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The present work is aimed to perform a high-level ab initio computational study of the unnatural covalent
bond base pairs, recently designed by Gao and QRyelc. Natl. Acad. Sci. U.S.A999 96, 14837) and

Kishi et al. (Angew. Chem., Int. Ed. Endl999 38, 928; Angew. Chem., Int. Ed. End2001, 40, 1471), for

a better understanding of the underlying structural and energetic features of their base pair formations and for
a demonstrating of how they actually accommodate the DNA double helix architecture. In addition, three
new tautomeric forms of the Ga®rgel covalent pair are found and their shape complementarity is analyzed.

1. Introduction

The Watsonr-Crick structure of the DNA comprises of the
double helix. Two types of interaction, hydrogen bonding and
stacking, maintain the DNA double helix structural motif where
the former orchestrates the base pairing between adenine A and
thymine T and between guanine G and cytosine C nucleic’acids
(see also ref 2 for review and references therein), linking
together two DNA strands. Stacking interaction primarily
determines the helix architectut@he nucleic acid base pairs
A-T and GC of DNA are usually referred to as the Watson
Crick (WC) complementary or canonical pairs (the former is
_pictured in Figure 1). The S.peCiﬁC hydrogen-bonded patterns Figure 1. The Watsonr-Crick canonical base pair-A and its shape
in the AT and GC base pairs predetermine the genetic code complementarity characteristics.
alphabet within the WatsenCrick model of DNAL2 A case
with altered hydrogen-bond patterns or, in other words, non- incapable of tautomerization and therefore, an insertion of
WC base pairings (mismatches or mispairings) might therefore unnatural base pairs into the DNA liaisons might significantly
cause an alternation of the genetic code leading to point disfavor mispairing. One of the most important problems in the
mutationstb4.5 design of unnatural base pairs is how they geometrically

What is the key place of the hydrogen bonding in maintaining accommodate the standard Wats@rick architecture, without
the DNA double helix architecture comparing with the inter- steric clashe&?14Notice that such geometric constraint, or in
strand base-stacking and interstrand cross-stacking interactions®@ther words, a shape complementarity, has long been thought
Whether the WC hydrogen bonds are required for a DNA tobetheimportantfactorinthe DNA replication fidelfyd-12132.15.16
polymerase to replicate a base pair? Is it possible to design such The present paper reports a high-level performance theoretical
“unnatural” base pairs which will be not susceptible to effects study of the covalently bonded base pairs, focusing on the-Gao
of tautomerization? This fundamental paradigi§r3 arisen Orgel and Kishi models (computational notices are outlined in
since the discovery of the DNA structure in 1953, led in the ref 17), with the emphasis on the analysis of their shape
mid 1980s to the concept of a “covalent base pair”, introduced complementarity within the DNA double helix architecture. We
by Devadas and LeonafdDuring the last 2 decades, this thoroughly examine their optimized geometries and IR spectra
concept has greatly inspired an appearance of a variety ofand demonstrate some subtle features of these base pairs related
covalently linked base paifs1° Nowadays, it has been recon- particularly to their tautomerism, which might have an impact
sidered mainly thanks to the studies by Kool, Romesberg, andon a further development of the covalently bonded base-pair
Schult2112.2f (see also ref 13). The current work in this area architecture. We also consider new covalent base pairs as
has particularly been focused on the base pairing betweenanalogues of GaeOrgel model.
adenine and difluorotoluene and on a design of new covalently
bonded base pairs by Gao and Ofgehd Kishi and co- 2. Gao—Orgel Covalent Base Pair and Its Tautomers

workers?® The concept of a covalent 2 base pairing has recently  1he Gae-Orgel covalently bonded base pair GOP, with

been extended to other types of pairing of unnatural bases,he formyl-type hydrogen bond, shown in Figure 2, has recently

particularly those designed by Schultz and Romesberg and co-peen synthesized in the reaction of two nucleoside analogues

workers on a basis of hydrophobic interactiéhén advantage  the gialdehyde anti*-aminocytidine. The semiempirical PM3

of the hydrophobic bases consists first of all in that they are calculation, conducted by Gao and Orgel, demonstrates that,
* Corresponding author. Tel#+32 (16) 32 73 84, FAX: +32 (16) 32 first, this base pair closely resembles the WatsGnick base

