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The properties and modes of recognition of physiological DNAs associated with the four natural nucleobases
might be extended, in principle, by the design of non-natural nucleobase derivatives. The goal is an expansion
of the genetic alphabet, with the possible outcome of producing new DNAs with improved physical or biological
properties. In this work, a new series of hetero-ring-expanded guanine analogs are proposed, and their relevant
structural characteristics and electronic properties are determined by density functional theory. The stabilities
of the decamer DNA duplexes feiC)o (wheren represents the corresponding expanded guanine analog
designed here) are also examined, using molecular dynamics. The simulations show that the designed motifs
can form stable DNA-like structures. We determined the pairing energies for the Walsick (WC)
hydrogen-bonded dimers between the expan@eahalogs and the natur&él, and found that the pairing
energies are close to those of the nat@@l pair. The calculated adiabatic ionization potentials (IPs) of the
size-expanded guanine analogs and their base pairs, and the corresponding vertical ionization potentials, show
that some are distinctly smaller than the corresponding natural versions. The HOM®@O energy gaps

for most of the size-expanded guanine analogs and their WC base pairs are considerably lower than those of
the corresponding natural base and base pairs. Thus, the exp@nbades may be considered as DNA
genetic motifs, and they may serve as building blocks for potential biological applications and the development
of molecular electronic devices.

1. Introduction and to produce new DNAs with improved physical or biological
propertieg®? One interesting development is the synthesis of

. Creat_lng l_Jnnatur_aI nucleobase_s has ga!ned increasing a}ttené new set of “stretched-out” bases (termed x-bases, synthesized
tion, primarily motivated by their potential applications in

) . . . . by Kool’s groug), in which the fusion of a benzo ring increases
biotechnology and medicinal chemistry, as well as in material their size by 2.4 A (se&G in Figure 1). These x-bases were
science. To date, most efforts have been devoted to the y . 9 )

development of modified bases, including the use of nonstandardfound to be able to form stable DNA-like structures and to h.a ve
hydrogen-bond donor/acceptor pattefngan der Waals and smaller HOMG-LUMO gaps than th.e natural one, suggesting
hydrophobic interaction&metal coordinatiod,and other al-  that they could enlarge the genetic ag!phabet and also have
terations! Clearly, modifying the chemical and physical proper- Petential application in biotechnologiés:
ties of DNA without affecting its complementary base pairing  Inspired by these studies, and with the aim of retaining the
may play an important role in future applications. For example, desired base-pairing properties, we have designed a series of
increasing the electrical conductivity of DNA by chemical new size-expande¢-analogs (shown in Figure 1) that are
modification of the base pairs may allow for the self-assembly hetero-(5/6)-membered ring-expanded. There are four groups:
of complex molecular-scale electrical deviée®n the other Se1, Se2, Ss1, andSsp, simply classified by the types of the spacer
hand, although the specific Watse@rick (WC) hydrogen bond rings. In outline, for purposes of classification, the spacer ring
in natural DNA plays an important role in the storage and in group Ss; has ame® aromatic conjugated bond system, and
transfer of bio-information, it does not exhaust the possibilities in groupSs; it has a nonaromatigs® conjugated bond system.
of establishing additional hydrogen bonds. In fact, the specific The difference between the two groufs; andSsy, lies in the
hydrogen-bond donors and acceptors in the grooves facilitatedifferent orientation of the spacer ring. In both groups, the
the recognition of the DNA sequence; the binding to proteins, hetero-ring spacers are aromatic and the homo-ring spacers are
or small-molecule ligands, can induce changes in both the DNA not m-conjugated and thus nonaromatic. In fact, the ring-
and protein or small-molecule conformatidn. expansion strategy has been used to expand nucleobases with
Recent progress indicates that the recognition pattern of varied spacer ring® already including pyridine, pyrazolo, and
physiological DNAs associated with the four natural nucleobases other heterocyclic rings. However, such modified bases have
could, in principle, be enlarged by using unnatural nucleobase peen used mainly in medicinal chemistry, rational drug design,
derivatives, which might be used to expand the genetic alphabetand investigations of enzymeubstrate interactions. In addition,
it is noteworthy that the hetero-ring expansion strategy was also
* Author to whom correspondence should be addressed. E-mail: byx@ ;sed to modify the pyrimidine to form new base-pairing motifs
Sdlﬁ'gﬂ:ﬂc’mg University. (tricyclic nucleosides) consisting of four hydrogen bonds. But,
*Michigan State University. its aim was only to enlarge the WC face from three hydrogen

