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Computer-Aided Molecular Design of Hydrogen Bond Equivalents of
Nucleobases: Theoretical Study of Substituent Effects on the Hydrogen Bond
Energies of Nucleobase Pairs

Shun-ichi Kawahara!?! and Tadafumi Uchimaru*!2!

Keywords: Ab initio calculations / DNA / Gene technology / Hydrogen bonds / RNA / Substituent effects

Substituent effects on the hydrogen bond energies of
Watson—-Crick-type base pairs, formed between a chemically
modified nucleic acid base derivative and an unmodified
one, were evaluated by ab initio molecular orbital theory.
Different trends were observed in the relationship between
the substituent and the hydrogen bond energy in each base
pair. The predicted hydrogen bond energies correlated well

with the experimentally measured binding properties, and so
ab initio calculation appears to be an effective method with
which to estimate the stabilities of base pairs between chem-
ically modified nucleic acid bases.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Hydrogen bond formation in a Watson—Crick-type base
pairt!l (Figure 1) is essential for transmission of genetic in-
formation (i.e., the processes of transcription from DNA to
mRNA 2 and of translation from mRNA to protein via
tRNA, based on highly selective molecular recognition).®!
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Figure 1. Watson—Crick base pairs

It has widely attracted much attention: for the construc-
tion of artificial supermolecular systems,* for template syn-
thesis,l and for antisense technology,[! for example. A mol-
ecule capable of selectively forming a stable complex is
needed for these applications. Modification of base moieties
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has to be taken into account in the molecular design,[” but
no systematic study, except for our theoretical investi-
gations,® has yet been made in pursuit of improvement of
the base pair stability.

Theoretical studies are helpful for understanding the nat-
ure of the hydrogen bond and for prediction of the hydro-
gen bond stability of a modified base pair. We have carried
out computer-aided molecular design of nucleic acid base
analogues with the goal of controlling the base pair sta-
bility. In this account we describe an ab initio study regard-
ing the substituent effect on hydrogen bond energies in base
pairs composed of one chemically modified nucleic acid
base derivative and one unmodified one.

Results

Computational Method for the Estimation of Hydrogen
Bond Energies

Previous theoretical studies! on the hydrogen bond ener-
gies of the natural nucleic acid base pairs have been re-
viewed by Sponer and Hobza.4

In most theoretical studies, the hydrogen bond energies
of the Watson—Crick type base pairs were evaluated at the
second-order Moller-Plesset (MP2) level of theory by the
use of double-{ basis sets with polarization.”) The contri-
bution of higher-level electron correlation to the calculated
values of hydrogen bond energies was small.l'% The values
of the hydrogen bond energies of A—U and G—C base
pairs, evaluated at the computational levels of MP2/6-
31+G(2d’,p) "' W/HF/6-31G(d,p)*?! (—13.16 kcal/mol for
A—U and —26.08 kcal/mol G—C), which we adopted in
this study, were in excellent agreement with values calcu-
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lated at MP2/6-311++G(3df,p)//HF/6-311++G(3d,p)
(—13.48 kcal/mol for A—U and —26.58 kcal/mol G—C).l'3!
The errors in calculated values for hydrogen bond energies,
which originate from incompleteness of the basis set, should
be comparable for all base pairs in the case of the same
kind of base pair.

The hydrogen bond energies of the base pairs were evalu-
ated by a supermolecular method. The basis set super-
position error (BSSE) was corrected for by use of the
counterpoise method.['* Hereafter we refer to the molecu-
lar interaction energy without and with BSSE correction as
S8E and as AEMB, respectively [Equations (1) and (2)]. A
more negative AET® value means a more stable hydrogen
bond. The term AAE was defined as the substituent effect
on AEHB [Equation (3)].

SE(M-N) = EMM-N) — {E(M) + E(N)} (1)
AEMB(M-N) = AE(M-N) + BSSE )
AAE = AE"®(M~—N) — AE"B(A—U or G—C) 3)

M: Modified base; AX, UX, GX, and CX.