79 92. E-mail: eugene@bohr.quantchem kuleuven.ac.be. On leave fromP&il geometry; second, it is in fact planar, and third, it mini-
Bogoliubov Institute for Theoretical Physics, Kiev, 03143 Ukraine. mally distorts the double-helix structure motif (see Figure 1 for
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Figure 2. The optimized geometries of the covalent base pairs-G&,-,. Distances in angstroms and angles in degrees.

the definition): its Cto C distance R equal to 10.5 A and
glycosyl bond angles; = 48.5 ando, = 57.1° are very close
to those pertaining to the double-helix DNA R 10.8 A and
both a; = op = 52° 2bc or o = = 560;16a R = 10.60+
0.15 andoy = ap = 68 4 2°;2 R= 10.60+ 0.15 A2 see also
refs 16b,c).

The B3LYP/6-31%G(d,p) optimized structure of the Gao
Orgel covalently bonded base pair GGOPR,, obtained in the
present work, is displayed in Figure 2. It is perfectly planar
and strongly polar compared to thelAbase pair (see Table
1). Its geometrical parameteR$O-CR, a$° %, and o ™
are equal to 10.03 A, 429and 58.7, respectively. Their
comparison with, for instance, the corresponding valud*ef
ofY, and a" of the AU base pair, obtained at the same
computational level? shows thaR®%-C% is smaller tharRAY
by 0.09 A ando$® ™ by 11.5 thana}”, whereasaS® “®
slightly exceeds (by 32 a’z*u. The key properties of the base
pair GO-CPR,, including the rotational constants, mean dipole

Table 1. It is worth mentioning that a large dipole polarizability
of GO—CP, implies its higher interaction capability with polar
solvents.

The base pair GOCR, is characterized by two intramolecular
hydrogen bonds: the £&H,:--N3 bond with the bond length of
1.532 A and bond angle of 148.Between the formyl group
C,=0; and N; of the dialdehyde ring and thes€Hg"--N7 one
whose bond length is equal to 2.089 A and bond angle to 124.6
The former refers to the formyl-type hydrogen bond which is
characterized by the highly IR active;©H, stretching vibra-
tional mode at 2412 cnd (Table 2). A proton transfer along
this hydrogen bond results in the amide tautomeric form-GO
CP; of GO—CP,, which appears to be more stable by 5.9 kcal/
mol (see Figure 2). Due to the entropy excess, equal to 6.4 cal/
mol-T of the GO-CP; base pair over the original GECPR,
one, its stability increases to 7.1 kcal/mol at ambient temper-
atures.

The tautomerization process G@P, < GO—CPR, is ac-
companied by substantial geometrical changes in the vicinity

polarizability and mean quadrupole moment, are gathered in of the Ns---H,:--O; proton-share hydrogen bond. As shown in
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TABLE 1: B3LYP/6-31+G(d,p) Relative Energies (in kcal/mol), Rotational Constants (in MHz), Total Dipole Moments (in

debye), Mean Dipole Polarizabilitieso. = (o« + oy + 02)/3 (in au), Quadrupole MomentsQ = (Qx + Q.
and the Base Geometrical Parameters of the normal Amide Covalent Base Pair GECP,, Its Formyl- anolV

GO—CP3;, GO—CP4, and the WC A-U

+ Q,)/3 (in D-A),
Enol-Tautomers,

rotational constants

geometrical parameters

form energy A B C dipole o Q R(A) & (deg) a, (deg)
amide 0.0 679.28 160.61 129.92 7.9 221.4 111.3 9.98 44.0 59.0
(690.56% (162.08) (131.27) (8.5) (111.9) (9.94) (44.3) (58.4)
formyl 5.9 691.08 159.75 129.76 8.5 214.2 111.4 10.03 42.9 58.7
enol 19.0 653.53 164.19 131.22 4.8 226.2 101.9 9.81 44.9 60.0
GO—-CP3 822.77 134.74 115.78 5.8 177.1 10.30 43.2 50.6
(840.93) (135.33) (116.57) (10.35) (42.8) (49.7)
GO—-CP4 598.93 163.74 128.58 25 116.2 9.66 53.6 54.6
(624.09) (160.07) (127.39) (9.91) (51.1) (52.6)
A-U 200.32 169.17 108.79 1.8 163.9 89.3 10.12 54.41 55.54

@ The corresponding HF/6-31G(d,p) values are given in parenthese
equal t0—979.42967 hartree.

