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The substitution effect on hydrogen-bond energy of the Wat€iick type base pair formation between
1-methylcytosine and chemically modified 9-methylguanine derivatives was evaluated by an ab initio molecular
orbital theory. Introduction of an electron-withdrawing group on the 8-position or on the exo-cyclic amino
moiety enforced the hydrogen bond. Neither the charge distribution nor the separation between the hydrogen
bonding sites is found to be directly correlated with the strength of the hydrogen bonds.

Introduction 7 ‘ p
. . ) A . 8X N B NN
The Watson-Crick type base pair formation is essential for f 5 6 HBondA 4, <
molecular recognition in the duplex formation of nucleic akid, R/N i N=2(N1'1ﬁ-'§;'n'§'§3>z_ >e
i.e., the processes of transcription from DNA to mRNagnd L NP R ?I‘R
of translation from mRNA to protein via tRN#are also based o% HBondC
on the formation of the WatserCrick type base pairs. Figure 1. Watson-Crick base pairs between*Gind C.

Molecular recognition via highly selective Watse@rick _ )
base pairing has attracted widespread attention; for example, it Although there are many theoretical studies on the hydrogen-
has been applied to construction of artificial supermolecular Pond energy of the WatserCrick type base pair between
systems, to template synthesfsand, especially, to antisense natyral nuqlelc acid ba;é%no systematic ab initio molecular
technology? which is a topic of interest from the standpoint of ~Orbital studies on modified base pairs have been reported except
control of expression of genetic information. These applications for our studies™® We report herein an ab initio study regarding
are based on the selective hydrogen-bond formation of nucleic the substitution effect on hydrogen-bond energy in the base pair
acid bases, so a molecule that is able to selectively form a stablePetween modified 9-methylguanine derivatives*(Gnd C
complex is needed. However, there are no systematic studieFigure 1). _ - o
planning the improvement of base pair stability, because itis ~ The atom numbering used here is given in Figure 1. The
difficult and time-consuming to prepare a wide variety of nucleic Superscript on the right side on atom symbol represents the
acid base analogues and to experimentally measure their bas®0sition of ring atom, e.g. Non guanine indicates the ring
pair formation ability. Thus, to improve the base pair stability, nitrogen atom at the 1 position of guanine. The superscript on
computer-aided molecular design of nucleic acid base analogueghe left side on atom symbol represents the position of exo-
is highly demanded. cyclic atom, e.g?O.qn guanine |r1d|cates thg.exo-cycllc oxygen

We have already reported an ab initio molecular orbital study atom at the 6 position of guanine. In additighH represents
on the substitution effect on hydrogen-bond energies for basethe hydrogen atom in the exo-cyclic amino moiety at the 2
pair formation between nucleic acid base analogues, i.e., bas?0SItion.
pairs between 9-methyladenine (A) and modified 1-methyluracil
derivatives (),” base pairs between modified 9-methyladenine
derivatives (&) and 1-methyluracil (U§,and base pairs between In most theoretical studies, the hydrogen-bond energies of
modified 1-methylcytosine derivatives i€ and 9-methyl- the Watsonr-Crick type base pairs were evaluated at the second-
guanine (GY. In the case of the substituent effect on uracil in  order Mgller-Plesset (MP2) level of theory using doulii®asis
the A—UX base pair, a remarkable tendency was observed for sets with polarizatio? Rablen et al. showé#that hydrogen-
UX: UX possessing a stronger electron-withdrawing group bond energies of small molecules calculated at the level of
(EWG) forms a more stable base pair. Contrary to the substituentB3LYP/6-31++G(2d(X+),p)//B3LYP/6-3H+G(d(X+),p)*2
effect on uracil, € possessing an electron-donating group were in good agreement with the results of the complete basis
(EDG) forms a more stable base pair with G. On the other hand, set (CBS-@?). Sponer et al. reporté¥that the hydrogen-bond
no remarkable trend was observed in the relation between theenergies of some model compounds in MP2/6-31G*(0.25)//HF/
substituent in adenine derivatives and the hydrogen-bond 6-31G** 14 reproduced relatively well the result obtained using

