table 2.
obstruct the duplex formation. (2) It can be easily introduced
by several chemical methods. Some kinds of 6-substituted AAE(UX) = AE(UY) — AE(U") 4)
compounds (6-N@ 6-F, etc.), which are not suitable for double-
strand formation because of the unfavorable syn conformation Table 5 shows the hydrogen bond energies of di- or
of the base moiety, were also evaluated to compare them thtnsubsututed uracil deriVatiV.es, and F|gure 8 SthS the relation-
the 5-substituted ones. These substituted derivatives can beship between the energy differenaé of di- or trisubstituted
classified as follows: (a) unsubstituted natural bases (EWG: uracil (_jerlvatlves (vertical z_aX|s) and the additivity on the basis
X = H and 5-Me): (b) bases having electron-withdrawing groups ©f estimated values (horizontal axis). Except for th@-
(X = 5-NO,, 5-CN, etc.): (c) bases having electron-donating substltu.ttledl derlvatlve§ (for both methods) a0 (for HF), .
groups (EDG: X= 5-NH, and 5-NMe): (d) bases having the additivity of substituent effects holds good agreement with
longer conjugate systems (% 5-Ph, 5-Pf, and quin); (e) both methods €0.5 kcal/mol). The reason th®©-substituted

: . derivatives do not hold the additivity is apparently because this
difluorotoluene (dit) as the nonpolar hydrogen bonding substrate. substitution loses one of the hydrogen bonds. As described in

Table 2 and Figure 5 show the hydrogen bond energies gjg e 1, the substituent effect on hydrogen bond A is opposite

OE(A—UX), AE(*A_UX)’ and BSSE; which were calculflted al  to that of hydrogen bond B, and the hydrogen bond energies in
the HF/6-31G*, HF-MP2/6-31G*, B3PW91/6-31G*, and thjs paper are evaluated as the sum of all of the interactions.

BBPWQl—MPZ/G-BlG* levels. Because of their larger structures, Therefore, the loss of one hydrogen bond causes a serious
some structures (U, UP", and U™) could not be optimized  change in the substituent effect so that the additivity fails.

with B3PW91/6-31G*. As mentioned above, the total hydrogen H-bonding Energies in Solvents.All of the discussions
bond energy of the base pair between A arfdiglenforced by above are based on the results in gas phase. However, nucleic
introduction of an EWG. Moreover, a stronger EWG is more acids form duplexes in water. Therefore, the effect of substituent
effective for enforcement of the hydrogen bond in all of the groups on hydrogen bonding at= 40 and 78.5 was studied.
calculation methods tested. This tendency found in 5-substituted Table 6 shows the energies of hydrogen bonding and the effects
A—U base pairs was also seen in 6-substituted/base pairs. of the substituent. ThAAE values were calculated according
From these results, it is deduced that the hydrogen bond betweerio eq 4. The hydrogen bond energies are weakened by
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TABLE 3: Atomic Charges of 5- and 6-Substituted Uracil Derivatives (LX) Associated with Hydrogen Bonding with
9-Methyladenine (A)