10.1021/jp073592h CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/20/2007




8336 J. Phys. Chem. B, Vol. 111, No. 28, 2007 Zhang et al.

(a) [s) o [o] (o]
(,N NH <,"I"‘f\ﬂﬂ <,N lN\ NH (’NﬂLNH
N N)\NHz N N/l N'ANHz N & 5 NJ\NHZ ﬁ N/3 N’*NH:
xG
0o
(b)N H oNH NIO oNH ) g oNH <N|°| "
¢ ) CI CI ) T
HIN N)\NH;‘ n 0 NJ\NHg HIO N/)\NHg H N N')\NH
H 4 5 6 H o
o
NH
NIL\ NP “NH
ﬂ 10
NH H,!:Cf‘\NH
)\NHz » N)\NH,

Figure 1. Structures of the hetero-ring-expanded guanine analogs designed hei®.akckording to the spacer ring, they are classified into four
groups: (a)Se1 (1—3) in which the spacer ring has normad-conjugatedz-bonding; (b)Se2 (4—7) in which the spacer ring has®-conjugated
bonding; (c)Ss1 (8—10); (d) Ss2 (11—13). The spacer rings in both0 and 13 contain the>CH, unit in which a C center adoptsp® hybridization,

being different from the other C membesgi hybridization) in the rings. Thus, they may also be viewed as hetero-rings. In the latter two groups,
the hetero-ring spacers are aromatic, but the homo-ring spacers areconjugated and thus nonaromatic.

bonds to fouf® In contrast, the designe@-analogs here are  the Watson-Crick (WC) hydrogen-bonded dimers between the
expected to have both structural characteristics and biological expanded bases and their natural counterpart were obtained, and
functionality similar to those of their natural counterpart. all the pairing energies were corrected for basis set superposition
This ring-expansion scheme presents a novel approach toerror (BSSE) using the counterpoise correction. Owing to the
enriching the gene alphabet and to extending DNA-based large number of mispairs examined, we obtained the initial
applications. For promising additional gene motifs, the prospec- optimized structures of the mispairs at the 6+&* level. Then,
tive reference object for the designs should mimic their natural the relative energies were estimated from single-point calcula-
analogues and function in the context of the natural genetic tions at the 6-311G* level, and these mispairing energies were
system. Although the stacking interactions between the aromaticalso corrected for the effect of the basis set extension. The
DNA bases play a dominant role in duplex stability, and they ionization potentials, and HOMO and LUMO orbital energies,
appear to be driven largely by van der Waals forces and, for were all computed at the 6-3+G* level.
hydrophobic molecules, by solvophobic effettse necessary We also explored the electronic effect of the sugar-phosphate
hydrophilic sites in the designed bases should be included to moiety on the newly designed guanine analogs and found a very
maintain qormal functionality as for the natural .b.ase_. Fur.ther- minor effect of the ribose moiety on the structural parameters
more, maintenance of the necessary hydrophilic sites in the 3nq energy quantities such as the ionization potentials and
designed DNA motifs without decrease in their overall hydro- HoMoO—=LUMO energy gaps. These results are in good agree-

phobicity may favor their property modulation. ment with observations reported recently by Guerra ét al.
The designed DNA motifs must have comparable or enhanced Molecular Dynamics Simulations. The natural duplex @-

electronic propgrties rglative to the n.atural. motif. They must dChowas built in canonical B-form using the NUCGEN module
also be stable_m SO'U“OF‘-. Thus, we Investigate the _expz_andedin AMBER 8.0!% and starting structures of the modified
bases and their base-pairing properties with a combination of