Computational Methods

energies in the A~U base pair formation. much larger basis sets. They also fotfithat the contribution
" - — of higher level electron correlation to hydrogen-bond energy
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largel” so the effect of electron correlation should be relatively o Rotatable o}

small. Thus, the conclusion of Sponer et al. would be quite N N,;i/ Equilibrium N R
reasonable and also be generally applicable to various types of </ | A2 <’ | /)\ R
hydrogen-bonding systems. We already reported an MP2 level NTONTANTT 162 keal/mol (G:::Ae) NTONTON
ab initio study regarding the basis set effect on the calculated ~ Me R 099keal/mol(G™)  Me H
hydrogen-bond energies of Watse@rick type base pairs. The I ) |
computational levels of MP2/6-34G(2d,p )1 /HF/6-31G(d,p)  ‘VelsoniCrick Base Pair — Mofe Sianl® (R = Me/CHO)

provide quite reasonable values for the hydrogen-bond energies_. . orte or
of A—U and G-C base pairs, which were in excellent agreement ' 9Ue 2. Rotatable exo-cyclic bonds i@ amd G

not only with the values calculated at the MP2/6-8%1G(3df,p)/  |1) cannot form a base pair, because of the inhibition of
HF/6-311+G(3d,p) level but also with the values reported by - hydrogen-bond formation by the substituent on the amino group.
Rablen et at! Thus, the MP2/6-3tG(2d,p')//HF/6-31G(d,p) For both GNMe and GNfo. conformer! was found to be lower
level calculation was employed for estimation of the hydrogen- iy energy than conformel . Thus, AEHB(GX~C) of these

bond energies of the WatseiCrick type base pairs in this  derivatives was calculated on the basis of the hydrogen-bond
report. Recently, Dunning’s triplé-basis sets were applied to  forming conformer .20

a base pair, and triple-, quadruple- and quintupleasis sets A nonplanarity of the exo-cyclic amino moiety on the bases
were applied to model complexes of the base pair, for discussionin higher level calculations, especially for G, was reported by
of the basis set effect on the hydrogen-bond enétgyzrom Hobza et at?hkHowever, the energy difference between planar

the results of the model compounds, Sponer et al. pointed outand nonplanar optimized structures is minimal, especially for
that doublef basis sets were apparently underestimated in higher level calculation (MP2/6-311G(2df,p)), except for G, and
comparison with quintuplé-basis sets. However, we consider  the structures of the bases in Watsd@rick type base pairs
that the margin of error, which originates from the incomplete- zre planat®k Thus, the energy derived from the nonplanarity
ness of the basis set, should be comparable for &fi@base  of C is negligible. We considered two molecular interaction
pairs. On the other hand, the hydrogen-bond energies of theenergies:AEHB, as described above, the hydrogen-bond energy
A—T and G-C base pairs, calculated in the Slater-type orbital pazsed on the planar*Gstructure, andAE™®?. including the
triple-C basis set (TZ2P) using DFT (BP86, PW91 and energy difference derived from the nonplanarity of the(Ge.,
BLYP),1%"were in good agreement with our results for the MP2/ AENP). AENP values were calculated at the MP2/6+33(2d,p)//

6-31+G(2d,p)//HF/6-31G(d,p) level calculation. Thus, the \Mmp2/6-31G(d,p) level of calculations and are defined as
substituent effects in nucleic acid bases on the hydrogen-bond

energy for base pair formation can be discussed, at least AE"? = E(G*Planar)— E(G*Nonplanar) (4)
qualitatively, on the basis of the energy estimates derived from _
MP2/6-3HG(2d,p)//HF/6-31G(d,p) level calculations. whereE(G*Planar) FE(G¥) in eq 1-3] shows the energy of

The structures of & C, as well as those of nucleic acid bases G*, whose structure was optimized@ symmetry assumption,
GX and C, were optimized in the 6-31G(d,p) basis set at the and E(G*Nonplanar) shows the energy of*Gwhich has a
HF level of theory. In all case§s symmetry was assumed: all ~pyramidal exo-cyclic amino grous\E™® is calculated as
atoms, except for hydrogen atoms in the methyl group(s), were
placed on ﬂ?e plar?/e ofgsymmetry. A prelimiza?y cgr(lfc)erer AE™® = AE"¥(G*~C) + AE" ()
search with HF/3-21G(d) calculations was carried out in some
cases.