X N3 3-H 4-0 X N° 3-H 4-0 method
5-NO; —0.9469 0.4360 —0.5278 5-NH —0.9356 0.4250 —0.5989 Mull/HF
—0.7644 0.4634 —0.6358 —0.7530 0.4551 —0.6978 NPA/HE
—0.7622 0.3909 —0.4523 —0.7545 0.3784 —0.5269 Mull/B3PW91
—0.6761 0.4645 —0.5374 —0.6645 0.4561 —0.6127 NPA/B3PW91
5-CN —0.9374 0.4342 —0.5509 5-NMe —0.9330 0.4253 —0.5982 Mull/HF
—0.7611 0.4619 —0.6585 —0.7537 0.4556 —0.6990 NPA/HF
—0.7527 0.3897 —0.4720 —0.7533 0.3790 —0.5227 Mull/B3PW91
—0.6740 0.4638 —0.5589 —0.6650 0.4567 —0.6122 NPA/B3PW91
5-Ch —0.9383 0.4310 —0.5589 6-aza —0.9228 0.4304 —0.5631 Mull/HF
—0.7612 0.4597 —0.6649 —0.7576 0.4582 —0.6597 NPA/HF
—0.7574 0.3855 —0.4828 —0.7389 0.3842 —0.4910 Mull/B3PW91
—0.6722 0.4610 —0.5695 —0.6686 0.4586 —0.5660 NPA/B3PW91
5-F —0.9430 0.4309 —0.5600 6-NQ —0.9295 0.4342 —0.5669 Mull/HF
—0.7625 0.4588 —0.6591 —0.7570 0.4621 —0.6565 NPA/HF
—0.7577 0.3854 —0.4876 —0.7445 0.3886 —0.4117 Mull/B3PW91
—0.6754 0.4598 —0.5678 —0.6682 0.4631 —0.5101 NPA/B3PW91
5-COCH —0.9350 0.4288 —0.5915 6-F —1.0646 0.4286 —0.2585 Mull/HF
—0.7596 0.4581 —0.6965 —0.7659 0.4582 —0.6834 NPA/HF
—0.7513 0.3836 —0.5031 —0.7508 0.3828 —0.5118 Mull/B3PW91
—0.6713 0.4596 —0.5929 —0.6796 0.4593 —0.5849 NPA/B3PW91
5-COH —0.9356 0.4346 —0.6356 6-CCH —0.9295 0.4342 —0.5669 Mull/HF
—0.7503 0.4622 —0.7243 —0.7565 0.4574 —0.6727 NPA/HF
—0.7536 0.3902 —0.5488 —0.7416 0.3824 —0.5057 Mull/B3PW91
—0.6574 0.4640 —0.6216 —0.6681 0.4585 —0.5758 NPA/B3PW91
5-COMe —0.9379 0.4277 —0.5586 6-NH —0.9308 0.4217 —0.6221 Mull/HF
—0.7638 0.4574 —0.6652 —0.7622 0.4535 —0.7125 NPA/HF
—0.7533 0.3824 —0.4800 —0.7483 0.3746 —0.5399 Mull/B3PW91
—0.6756 0.4588 —0.5652 —0.6780 0.4540 —0.6116 NPA/B3PW91
5-CONH, —0.9356 0.4298 —0.6207 2-S —0.8506 0.4446 —0.5776 Mull/HF
—0.7547 0.4587 —0.7168 —0.7173 0.4667 —0.6717 NPA/HF
—0.7527 0.3842 —0.5373 —0.6829 0.3940 —0.5010 Mull/B3PW91
—0.6641 0.4600 —0.6194 —0.6273 0.4650 —0.5765 NPA/B3PW91
5-H —0.9290 0.4244 —0.5897 4-S —0.8500 0.4411 —0.2587 Mull/HF
—0.7637 0.4546 —0.6847 —0.7084 0.4644 —0.1945 NPA/HF
—0.7443 0.3788 —0.5096 —0.6871 0.3915 —0.2179 Mull/B3PW91
—0.6764 0.4558 —0.5865 —0.6222 0.4639 —0.1207 NPA/B3PW91
5-CH; —0.9333 0.4234 —0.5866 dft —0.3661 0.2420 —0.3857 Mull/HF
—0.7582 0.4542 —0.6899 —0.3811 0.2584 —0.3870 NPA/HF
—0.7443 0.3788 —0.5096 —0.3157 0.1971 —0.2958 Mull/B3PW91
—0.6764 0.4558 —0.5865 —0.3769 0.2721 —0.3279 NPA/B3PW91
5-CCH —0.9345 0.4279 —0.5622 quin —0.9392 0.4251 —0.5868 Mull/HF
—0.7612 0.4573 —0.6686 —0.7581 0.4556 —0.6905 NPA/HF
—0.7485 0.3824 —0.4847 Mull/B3PW91
—0.6735 0.4589 —0.5709 NPA/B3PW91
5-Ph —0.9346 0.4250 —0.5814 5-Pf —0.9376 0.4296 —0.5772 Mull/HF
—0.7586 0.4553 —0.6864 —0.7577 0.4588 —0.6804 NPA/HF

aNet atomic charge calculated by the Mulliken methbblet atomic charge calculated by the natural population analysis method.

solvatation as expected. The difference between the resultsbetween the imide and enol tautomers in the case of the natural
obtained by using = 40 ande = 78.5 is very small. Although base of U or T. Recently, Robettst al. reported theoretical
the tendency of substituent effects in solvents is almost the sameand experimental consideration of the tautomerism of isocytosine
as that in gas phase, two remarkable differences were found.(iso-C) and isoguanineigo-G), base pair formation between
First, hydrogen bonding energy is slightly enforced by introduc- them, and unmodified bases under solvated conditions. Taking
ing the NH (EDG) group into the uracil residue at the into account their results, the NOF, H and NH groups were
5-position. Second, the substitution effeclAAE) by the selected as the representative substituents for this purpose. From
introduction of EWG are much greater in solvents than in gas the results of the calculation of the-AJ* base pairs, the order
phase. of the electronic effect of these substituents was clear. In
Tautomerism of UX. The existence of nucleobase tautomers addition, the 4-SH tautomer of*8was calculated as an example
has a pronounced effect on molecular recognition in the duplex of an obviously undesirable tautomer. The stability 6f-&*",
formation. As shown in Figure 9, the enol tautomer<(Uof i.e., the fully tautomerized form of AUX, was not studied
UX is a cytosine (C) equivalent with respect to hydrogen bond because it is so unstable that there is no local minimum. Table
formation. Therefore, if such a tautomer can be stabilized more 7 shows the energy difference between the imide and enol
sufficiently than the parent structure*Uy introducing a tautomers of each substituted uracil derivative in gas phase, in
5-substituent, & can form hydrogen bonding with G so that duplex ¢ = 40), and in water{ = 78.5). In all cases, the imide
accurate molecular recognition becomes impossible. tautomers are much more stable than the enol tautomers. The
Both the experimental resulfs and theoretical energy differences between the tautomers are smaller in the
studiegb-di=mp-rt=v gyggest that this type of unusual hydrogen Onsager model than in gas phase in all of the substituents tested.
bonding is not serious because there is a big difference in energyThere is also a tendency that the energy gap between the imide
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Figure 7. Di- or trisubstituted 1-methyluracil derivatives
TABLE 4: Substitution Parameters (AAE, kcal/mol) for