uantum chemical density functional theory (DFT) calculations duplexes were manipulated to change the base pairs. Atom-
4 . Y y . centered partial charges for the size-expanded guanine analogs
for the electronic properties and molecular dynamics (MD)

simulations for the solution stability of the duplexes. We were derived by using the AMBER antechamber program

demonstrate here that these hetero-ring-expa@dadalogs can (Félrzi(?c:c ngg;hggglgggi'sggghﬂs FE;%\}\lljarferWrgzleI::nurlneirsZg dlriSa
form stable duplexes and have electronic properties that areP .

similar to or improved on those of natur@l and its base pair. sodium ions were added to neutralize the charge. After energy
minimization to relax strains and heating to 300 K over 20 ps

using Langevin dynamic$, 4 ns of unrestrained constant
temperature and pressure simulations were performed at 300 K
DFT Calculations. Calculations were performed using the and 1 atm with the SANDER module, using the AMBER-99
hybrid three-parameter B3LYP density functional approach, as force field1”-18The Particle Mesh Ewald algorithfhwas used
implemented in the GAUSSIAN 03 set of progratsThe with a 10 A cutoff. All bond lengths were constrained using
geometries of the size-expanded guanine analogs were optimize@HAKE,?° allowing a 2 fsintegration time step. Since 16
at the 6-31%G* level. Frequency calculations were performed dC),o showed a larger root-mean-square deviation (RMSD)
as well to ensure that the species represent true minima on theelative to the other simulated duplexes after 2 ns of unrestrained
potential energy surfaces. At the same level, the structures ofsimulation, we extended the time to 6 ns. While the average

2. Methodology
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Figure 2. Binding energies for all the modified base pairs in strucn@(WC), n-G1, n-Al, n-T1, andn-T2.

structure of (A0-dC),o was obtained from the last 2 ns of its  only 1.7-2.5 kcal mof* (Figure 2 and Table S2 of Supporting
trajectory, the other average structures were generated from theénformation). It is quite a surprise that the pairing stability of
last 3ns of each trajectory. These structures were then analyzechlmost all designe-analogs exceeds that x®, with the sole

using the program 3DNA! exception ofg, and even exceeds that of the natuBajexcept
) ) for 2, 3, 8, and11). This observation indicates that insertion of
3. Results and Discussion a hetero-ring spacer between the pyrimidine and imidazole yields

The calculations reveal that, aside from the spacer rings, most2 rather small effect on the binding property of the bases (even
of the size-expande@-analogs (except, 6, and7) show slight smaller than the benzo insertion), and th€sanalogs can still
nonplanarity, similar to the natural one, caused by the inherent Pair with the natural complementary partr@to generate the
pyramidization of the amino groups and the nonplanarity of the Size-altered stable base pairs.
aromatic ringg? But, the nonplanarity of, 6, and7 is somewhat To examine the relative pairing preferences of these modified
different from the others. In the fused rings4f6, and7, the G-analogs, the pairing energies for the mispairs formed by these
nitrogen atoms also acquire a pyramidal configuration, similar size-expanded bases with the natural bases were determined.
to the amino group, leading to the large nonplanarity of the Since the most favorable mispairs &G, G-A, and G-T
fused rings, and the enhancement of the nonplanarity of the structures forG24 are G-G1, G-A1, and G-T1, which only
pyrlmldlne and imidazole rings in the base. The size eXpanSionSContain hydrogen bonds at their WC faceS, and the pairing

of these size-altered bases are given in Table S1 of Supportinganergy ofG-T1 is close toG-T2 (see Figures S1 and S2 of
Information as indexed by two distances termed C4C and C5C Supporting Information), only the just-noted four types of