The energies of the optimized structures were evaluated with
single-point calculations on the 6-35G(2d,p’) basis set at the
MP2 level of theory.

'_I'he hydrogen-bond energies of the Wats@rick type base Results and Discussion
pairs were evaluated by a supermolecular method. The basis
set super position error (BSSE) for hydrogen-bond energies was  In the present work, we studied 14 guanine analogués, (G
corrected by using the counterpoise metfibéereafter, we whose structures and abbreviations are shown in Figé#&3.
refer to the molecular interaction energy without and with BSSE shown in Figure 3 was classified into groups-B. Group A
correction as)E and AEFB, respectively (eqs 1 and 2). Thus, is unmodified guanine (G). For group B, a substitution group
the more negativAEHB means the more stable hydrogen bond. was introduced at the 8-position orfGr at the exo-cyclic
AAE was defined as the substitution effect AEHB (eq 3). amino moiety of G, an EWG was introduced on the 8-position

of G (G8F, G0, and GN%), an EDG was introduced on the
OE(G*—C) = E(G*—C) — (E(G*) + E(C)) 1) 8-position of G (B"H:), and a formyl group was introduced as
an EWG (G\), or a methyl group was introduced as an EDG

Conformer search calculations of some derivatives were
carried out using the SPARTAN prograhStructure optimiza-
tion and energy estimation calculations were both carried out
using the GAUSSIAN 94 prograf.

AE"8(G*—C) = 6E(G*—C) + BSSE 2) (G*\Me) on the exo-cyclic amino moiety on the 2-position. For
group C, the number of the hydrogen bonds was changed (H
AAE = AE™®(G*—C) — AE"™(G—C) (3) and H) or one of the hydrogen bonds was weakened by the

replacement of the exo-cyclic oxygen atom by a sulfur atom
Additionally, energy estimation of the two important con- (G%9. For group D, a carbon atom in the purine ring was

formers in MP2/6-3%+G(2d,p))//HF/6-31G(d,p) was carried out  replaced with a nitrogen atom #§ or a nitrogen atom in the
in the case of derivatives possessing a modified exo-cyclic amino purine ring was replaced with a carbon atonm?$GG’C, and
group: 2N-methyl-1-methyl guanine (&8M€) and 4N-formyl- G%9.
1-methyl guanine (&'©). In such derivatives, the rotation of Table 1 shows the results of theoretically estimatede'®,
the substituted amino group gives rise to two conformers (Figure AAE, BSSE,AENP, and AET™®@ (kcal/mol) of each &. The
2), one of which (conformelr) can form a base pair with C via  substitution effects of each group are discussed as follows. To
three hydrogen bonds, while the other conformer (conformer discuss a typical effect of the substituent on hydrogen-bond
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Figure 3. Substituents introduced to the 9-methyladenine derivativé} ifGthis study.