N: Natural Watson—Crick complementary base; U, A, C,
and G, respectively.

M-—N: AX-U, UX-A, G*—C, and CX-G.

C, symmetry was assumed in structural optimization.
Non-planarity of the exocyclic amino moiety in the isolated
bases has been reported,® but the differences in the energy
derived from the planar structures and from the non-planar
structures [AENY, Equation (4)] of A and C were very small
and the structures of the bases in the Watson—Crick type
base pairs were planar.’?l The change in hydrogen bond
energy originating from non-planarity of the bases is thus
negligible, except in the case of the GX—C base pairs. For
the GX—C base pairs, we considered AENT. The AENT val-
ues were calculated at the MP2/6-31+G(2d’,p")//MP2/6-
31G(d,p) level of calculation.

AENP = E(GXPIanar) — E(GXNonplanar) (4)

Conformational isomers were produced when the sub-
stituents were introduced on the exocyclic amino moiety
(Figure 2). The conformers I can form a Watson—Crick-
type base pair, while the conformers Il cannot. The value of
AERY(M) was determined by use of Equation (5) for such
derivatives. A positive AER®t value shows that the con-
former I is unstable.

AERY(M) = E(M") —E(M™") 5)

AE™®%! which is the molecular interaction energy includ-
ing the exocyclic amino moiety rotation and the energy dif-
ference originating from the non-planarity, is calculated as
in Equation (6).

AETw! = AEHB(M—N) + AER(M—N) + AEN (©6)
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Figure 2. Exocyclic bond rotation in AX, GX, and CX

The calculations were carried out with the aid of the
SPARTANI!! and the GAUSSIAN 94 programs.['6

Classification of the Base Modification

The atoms are labeled as in Figure 1. The type of base
modification is classified into the following six groups:

Group A: Unmodified base.

Group B: An electron-withdrawing group (EWG) or an
electron-donating group (EDGQG) was introduced on the en-
docyclic carbon atom of the purine or pyrimidine.

Group C: An EWG or an EDG was introduced on the
exocyclic amino moiety on the base.

Group D: The exocyclic oxygen atom is replaced by a
sulfur atom, the exocyclic amino moiety is deleted and/or a
new exocyclic amino moiety is added. The hydrogen bond
of the exocyclic moiety should be weakened, removed, or
added in this group.

Group E: A carbon or a nitrogen atom on the hetero-
cycles is replaced with another atom.

Group F: Bases possessing larger conjugate systems. De-
tailed classifications of the derivatives are shown in Figures
4,7,9, and 11.

Substituent Effects on AX—U Base Pairs

There are two hydrogen bonds between AX and U (Fig-
ure 3). AX acts as an electron acceptor in H-bond A and as
an electron donor in H-bond B. A decrease in the electron
population of the purine ring thus strengthens the H-bond
A and weakens the H-bond B, and vice versa. Namely, the
substituent effects on the strengths of H-bonds A and B
may cancel each other out, so the substituent effect on the
total hydrogen bond energy of AX—U is difficult to forecast
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from the structure. Classification and abbreviations of AXs
are shown in Figure 4.[!7]

A2NH2 and P2NH2

Figure 3. Hydrogen bond between AX and U
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Figure 4. Substituent-introduced 9-methyl adenine derivatives [AX]

Table 1 shows the results of the theoretically estimated
hydrogen bond properties of each AX—U base pair. No sig-
nificant trend was observed in the relationship between the
substituent in adenine derivatives and the hydrogen bond
energies. Both EWGs (ASNO2 A8oxo and A8F) and EDGs
(A®NH2) on the 8-position of A stabilize the hydrogen bond
with U (Figure 5). The presence of a methyl group on the
exocyclic amino group in the 6-position (ASNM¢) has little
effect on the hydrogen bond stability. On the other hand,
the presence of a formyl group at the same position (A°N)
destabilizes the hydrogen bond. For both A®NMe and AONf
the conformer I was found to be higher in energy (unstable)
than the conformer II. AEMB(PZNH2_1)) is less negative
than  AEPB(A—-U). As would be  expected,
AEHB(APNH2_1)) which forms three hydrogen bonds, is
more negative than AEYB(A—U). AEPB(P-U), which
forms only one hydrogen bond, is less negative than
AEPB(A—U). The substituent effects on AEY® in Group E
were not so large.