TABLE 2: Stretching Vibrational Modes of the normal
Covalent Base Pair GG-CP; and Its Formyl- and
Enol-Tautomeric Forms

frequency
GO-CP, GO—-CPR, GO-CP, assignment
3266 (179 V(N3—H)
3631 (121) 3630 (121) 3633 (121)  v(Nio—H)
3644 (181) 3624 (127) 3644 (217)  v(Ny—H)
3654 (61) 3655 (59) 3652 (59) v(N12—H)
3753 (123) v(Og—H)

2 Frequencies are given in ci IR intensities in km/mol are shown
in parentheses.

Figure 2, as far as the proton migrates along this bond, it
undergoes a contraction by0.14 A. This also causes a
contraction of the @010 bond by 0.06 A which in turn results
in a small blue shift £19 cnT?) of the G=0; stretching
vibration and in an enhancement of IR intensity by a factor of
ca. 5. In contrast, the intra-ring bonds in the vicinity of thge N
atom undergo smaller changes (e20.01-0.04 A). The net
effect of the proton transfer on the;Naminocytidine geometry

is negligible although it slightly changes thé 16 C' distance
and glycosyl bond angles to 9.98 A, and £4#nhd 59.0,
respectively. The key properties of the covalent base pairGO
CP, are summarized in Table 1. Notice that its amide-type
hydrogen bond B+H,---O; is characterized by the bond length
of 1.771 A and the bond angle of 136.8he N—H stretching
vibration is predicted at 3266 crh (see Table 2).

A further proton transfer from Nto the carbonyl oxygen
atom G leads to the enol-type tautomer GQP; displayed in
Figure 2. It is less stable by 18.8 kcal/mol and less polar by 3.7
D than the covalent base pair G&P,. GO—CP; has a slightly
smaller C to C distance of 9.81 A. A comparison of the
geometries of the dialdehyde ring in the 6OP, and GO~
CP;, base pairs demonstrates that the kegnol tautomerism
leads to the substantial elongation of the-©, bond by 0.12
A and contraction of the ;N-Cg one by ca. 0.1 A.

Let us now estimate the occurrence of the-&CQP, base pair
using the well-known expression for the equilibrium constant
Kco-cre—co-cp, Of the tautomerization process GCP, <
GO_CPQ: kGO—CF’l‘:'GO—CPg = exp[—(AH - TAS)/kBT] where
AH is the difference in enthalpies of GE&CP; and GO-CP;,
ASis their corresponding entropy difference, dgds Boltz-
mann constant equal to 198.721%610~2 cal/mol T. We then
obtain thakso-cp—co-cp, = 6.0 x 10~ which is much lower,
by eleven orders, than the estimated misinsertion frequency o

s. The B3LYP/E3,p) electronic energy of the base pair GOR, is

pair GO—-CP; does not substantially suffer from possible 60O
CP--type mismatches. Although, on the other hand, the equi-
librium constantkco-cp—co-cp, Of the tautomerization GO
CP, & GO—CP,, equal to 6.0x 10°%, demonstrates that the
occurrence of the GOCP, mismatches is of the same order as
that in the DNA base pairs. However, we should notice that
such type of mismatches is not precisely identical to that
occurred in DNA?, and comparing the geometries of GOP;
and GO-CP,, we suggest that such tautomerism may only cause
negligibly minor perturbations with respect to the overall double
helix, without, likely, any extension beyond the mismatched
covalent base pair.