TABLE 1: AEMB, BSSE,AAE, AENP, and AE™®@ (kcal/mol) 28 4
of Each GX Calculated at the MP2/6-3H-G(2d',p')//HF/
6-31G(d,p) Level 27
G AE"®  BSSE ~ AAE  AEW  AETd g
G —26.08  2.83 147 2461 $ 264 —o— G¥
G8NO, —27.49 291 —1.41 2.88 —24.62 5 x
Geoxo —26.90 289  —0.82 137  —2553 X 25 Tt G
G8F —26.54 2.88 —0.46 1.38 —25.16 o
G8NH, —25.79 2.86 0.29 5.78 —20.00 {g o4
G2\ —26.68 318 -0.60  0.00 —26.68 T
GA\WMe  —26.06 3.01 0.02  0.00 —26.05
Gss —-23.52 2.66 256 136 —22.16 Bl
H —20.25 2.40 5.83 —20.25 NO, Oxo F H  NH,
Hes -19.24 2.45 6.84 -19.24 o ,
G3¢ —25.75 2.82 0.33 255 —-23.21 Electron-withdrowing «— X — Electron-donating*
G© —25.19 2.83 0.89 177 —-23.43 Figure 4. Substitution effect in the base pair hydrogen-bond energy
G —24.19 2.79 1.89 208 -—2211 of CX (--x--) and &% (—O—) in group B. *See ref 25.
G8N —26.73 2.84 —0.65 1.11 —25.62
H H
energy, we mainly discus&EB. For group B, in contrast to _N /S""H—Nl N omH=N
the substitution effect on adenif@, remarkable trend iNEMB N(\/Z_<N—H N>/—\> N(ﬂ >/—\>
was observed: the substitution effect in introducing an EWG RV N G S T N
on the 8-position and on the exo-cyclic amino moiety made N-H"0  We N-HwS e
the G‘—C base pair energetically more favorable. The guanine Hees.c H e
derivatives act as an electron donor in H-bond A; on the other AE = 23,52 AE = -23.58

hand, they .act as an eIchron-acpeptor in H-'bonds B.and C, aSFigure 5. Hydrogen bond andE*® in GS5-C and G-CSS base par.
shown in Figure 1. So, it is considered that introduction of an

EDG on G makes H-bond A stronger and H-bonds B and C of the @N%—C (2.88 kcal/mol) and &'H.—C base pairs (5.78
weaker. Conversely, an EWG or*Ghould weaken H-bond A kcal/mol) was larger than that of the-& base pair (1.47 kcal/
and strengthen H-bonds B and C. Thus, the sum of the mol); thus, the total hydrogen-bond stability of th&N&-C base
substitution effect on the H-bonds B and C overcomes the pair (—24.62 kcal/mol) was almost the same as that of the0G
substitution effect on the H-bond A. ConsequenthgHB of base pair {24.61 kcal/mol), and base pair stability should be
the GN%—C base pair{27.49 kcal/mol) was the most negative largely decreased by introduction of the amino moiety on the
in the present study, andE"B of the GN:—C base pair 8-position. The exo-cyclic amino moiety or?¥ and G\Ve
(—25.79 kcal/mol) was the least negative in group B. This trend was planar. For group C, as expected, the deletion of the exo-
was opposite to the substitution effect in cytoSi(eee Figure cyclic amino moiety or replacing the exo-cyclic oxygen by sulfur
4), as expected. The fluctuation &E"B resulting from intro- causes a decrease of the base pair stability. It is quite reasonable
duction of the substituent in® was smaller than that in%. that the substitution effect of this group was larger than that of
As already reported, an intramolecular hydrogen bond betweenthe other groups. The effect of the deletion of the exo-cyclic
the substituent on the 5-position and the exo-cyclic amino moiety amino moiety was larger than the effect of replacing the exo-
has an important effect oAE"B, in the case of €; on the cyclic oxygen by sulfur:AEB of the H-C base pair£20.25
other hand, the substituent inf%is unable to form such an  kcal/mol) was 5.83 kcal/mol less negative an&"e of the
intramolecular hydrogen borfdThe substitution effect on the  G8S—C base pair £23.52 kcal/mol) was 2.56 kcal/mol less
exo-cyclic amino moiety of the guanine derivatives was also negative than that of the -@C base pairAE"B of the HS—-C
opposite to that of the corresponding cytosine derivatix&s'? base pair £19.24 kcal/mol) was 1.01 kcal/mol less negative
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TABLE 2: Charge Distribution ( €) and Sum of the Charge Distributions of the Guanine Derivatives in Mulliken, CHelpG and
NPA Method