Substituent Effects on UX—A Base Pairs

With regard to the hydrogen bond structure (Figure 6),
the effect of the electron population of the pyrimidine ring
of U should be opposite to that of the purine ring of A. As
in the case of AX, the substituent effects on the strengths
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Table 1. AEMB, BSSE, AAE, AER°, and AE™%! [kcal/mol] of each
AX, and the binding constants k [I/mol]

Group AX AEYB  BSSE AAE  AEROt AETwl [la]

A A —13.11 2.13 - 100
ASNOZ 1537 221 —2.26

B A8x  —13.16 2.16 —0.05
ASF —13.20 2.17 —0.09 140001
ASNHZ 1425 2.16 —1.14

C ASNfo—10.87 2.33 +2.24 0.08 —10.79
AONMe 1283 230 +0.28 1.83 —11.00 50
P —-842 173  +4.69

D P2NHZ 1196 2.19 +1.15 45
APNHZ - —1496 250 —1.85 170
A3€ —12.31 2.20 +0.80
A€ —1343 2,19 -0.32

E A7CEN - —1298 221 +0.13
ASN —13.30 2.19 -0.19
A€ —12.93 2.16 +0.18

[a] Ref 1191 [ The value of k for ASBr,
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Figure 5. Substituent effect on AEH® in groups B of the base pairs
(* ref.[181)

of H-bonds A and B may cancel each other out. Figure 7
shows the classification and abbreviations for the uracil
analogues.
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Figure 6. Hydrogen bond between UX and A

Table 2 shows the results for the theoretically estimated
hydrogen bond properties of each UX—A base pair. In con-
trast to the substituent effect on hydrogen bond energy in
A, there was a remarkable tendency for UX species pos-
sessing more strongly EWGs to form the more stable base
pairs with A (Figure 5). In view of the fact that UX acts as
an electron donor in H-bond A and as an electron acceptor
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Figure 7. Substituent-introduced 1-methyl uracil derivatives [U%]

in H-bond B, it is deduced that the H-bond B plays a more
important role than H-bond A in these systems.

Table 2. AEHE, BSSE, and AAE [kcal/mol] of each UX

Group ux AEYE BSSE AAE
A U —13.11 2.13 -
—13.29 2.21 —0.18
UsNo2 —14.03 2.35 —0.92
uste —13.60 2.25 —0.49
UF —13.47 2.23 —0.36
B USNH2 —12.83 2.21 +0.28
YoNO2 —13.90 2.30 —0.79
yote —13.42 2.30 —0.31
Uk —13.55 2.23 —0.44
UONH2 —13.33 2.22 —-0.22
D U —12.92 2.27 +0.19
U —11.59 2.24 +1.52
USN —13.80 2.19 —0.69
E p0 —14.77 2.00 —1.66
So2 —14.61 2.74 —1.50
yavin —13.20 2.28 —0.09
F ysrh —13.92 2.38 —0.81
[SR —14.50 2.48 —1.39

The effect of replacement of the 4-position exocyclic oxy-
gen atom by a sulfur atom was large, as expected. The effect
of replacing the 2-position exocyclic oxygen atom by a sul-
fur atom was small.