Closing this section, we consider two new covalent base pairs
GO—CP; and GO-CP,. Their B3LYP/6-31G(d,p) optimized
and perfectly planar geometries are shown in Figure 2 and their
properties are gathered in Table 1. It is worth noticing that-GO
CPs is characterized by the'@ C' interglycosidic distance R
=10.30 A and by the glycosyl bond angles= 43.2 anda,
=50.6. Itis then clear thaR certainly lies in a better agreement
with the experimental range @& inherent for the DNA base
pairs than that of GOCP, and GG-CP,. Furthermore, the bond
anglea; is nearly the same as.° “™ and a$° ", while a,
is closer to the experimental value of 52 Altogether, this
implies that GO-CP; has much more in common with the DNA
double helix motif than the base pairs GOP, and GO-CP.
Interestingly, the base pairs G&P, and GG-CP; have the
amide-type hydrogen bond with rather similar geometries.

The covalent base pair GECP;, is characterized by a smaller
C' to C interglycosidic distanc® = 9.66 A. Its glycosyl bond
angleso; = 53.6° andap; = 54.6° perfectly match the DNA
experimental range (cf. with the values of theUAgiven in
Table 1), and thus, such covalent pair excellently accommodates
the DNA double helix among all covalent base pairs of the
Gao—-Orgel type treated in the present work. It also possesses
a lower total dipole moment of 2.5 D, comparable to that of
the conventional WC base pairs.

3. Kishi Covalently Cross-Linked Base Pair

Recently, Kishi and co-worke¥shave designed the GH
bridged base pairs and reported their synthesis. Comparing them,
for instance, with the WC A base pair, we notice that they
possess the single hydrogen bond of theHN--O type which,
as known, is characterized by the proton-transfer barrier of more
than 12 kcal/mol, and therefore, the resulting tautomeric mispair

fis unlikely to occur. Following the original ordé?,Figure 3

the spontaneous point mutations in the conventional DNA base displays the B3LYP/6-31G(d,p) optimized geometries of four
pairs2® We therefore conclude that the covalently bonded base CH,-bridged base pairs. The former two belong to class |
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K-CP, K-CP,

Figure 3. The optimized geometries of Kishi covalent base pairs (distances in angstroms and angles in degrees).

TABLE 3: Key Properties of Kishi Covalent Base Pairs caused by its insertion, is not so substantial. HoweverCR,,
Elglgt?(l)mgi’ctgi (?rsg;li_e:(sp(/ii_h?éﬁe?e()d’g)lﬁl%d (513||2Ja7//33)1%nd which is less energetically favorable covalent base pair, better
N—H Stretching Vibrational Modes Calculated at the Latter aC(E)mmodates tie Dl\iA d(_)uble helix beca@e= 9.215 A,
Computational Level a3 = 49.6" ando; = 58.1. This value ofRrather well correlates

with that provided by the X-ray structural analy&{a.

properties KCP1 K-CP2 KCP3 KCP4 Kishi-type covalent base pairs<CP; and K—CP; have a
energ¥sLyele-auie) 0.53454 053471  0.54175  0.53460 quite interesting feature distinguishing them from G&rgel
—energysvpe e 0.19947 019838  0.20805  0.19906 pair. This is actually their ability to form the reverse WC base

+ 927 pairing which is energetically equivalent to the normal one. One
Z'inEJr |164 ant 0.55 0.37 1.04 0.56 of these reverse pairs, namely,—KP,, has the smallest
rotational constants H —

A 617.21 692.52 619.30 696.62 hydrogen bond Iength_of 1.933 A among all p_awsKPn (n=

B 21828  209.04 21832  207.45 1 - 4) and correspondingly, the lowest stretching mege..o

C 176.63 178.09 176.46 177.32 stretch peaked at 3502 ctthat, in overall, may lead to a
dipole moment 5.6 6.4 5.0 6.6 feasible formation of its tautomneric mispairing counterpart.
Q 105.2 105.1 110.8 110.7
a 167.0 165.5 166.6 165.1
VNp-H" 0 3516 (375) 3502 (396) 3525 (207) 3534 (200) - Summary
VNH 3691 (46) 3691 (35) 3690 (56) 3692 (49) Summarizing the presented theoretical results, we conclude
VNg—H 3654 (92) 3651 (94) 3652 (91) 3653 (93)