Mulliken CHelpG NPA
G* H 2NH %0 sum H 2NH 50 sum H 2NH 50 sum
G 0.220 0.230 —0.421 0.871 0.409 0.436 —0.559 1.405 0.441 0.428 —0.566 1.435

GBNO, 0.225 0.234  —0.398 0.857 0.412 0.446 —0.536 1.394 0.444 0.431 —-0.544 1.420
GBoxo 0.225 0.231 —-0.474 0.930 0.417 0.451 —0.605 1.473 0.444 0.429 —0.602 1.475
G 0.222 0.231 —-0.422 0.875 0.416 0.446 —0.571 1.433 0.442 0.429 —0.567 1.438
GBNH, 0.220 0.228 —0.441 0.889 0.418 0.448 —0.602 1.468 0.440 0.427 —0.581 1.448
G2Nfo 0.221 0.221  —0.378 0.820 0.393 0.361 —0.539 1.293 0.446 0.440 —0.552 1.438
G2\Me 0.212 0.204 —0.413 0.829 0.382 0.334 -0.561 1.276 0.438 0.425 —0.568 1431

GS8S 0.221 0.233 —0.444 0.898 0.262 0.468 —0.358 1.088 0.448 0.431 —0.105 0.985
H 0.237 —0.422 0.660 0.382 —0.563 0.945 0.451 —0.561 1.012
H6S 0.238 —0.429 0.667 0.256 —0.350 0.606 0.459 —0.087 0.546
Gs¢ 0.211 0.227 —0.434 0.872 0.399 0.433 —0.581 1.412 0.436 0.427 —-0.584 1.447
G’© 0.221 0.227 —-0.461 0.909 0.397 0.448 —0.604 1.445 0.439 0.427 —0.591 1.457
Go¢ 0.220 0.225 —0.480 0.925 0.393 0.446 —0.613 1.451 0.440 0.424 —0.604 1.468
G&N 0.221 0.233 —0.395 0.849 0.403 0.439 —0.533 1.375 0.443 0.430 —0.547 1.420
aSum of the charge distributios |the charge distribution oH| + |the charge distribution c'H| + |the charge distribution diO|.
H TABLE 3: Hydrogen-Bond Length (A)
N OmH—N N o]
(// J >/_\> (/\/Z_/( M\ hydrogen-bond length
i N:/N_H“"N},_N\ i N=<N_H""N/ N X H-bond A H-bond B H-bond C average
o R N-H-O R G 1.9115 2.0455 2.0021 1.9864
Ao GBNO, 1.9457 2.0292 1.9627 1.9792
H-C G-P GBoro 1.9254 2.0242 1.9872 1.9789
AE =-20.25 AE =-17.77 G8F 1.9144 2.0390 1.9906 1.9813
H-Bonds =2 H-Bonds = 2 G8NH, 1.8971 2.0480 2.0148 1.9866
H H G2Nfo 1.9306 2.0289 1.9322 1.9639
N N=HwO N NeHO G?\Me 1.9036 2.0620 2.0183 1.9946
(/ 2 = \ GSss 2.4523 2.3166 1.8883 2.2190
,NﬁN....H_NW Nt N N H 1.9919 1.9351 1.9635
R >N R/ N Hos 2.5585 2.0247 2.2916
N-H=O 'R 0 R G3¢ 1.8810 2.0793 2.0121 1.9908
HQNH G’¢ 1.9085 2.0464 2.0217 1.9922
ATTEU AU G°C 1.9234 2.0507 2.0430 2.0057
AE =-14.96 AE=-13.11 G8N 1.9395 2.0395 1.9764 1.9851
H-Bonds =3 H-Bonds =2
Figure 6. Hydrogen bond an\E"® in H—C, G—F2°, and ANH-U the A—U base pair{13.11 kcal/mol). Therefore, the secondary
base pair. interactions in the former are considered to affect favorably