(C4 and C5 denote the carbons in the pyrimidine ring, and C
represents the corresponding carbon in the imidazole ring).
Since these tricyclic analogs still retain the main features of
the parent compound, especially the WC faces, they are expecte
to retain the necessary hydrogen bonds to form the canonical
WC pairs, while having enlarged base stacking interactions.
Although the major-groove acceptor site, N7, shifts outward
by some distance, the minor-groove acceptor atom N3 is
preserved, such that the minor-groove hydrogen bonds betwee ) ! .
DNA and an enzyme may be retaingdAdditionally, the conflrm our concIu'5|on, t.akmgl and 4 as examples, we
heteroatomic sites in the spacer rings may increase to provide€*amined all of their possible hetero and homo base mispairs
new active sites. From these features, we believe that thesel17 for 1 and 26 for4) and found that all these mispairs have
designed bases could be inserted efficiently and extendedSmMaller pairing energies than those of their corresponding WC
successfully during DNA synthesis and form stable duplex N*C pairs (Tables S3 and S4 of Supporting Information). All
pairings with their natural Counterpaﬁ’ as does Kool's- these results show that these SiZe-alte@analogs exhibit
designedkG.8d To verify our hypothesis and to compare these relatively high pairing selectivity foC over the other natural
hetero-ring-expanded bases wii® andG, we determined the ~ bases, and the magnitude of the effect is comparable to that for
pairing energies for the WC hydrogen-bonded dimers betweenthe naturalG. This similarity may be surmised to be partly
the expande@-analogs i) and the naturaC (termed as-C) attributable to the approximate conservation of the natGral
and found that the pairing energies are close to those of thestructure for the expanded modifications. That is, they still retain
naturalGC pair (24.58 kcal moi?), with minor differences of the main structural features of the natu@lIn summary, we

mispairs in the5-G1, G-Al, andG-T pairing patterns (termed
hereafter a&-G-, G-A-, andG-T-type mispairs, respectively)
ere examined for the size-expanded bas®s lbdeed, we
ound that then-C WC pair is still the most stable structure for
the base, followed by then-G, n-A, andn-T mispairs (Figure
2). This is just the case as for the natu@l Thus, it can be
concluded that size-expansion of the guanine by the spacer ring
rrlas a minimal effect on its hydrogen-bonding ability. To further
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Figure 3. Side and top views of the average structure of the 10-mer duplex&dQ}o (a and e), (d-dCo (b and f), (B-dC), (c and g), and
(d11:dC)o (d and h).

conclude that these size-expandeénalogs could selectively  most of these duplexes (except fol&dC)and (dL3-dChy),
pair with C in the WC structure, forming size-altered duplexes. the larger number of base pairs per turn and shorter rise per
To investigate the dynamical properties of these newly base pair in helices generally result in larger helix pitches. In
designed bases, when incorporated to form duplexes, and tofact, we found that while the duplexes constructed by members
generate detailed structural models of the size-expanded du-in Ss; have a diameter similar to that of the natural one
plexes, MD simulations were performed for these duplexes (d  (measured by the C£C1 distance) and belong to the B family,
dC)1p (n denotes the given bases in Figure 1). All the duplexes the other duplexes have larger diameters due to the size
in 4 ns unrestrained MD simulations are stable, as monitored expansion of the bases and have conformations intermediate
by their RMSD relative to the starting structures, and no major between the A and B DNA families. In the helices constructed
helical unfolding or transitions to single-strand structures were by members inSs1, Se2, and Ssp, while their glycosidic bond
found during the simulations (see Figure S3 of Supporting orientations still fall within the B-type, the slides between base
Information for RMSD plots). Their trajectory averaged geom- pairs and displacements of the phosphates are intermediate in
etries are depicted in Figure 3 and Figure S4 of Supporting character, and it is especially obvious fod{diC),o and duplexes
Information. It can be seen that they still possess double-helicalformed by members i1Ss,. In addition, we found that, aside
structures with helicity and backbone conformation apparently from Ss,, the major and minor grooves in the duplexes are
similar to those of natural DNA and, with the exceptions of generally wider with respect to the natural one. In contrast, the
(d8-dC)p and (B-dC)y, the base pairs in the duplexes are major grooves are reduced in helixes formedSay, but the

practically planar. The base pairs in the duplexésd@),o and minor grooves in the helixes are still wider. Since most proteins
(d9-dC),o are slightly nonplanar, but the hydrogen-bonding bind DNA via the major groove, the narrower major groove
schemes are still well preserved in all cases. may suggest that they are less biologically active. However,