The AEMB value for U®N was more negative than that for
U. Replacement of a carbon atom with a nitrogen causes
the heterocyclic ring to become electron-deficient, so the
change in the AEYE value for U®N was in agreement with
the substituent effect of AEM® in Group B. For the same
reason, AEM® of So2 (Group E) was more negative than
that of U. On the other hand, P*®, which is regarded as a
more electron-rich heterocyclic ring than U, formed a more
stable base pair with A. The reason for the result for the
P*©—A base pair can be described on the basis of the sec-
ondary interaction proposal.l']
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The AEMB value for UX in Group F was more negative
than that of U, while AAE of U™ and U™ were very
different. It is difficult to explain the difference in the AAE
values of Ud%" and USPh, The pentafluorophenyl group in
USPM acts as a strongly EWG. In U°P? and U™ large di-
hedral angles (46° and 61°, respectively) between the rings
were observed, so the steric effect on the backbone struc-
ture of DNA and RNA should be serious.

Substituent Effects on GX—C Base Pairs

Guanine derivatives act as electron-donors in H-bond A,
but on the other hand, they act as electron-acceptors in H-
bonds B and C, as shown in Figure 8, so it is considered
that introduction of an EDG on G* should make H-bond
A stronger and, conversely, H-bonds B and C weaker, and
vice versa. GXs were classified as shown in Figure 9. Table 3
shows the results of the theoretically estimated hydrogen
bond properties of each GX.
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Figure 8. Hydrogen bond between G* and C

A remarkable trend in AEME was observed: the substitu-
ent effect of the introduction of an EWG on the §-position
and on the exocyclic amino moiety strengthened the hydro-
gen bond. Thus, the sum of the substituent effects on the
H-bonds B and C overcomes the substituent effect on the
H-bond A. Consequently, AEMB(G8NO2—C) was the most
negative in this study, and AEHB(G8NH2—C) was the least
negative in group B. This trend was, as expected, the op-
posite of the substituent effect in cytosine (see Figure 5).
The fluctuation in AE™® resulting from the introduction of
the substituent in G¥% was smaller than that in C3X. Be-
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Figure 9. Substituent-introduced 9-methyl guanine derivatives [GX]

Table 3. AEMB, BSSE, AAE, AER?, AENP and AE™%! [kcal/mol]
of each GX

Group GX AEHB  BSSE AAE  AERCt AENP  AETotl
A G —26.08 2.83 - 147 —24.61
GSNO2 - —2749 291 —1.41 2.88 —24.62
B G8oxe —2690 2.89 —0.82 1.37  —25.53
G8F —26.54 2.88 —0.46 1.38 —25.16
GSNH2  —2579 286 +0.29 5.78 —20.00
C G2Nfe —26.68 3.18 —=0.60 —0.99 0.00 —26.68
G2NMe  —26.06 3.01 +0.02 —1.62 0.00 —26.05
GoS —23.52 2.66 +2.56 .36 —22.16
D H —20.25 2.40 +5.83 — —20.25
HS —19.24 245 +6.84 — —19.24
G3¢ —25.75 2.82 +0.33 2.55 —23.21
E G’¢ —25.19 2.83 +0.89 1.77 —23.43
G°¢ —24.19 2.79 +1.89 2.08 —22.11
G8N —26.73 2.84 —0.65 1.11 —25.62
cause  of the large  AENP(G8NO2—C)  value,

AET@(G3NO2_ () was almost the same as that of the G—C
base pair. The substituent effect on the exocyclic amino
moiety of the guanine derivatives was also the opposite of
that of the corresponding cytosine derivatives. For both
G2NMe and G*Nfo, the conformer I was found to be ener-
getically more stable than the conformer IlI. For discussion
of a typical substituent effect on hydrogen bond energy, we
mainly discuss AEME, The exocyclic amino moiety on G>Nf©
and G>™M¢  was planar. Both AEYB(H—-C) and
AEPB(GSS—C) were less negative than those of the G—C
base pair. The effect of the deletion of the exocyclic amino
moiety was larger than the effect of replacement of the ex-
ocyclic oxygen by sulfur. Although H—C forms only two
hydrogen bonds, AEMB(H—C) was more negative than
AEPB(A—U), while AEPB(HS—C) was less negative than
AEPB(H~-C). In Group E, only AET® of the GN—C base
pair was more negative than that of the G-C. The substitu-
ent from aromatic carbon to nitrogen causes the aromatic

Eur. J. Org. Chem. 2003, 2577—2584 WWw.eurjoc.org

ring to become electron-deficient, so it is equivalent to in-
troducing an EWG on the aromatic ring.