stable base pair formations comparing with those in the latter.
than that of the HC base pair, as expected. The substitution However, AE"B of the G-P2° base pair was less negative than
effect of the exo-cyclic oxygen by sulfur in G (& — that of the H-C base pair £20.25 kcal/mol). Orientation of
G8S—C; see Figure 5AAE = 2.56 kcal/mol) was almost the the hydrogen bonds in the HC and A-U base pairs is
same as that of C (6C — G—C5S;, AAE = 2.50 kcal/mol)? alternated; conversely, that in-&2° is in the same direction.
The effect of the deletion of the exo-cyclic amino moiety of G Obviously, the hydrogen-bond energy per hydrogen bond is
(G—C — H-C; see Figure 6 AAE = 5.83 kcal/mol) was different for each base pair, and the base pair stability is
smaller than that in cytosiléG—C — G—P?%;, AAE = 8.31 determined not only by the number and the direction of the
kcal/mol). It is considered that the deletion of the exo-cyclic hydrogen bonds in the base pair but also the hydrogen-bond
amino moiety of G (H-bond C is deleted) makes H-bond A capability of the hydrogen bond sites. For group D, ohBHE
weaker and H-bond B stronger, because the electron density ofof the &N—C base pair{26.73 kcal/mol) was more negative
the purine ring is decreased by removing the electron-donatingthan that of the GC. GN is the only derivative whose aromatic
amino moiety. On the other hand, the deletion of the exo-cyclic carbon is substituted to nitrogen. This type of substitution causes
amino moiety of C (H-bond A is deleted) makes the pyrimidine the aromatic ring to become electron-deficient, so it is equivalent
ring electron-deficient; then it is considered to make both to introducing an EWG on the aromatic ring. On the other hand,
H-bonds B and C weak@&f.AEHB of the H-C base pair (Figure  substitution from nitrogen to carbon is considered as making
6, —20.25 kcal/mol), which forms only two hydrogen bonds, the aromatic ring electron-rich; thusEH® became less negative.
was more negative not only than that of the-l base pair This was the same trend as the substitution effect in group B.
(—13.11 kcal/mol) but also than that of theé¥&>-—U base pair AENP of the G°—C (2.55 kcal/mol) and &—C base pairs (2.08
(Figure 6, —14.96 kcal/mol® which forms three hydrogen kcal/mol) was larger than that of the-®& base pair.
bonds. Jorgensen et al. proposed secondary interactions in mul- We also studied the charge distribution of the atoms that
tiple hydrogen-bonded complex&sOn the basis of their pro-  participate in the hydrogen bonds and the hydrogen-bond lengths
posal, the most stable complex should be obtained when the(see Tables 2 and 3). Nevertheless, no remarkable trends were
orientation of all the hydrogen bonds is the same, and on the observed in the relationship between the hydrogen-bond energy
other hand, the stability of the hydrogen-bond complex should and the atomic charg&nor between the hydrogen-bond energy
be least negative when the hydrogen bonds formed in alternateand hydrogen-bond length, except for the relationship between
orientation. According to their proposa\E"E of the G—P2° the hydrogen-bond length and charge distributiof-band?\H.
base pair £17.77 kcal/mol) was more negative than that of Figure 7A-C shows the relationship between the charge
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Figure 7. Relationship between the charge distributionsh(e) and H-bond B length (A) and between the charge distributiod™sh(e) and
H-bond C length (A): A, Mulliken; B, ChelpG; and C, NPA.

distribution on'H and H-bond B length and between the charge ~ Supporting Information Available: Discussion of charge
distribution on?"H and H-bond C length, in the Mulliken, distribution analysis and figures illustrating the relation between
ChelpG?° and NPA&° methods. Remarkable trends were ob- charge distribution and hydrogen-bond length, between the sum
served in the Mulliken (Figure 7A) and NPA (Figure 7C) of charge distribution and hydrogen-bond energy, and between
methods relevant to the relationships between the chargeaverage hydrogen-bond length atdE"B. This material is
distribution on'H and H-bond B length and between the charge available free of charge via the Internet at http:/pubs.acs.org.
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