The main helical characteristics of these duplexes were due to the short length and special sequence of these duplexes,
determined from the average structures from the simulations the above data are inconclusive.
(Table S5, Supporting Information). In natural B DNA, the helix It is noteworthy that, due to the larger aromatic surface of
pitch is 34 A and the twist is 36 which results from a rise per  the bases and shorter inter-base-pair distance, most of these
base pair of 3.4 A and 10 base pairs per turn. However, we newly designed bases may have enhanced stacking interactions
found that the natural duplex@dC),o has a smaller helix twist ~ with adjacent bases, which significantly contributes to the
(31.4 A) and rise (3.03 A) resulting in a 34.8 A helix pitch, stability of the duplexes. The MD simulation results along with
and its helical parameters also show some A-type characteristicsthe slightly increased binding energies suggest that these size-
consistent with previous unrestrained simulati®i$This may expandeds-analogs can still form stable helixes. These findings
be due to the fact thaB-tracts, or runs of four or mor&C agree with previous experimental reports fdB-containing
base pairs, have special structural propeffieéThey may favor DNA duplexeg?and are a prediction for the duplexes containing
the A DNA helix conformation and, depending on the local our designed bases, for which no experimental data are available.
water activity, can induce a B-to-A DNA transitiéh.The Though the physical mechanism of DNA conductivity is still
duplexes constructed by the desigri@énalogs have a smaller  under debate, it has been suggested that the structure of DNA
or similar helix twist (27—31°) to that of the natural one,  with a z-electron system of four bases stacked on each other
leading to a greater or similar number of base pairs per turn can provide a mechanism for electron transfer along DNA that
(11-13), and the inter-base-pair distances are-3.3 A. In involves hole-hopping from on& to the nex€’ As known,
fact, most of these duplexes have reduced inter-base-pairthe HOMO-LUMO gaps and the ionization potentials (IPs) of
distances compared to that of the natural duplex (3.03 A). For the bases are two important quantities that reflect the conductiv-
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Figure 4. (Upper) Adiabatic ionization potentials (IPs) of the size-expanded guanine analogs and their base pairs together with vertical ionization

potentials of the bases (includigandxG). (Lower) The HOMG-LUMO energy gaps for the size-expanded guanine analogs and their Watson
Crick (WC) base pairs.
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ity or the electron transport in DNA, as they are closely related framework is not a crucial factor for the IP changes of these
to the DNA band gap and hole-accepting ability. Thus to verify molecules. Since size-expansion generally decreases the IPs,
if theseG-analogs could be used in future molecular electronic and even the largest IP (possessedpgmong these expanded
devices or as added DNA motifs, we examined their HOMO  bases or base pairs is still lower than those of A, C, and T, we
LUMO gaps and IPs, in a comparison with those of the natural can conclude that the addition of a spacer ringstavould not
one. This should provide basic information for the conductance change the fact that the purine moietg @nd G-analogs) is
of the duplexes constructed from these bases. the most easily oxidized base among DNA nucleobases. Thus
The theoretical adiabatic IPs of the size-expan@eahalogs the electron-loss center created in a DNA duplex will still
and their base pairs are presented in Figure 4 (upper). As occurdocalize onG and its derivatives. In fact, in comparison with
for naturalG, the base pairings lower the adiabatic IPs of the G, most of the size-expandé&tanalogs should be much easier
size-expanded bases, and generally they preserve a similar ordeto oxidize due to their lower IPs. This is important, because a
for all the bases. Moreover, in general, the membe&imave previous studi? showed that for the design of hole-transport-

IPs similar to that of5, and are also very close ¥, followed based DNA nanowires a low oxidation potential is an important
by Ss;. However, IPs of the bases B, and Ss, are reduced factor.
greatly, by more than 10 kcal md| and the lowest ond The HOMO-LUMO gaps of the size-expandda-analogs