Substituent Effects on CX—G Base Pairs

Cytosine derivatives act as electron-acceptors in H-bond
A and as electron-donors in H-bond B and C, as shown in
Figure 10, so it is considered that introduction of an EWG
on CX should make H-bond A stronger and, conversely, H-
bonds B and C weaker, and vice versa. Thus, if the contri-
butions of each of the three hydrogen bonds to the stability
of the base pair are the same, the stability of the base pair
should be strengthened by the introduction of an EDG. CXs
were classified as shown in Figure 11.

e 4X

H  HBondC

Figure 10. Hydrogen bond between CX and G
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Fi%ure 11. Substituent-introduced 1-methyl guanine derivatives
[C7]

Table 4 shows the results of the hydrogen bond properties
of each CX, while Figure 5 shows the substituent effects on
AEMEB in groups B of CX—G and the corresponding UX—A.
A remarkable tendency was observed: unlike the substituent
effect in uracil, a CX species possessing a more strongly
EWG forms a less stable base pair with G. This result shows
that the sum of the substituent effects on the H-bonds B
and C overcomes the substituent effect on the H-bond A.
The substituent effect on the 5-position was larger than that
on the 6-position or that of the corresponding U* (Fig-
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ure 5). It is considered that the formation of the intramol-
ecular hydrogen bond enhances the electron-withdrawing
ability of the substituent by accepting the hydrogen bond
(Figure 12).

remarkable
N
oHH b Hog H H.y H Hoy H
! weak H
H ‘ ~N O ‘ ~N v N | =N
o o 9o o
Me Me H Me O Me
a b (TS) a b (TS)

Intramolecular

H-Bond Capable
Intramolecular H-Bond

Incapable (or weak)

Fié%ure 12. Intramolecular hydrogen bond formation in C>* and
C o

Table 4. AEHB, BSSE, AAE, AER, AEN? and AE™% [kcal/mol]
of each CX

Group CX AEHB BSSE AAE A ERot AETotal
A C —26.08 2.83 -
CoNO2 —2349 291 +2.59
CNO2fal —2341 291 +2.67
CSFor[a]lbl - —23.64 2.88 +2.44
CoForb]lal  —24.85 2.89 +1.23
CoF —25.82  2.90 +0.26
B CSNHZ [l —27.51 294 —1.43
CoNH2 —25.84 292 +0.24
(CONO2 —24.84 291 +1.24
COForq] —25.36  2.87 +0.72
CoFer[p)al - —2573  2.88 +0.35
COF —25.79 243 +0.29
CONH2 -26.21 2.89 —0.13
C (C4Nfo —26.05 3.12 +0.03 —143
C4NMe —27.09 3.04 —1.02 .12 —2597
C2s —23.58 2.57 +2.50
D p20 —-17.77  2.26 +8.31
P2 —18.10 2.34 +7.98
C4NPh —27.23 3.37 -1.15 —0.16
C5Ph —25.75 3.07 +0.33
Cuic —27.23  3.18 —1.15
F Cquin [a] —26.31 299 —0.23
Cauin —26.30  2.99 —0.22
ChiC —21.51 3.06 +4.57
(CPhox —28.35 3.42 =227

[l Cs structure of CNO2 C3Fer[b], C3NH2, COFer[b] and Ca%n was
not the energy minimum. ! See also Figure 12 for the difference
of CS/()For[a] and CS/éFor[b].

Alkylation of the exocyclic amino group on the 4-posi-
tion (*N) strengthened the hydrogen bonding of the base
pairs. Acylation on the same position had almost no effect.

Although the substituent effect in group F was relatively
large, there was no remarkable trend in the substituent ef-
fect on AEMB in group F. Except for that of C°*?, the AEHB
value of the group E was more negative than that of the

2582 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C—G base pair. AEHB of CPP*—G was the most negative
in this study.