that the amide covalently bonded base pair-&IP, appears
aFrequencies in cmt; IR intensities in km/mol are given in  to be more stable compared to the formyl one. However, due
parentheses. Rotational constants are indicated in MHz, total dipole to a larger dipole moment of GECP,, polar solvents like, e.g.,
mc;rt':)er;‘itc'[‘Jrﬂfsbﬁé?negﬂaﬂfﬂilg%ﬁﬁgfg}%g O‘Jvrvg ‘)’;Zé)/lﬁ water, favor it by a stronger stabilization. We also reveal that
D-A Numberiﬁg of atoms is Shown in Figure 3X W GO—_CPl is much more strong stabilized by a polar environment
and likely favors a stacking due to a larger mean polarizability
consisting of K-CP1 of the WC type and KCP; of the reverse and total dipole moment, compared, for instance, to thg A
WC type, and the other two pairs of class Il are &P; of the base pair. Its Cto C interglycosidic distanc® of 9.98 A and
WC type and K-CP; of the reverse WC type. Table 3 collects glycosyl bond anglea; = 59.0° almost coincide with the
their theoretical data, including the NH stretching frequencies. corresponding calculated values for theJApair. An agreement
First of all, it is worth noticing that all these pairs are nonplanar, in glycosyl bond angley; = 44.C°, indicating a slight shift of
as already mentioned in ref 10a. They are nearly iso-energetic,the dealdehyde toward the minor groove, is less satisfactory.
although K-CPs is sligthly favored over the others: by 4.5 (4.0) Hovewer, all these values are within the range of the polymerase
kcal/mol over K-CP; and K—CP, and 4.4 (3.8) kcal/mol over  clamp~1214and, therefore, GOCP, may be incorporated into
K—CP, (after ZPVE correction evaluated at the B3LYP/6-31G the double helix without causing major perturbations. Also, the
computational level). KCP3 has the Cto C distance R of calculated vibrational frequencies of the covalently bonded base
9.052 A and glycosyl bond angles = 56.2 ando, = 61.1°. pairs can be used as their “fingeprints” in further experimental
This implies that the distortion of the DNA double helix motif, studies. Altogether, the present work indeed demonstrates a use-
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Figure 4. The B3LYP/6-31G hydrophobic base pairs. Distances are
given in angstroms. The monomericid bond length is indicated in
parentheses.

ful consistency of GaeOrgel and Kishi et al. experiments and
high-level computational approach toward a further exploring
of the concept of covalently bonded base pairing in the DNA
double helix.

Finally, it would be worth mentioning the hydrophobic
analogue of the base pair which has recently been proposed b
Schultz, Romesberg, and co-worké?sigure 4 displays two
B3LYP/6-31G optimized structures, HBand HB, of the
7-ethynyl isocarbostyril base pair (a lower analogue of the
7-propynyl isocarbostyril base pair treated in ref 12), excluding
a very weak and planar van der Waals pair, character- ized by
the large distanceR = 11.586 A and by a head-to-head
arrangement of the-€C=C—H bonds. The energies of the pair
formation of HB, and HB, amount to 4.1 and 4.0 kcal/mol,
respectively, after ZPVE correction, likely attributable to the
hydrogen bonding NH---x and two weak €&H---O bonds
(such a large energy of complexation is not consistent with the
suggested hydrophobic character). The formation of this com-
plexation results in a red shift by 38 ciof the corresponding
vnh Stretching mode. Other theoretical properties of the reported
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TABLE 4: Key Properties of the Hydrophobic Base Pairs
Including the B3LYP/6—31G Electronic Energies (in
hartree), ZPVE (in kcal/mol), and N—H Stretching
Vibrational Modes

properties HB HB;

-energy+ 1106 —0.36549 —0.36550
ZPVE+ 191 0.20 0.25
rotational constants

A 387.7332 388.4257

B 77.5347 88.6447

C 75.4575 84.9759
dipole moment 4.2 4.7
o 247.4 245219

Frequencies in crf; IR intensities in km/mol are given in
parentheses. Rotational constants are indicated in MHz, total dipole
moment in D, mean dipole polarizability = (axx + oyy + 0)/3 in
atomic units.
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