(120.16 kcal mot?) is reduced by 39.29 kcal midl. Interest- and their base pairs are listed in Figure 4 (lower). The addition
ingly, we found that each member 8, has an IP of~10 kcal of a spacer t@ has considerably lowered its HOM@Q.UMO
mol~! lower than the corresponding member (bearing the same energy gap, and the gap is further reduced after pairing. More
spacer ring but different orientation) B;. For example, the interesting is that the extent of lowering for these size-expanded
adiabatic IP ofL1 after pairing is 7.85 kcal mol lower than bases is not as great as for the nat@dlowered by 1.54 eV).
that of8. Moreover, the molecules with the O-containing spacers In fact, the extent for each size-expanded base is also different,
have relatively higher IPs than those of the other bases in theresulting in some of themS§; and Ss;) with HOMO—-LUMO
group, indicating that the IPs of the size-expan@dnalogs gaps close to those @-C and alsoxG-C. In general, each
are related to the size and hetero-atom types in the spacers. Agiroup has similar energy gaps, especially for the base pairs. In
previously mentioned, the aromatic rings #r6, and7 show fact, the HOMG-LUMO gaps of the base paire{C) formed
distinct nonplanarity; thus, we calculated the vertical IPs of these by 1, 2, 3, and9 (3.89, 3.86, 3.85, and 3.92 eV, respectively)
bases and also plot them in Figure 4 (upper). The energy are a little larger than that @-C (3.82 eV), but the differences
difference between vertical and adiabatic IPs arise from the are not large. In contrast, the remaining two grougs and
relaxation energies of the nuclear framework. Indeed, the Ss;) have much smaller gaps than the natural one, especially
relaxation energies @f, 6, and7 (9.76-15.07 kcal mot?) are for 4, 6, and7 (2.50, 2.71, and 2.95 eV, respectively), ahd
larger than those of other molecules (5-4820 kcal mot?). has the smallest gap. This is just the case as for the IPs.
But, the vertical and adiabatic IPs preserve exactly the sameTherefore, in summary, the modified duplexes constructed from
order. These results suggest that the relaxation of the nucleathese bases may have smaller band gaps than the natural duplex.
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As a lower band gap facilitates charge migration, these modified duplexes, size expansions and relevant energies of the designed
duplexes may be considered to have better conductivity, with base pairs, and the comparison of helix parameters of the

potential applications in nanotechnology.

The above analyses reveal that among the desigaed
analogs, most bases have both low IPs and small HGMO
LUMO gaps (even smaller thaxG), which would lead to a
larger hole-injection ability and charge transfer in helices. In
fact, all members i, andSs, possess these two characteristics,
especially for4, 6, and7. Due to their larger aromatic surfaces,
these size-expandéglanalogs may exhibit fluorescerféand
may have strongerr—s interactions, suggesting that helices

constructed from other size-expanded bases may also have

smaller gaps relative to the natural one, leading to improved
conductivity, and opening up new opportunities for molecular
electronic engineering.

4. Conclusions

In summary, we have found that all thirteen of these designed

size-expandeds-analogs can form DNA-like structures, sug-

gesting that they may form alternative genetic systems. More-
over, while some of these bases have electronic properties

similar to those of naturab, others have improved electronic

properties, leading to possible applications as molecular elec-

tronic devices. This design, inspired by Kool's benzo-expansion
schemé, represents a significant extension that is directed
toward the goal of the rational design of biologically functional

nucleotides with improved properties. For example, the increased

major/minor-groove active sites for some of these modified
duplexe®® may favor the formation ofG-quadruplex-like
structures and the modulation of DNA function by proteins.
Additionally, due to the versatility of nucleosides, their size
modification could result in significant biological effects and
thus increase their other potential biochemical applications.

Another important aspect reported here is that this hetero-
ring expansion scheme, at least the six-membered hetero-ring

modified duplexes and natural A/B DNA. This material is
available free of charge via the Internet at http://pubs.acs.org.
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