As would be expected, the replacement of exocyclic oxy-
gen with sulfur results in a decrease of hydrogen bond en-
ergy of the base pair. This effect was larger for C>S than for
U*S, The value of AAE (G—C?%) was almost the same as
AAE (G%—C). The effect of the deletion of the exocyclic
amino moiety of C (G—C — G—P?°, Figure 11 and
Table 4) was larger than that for G (G—C — H—-C, Fig-
ure 9 and Table 3). According to the secondary interaction
proposal,l'”! the AET® value of the G—P?© base pair was
nevertheless more negative than that of the A—U base pair.
Obviously, the hydrogen bond energy per hydrogen bond is
different for each base pair, and the base pair stability is
determined not only by the number and the direction of the
hydrogen bonds in the base pair, but also by the hydrogen
bond capability of the hydrogen bond sites.

Comparison Between the Predicted Hydrogen Bond
Energies and Experimentally Observed Base Pair Stability

By examining changes in the N—H stretching mode in
IR spectra, Kyogoku et al. derived the binding constants
(k) between uracil and some adenine derivatives.?% AEHE
was compared to the log of the binding constants (k) be-
tween uracil and some adenine derivatives (A, A?NH2
P2NH2 | ABBri2ll gnd AONMe) - Ag shown in Figure 13, the
theoretically estimated substituent effect on AE™® repro-

duced the substituent effect on experimentally observed k:
A2NH2 = ASBr/ASF ~ A > AONMe ~ p2NH2 [22]

log(k)*
2.3+

2.2+
2.14
2.0 1

1.9

A6NMe

I
11 12 13 14 15
-AE"® (kcal/mol)

Figure 13. Relationship between theoretically estimated AEH® and
log of binding constant of some AX species (* ref.?%l and { ref.[>!])

Ishikawa et al. reported the correlation of the chemical
shift of the imino proton, the pK, value of the imino pro-
ton, the nitrogen-proton [N'(A)-*H(U)] coupling constant
through the covalent bond ('Jnp), and AEHB 23] These fac-
tors correlate with each other, especially between AETB and
! Jnm, and between the chemical shift and the pK, value of
the imino proton.

The duplex stabilities of the oligonucleotides were ob-
served as melting temperatures (7,,s). An increase in T},

WWW.eurjoc.org Eur. J. Org. Chem. 2003, 2577—2584



Computer-Aided Molecular Design of Hydrogen Bond Equivalents of Nucleobases

FULL PAPER

shows an increase in the duplex stability of M introduced
oligonucleotides, and vice versa. A change in the T, is
therefore an index of the substituent effect on duplex sta-
bility. However, T,,s and changes in 7,,s are highly sensitive
to the experimental conditions, and the experimental con-
ditions of these studies differed. Comparison between AAE
and change in Ty, is therefore not discussed here.

There have been no systematic studies investigating the
experimental binding properties (e.g., values of 'Jyy*?)
and binding constants (k)% of guanine derivatives and
cytosine derivatives, so systematic discussion of the relation-
ship between theoretical prediction and experimentally
ascertained binding properties for guanine and cytosine de-
rivatives is impossible.

Conclusion and Outlook

We have described substituent effects on the hydrogen
bond energies of Watson—Crick-type base pairs formed be-
tween a chemically modified nucleic acid base derivative
and an unmodified one. The presence of an electron-with-
drawing or an electron-donating group may effectively
change the stability of the base pair, and the theoretically
estimated stability was in agreement with experimental re-
sults in most cases. The results show how the stability of
the base pair may be strengthened or weakened through
the introduction of substituents. We have demonstrated a
methodology to control the hydrogen bond stability of a
nucleic acid base by use of computer-aided molecular de-
sign. In the last decade, new types of base pairs, using non-
natural bases, have been developed by some groups.’! Only
the hydrogen bond equivalents of natural nucleic acid bases
are described in this account, but they should be usable for
the molecular design of unnatural base pairs.[>’]
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