Calculation of the Additivity of Substitution Effects
(kcal/mol)

X HF/6-31G* B3PW91/6-31G*
5-NG; —0.87 —0.85
5-F —0.28 —0.27
5-COH —0.50 —0.53
5-H 0.00 0.00
5-NH; 0.42 0.57
6-N —0.35 —0.53
6-NO; —0.63 —0.76
6-F —0.41 —0.42
6-COH —0.12 —0.20
6-NH; —0.25 —0.20
2-S 0.78 0.80
4-S 5.31 5.15

and enol forms of ¥ becomes smaller than that of the
unmodified U by introducing an EWG in solvents. Unexpect-

edly, the enol tautomer () of U%Sis less stable than in the

these 5-substituted uracil derivatives can exist as the normal
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TABLE 5: Hydrogen Bond Energies (AE, kcal/mol) of Base
Pairs between 9-Methyladenine (A) and Di- or Trisubstituted
Uracil Derivatives (UX) Based on the Actual Calculation and
the Additivity Rule (kcal/mol)

actual calcd additivity calcd
X HF B3PW91 HF B3PW91

2,4-dis —5.10 —7.26 —3.34 —5.68
5-F,6-CQH —9.87 —-12.11 —9.84 —12.10
5-F,6-NQ —10.42 —12.89 —10.34 —12.66
5-F,6-NH, —9.94 —-11.94 -9.97 —12.10
5,6-di-F —10.16 —12.30 —10.13 —12.32
5-F,6-aza —10.10 —12.45 —10.07 —12.44
2-S,5-F —8.88 —11.03 —8.94 —11.10
4-S,5-F —7.96 —10.25 —4.40 —6.76
2,4-di-S,5-F —5.02 —6.95 —3.63 —5.95
2-S,5-F,6-NQ —9.15 —11.55 —9.57 —11.86
2-S,5-F,6-NH -9.15 —-11.25 —9.20 —11.30
2-S,5-NQ -9.26 -11.27 —9.53 —11.68
4-S,5-NQ —7.61 —9.66 —4.99 -7.33
2,4-di-S,5-NQ —4.43 —6.22 —4.22 —6.53
2-S,6-aza -9.14 —11.49 —9.01 —11.36
4-S,6-aza —8.561 —10.54 —4.47 —7.02
2,4-di-S,6-aza —4.82 -7.97 -3.70 —6.22
5-NO, s-aza —10.75 —13.16 —10.66 —13.01
5-NH; saza —9.26 —-11.37 -9.37 —11.59
2-S,5-NH —7.07 —10.29 —8.24 —10.25
4-S,5-NH —7.49 —9.30 -3.70 —5.91
2,4-di-S,5-NH —4.52 —6.27 —2.92 —=5.11

between @(U)-H(A)-8N(A). The hydrogen bond energies in
A—UX are reinforced by introduction of an EWG group, and
electrostatic energy contributes significantly to stabilization of

the base pair. The additivity of substituent effects is valid except
for 4O-substituted derivatives. Although the tautomerization of

UX leads to an enol tautomer by introduction of an EWG, the
tautomer (UH2) of UNH., Because these results suggest that imide tautomer is much more stable than the enol tautomer.

Tautomerism of ¥ does not seem to play an important role

imino form, the accuracy of molecular recognition might fm the results of the calculation both in the gas phase and in
maintain without interaction with the mismatched base of he solvent because of its big energy differences. The substituent
effect on the hydrogen bond energies of 8X base pair in the
solvents is similar to that in the gas phase.

The difference in the hydrogen bond energy depends on the
The hydrogen bond energies between A and substituted U calculation methods more greatly than on the substituent effect.
The absolute values aAE are B3PW91-MP2~ HF-MP2 >

guanine.

Conclusion

derivatives are studied by MO (HF/6-31G* and MP2F/6-

31G*) and DFT (B3PW91/6-31G* and B3PW91-MP2/6-31G*)
methods. In the AUX base pair, the hydrogen bond between
N3(U)-3H(U)-N%(A) is more important than the hydrogen bond

B3PW91> HF, and the results of B3PW91 are closer to those
of B3PW91-MP2 and HF-MP2 than HF. The tendency of the
substitution effect is almost the same in all methods.
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