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Complementary nucleotide strands can self-assemble in waterScheme 1

in the presence of appreciated cations, forming a duplex through 0 @ 0
stacking of bases as well as hydrogen bonding. Duplexes with a "\NJL',* ”\NJ\',*%
dangling end are widely used to estimate the energy of the stacking HO— o <:f:,j‘ ¥ Ho o <: Nﬁ !
interaction!-2 because it is believed that the energy contribution —5_7/

H OH

from the dangling end results from the stacking interaction between
the dangling end residue and the bases of a neighboring base pair.
For DNA, stabilization of the core duplex by a single dangling scheme 2

N-phenylcarbamoyl)-2-deoxyadenosine (X) Af-(N-naphthylcarbamoyl)-2-deoxyadenosine (2)

end with free energy contributions from 0.48+®.96 kcal mott ) 0 5 e "i
depending on the base type, neighboring base pair, and position of . (,% wt ¢ 2 ot «%& i, <f4 "ole
the dangle (5or 3 end) has been reported, and adenine dangling }f ZV«:}?J&O ’"Sir Vm ;Er N"Y“]» A jif mﬁi
ends are more or equally as stabilizing as other dangling &fids. J”gir« S ‘ Twsyﬁ *ﬂsfﬁ“ “val °
understand the factors contributing to stacking and to develop e . o T

nucleotides with enhanced properties, nonnatural residues with an
aromatic hydrocarbon group as a single dangling end have been

—AAG°3; = 1.9 kcal motd). Intriguingly, the stabilization by the
examined® Nevertheless, it is difficult to develop nonnatural ( ¥ ) guingly y

. : ) X .__aromatic hydrocarbon groups originates from the entropy term,
aromatic residues that can adopt a conformation suitable for stacklngimIolying preorganization of the DNA strand in the single-stranded

with neighboring pases, and i_n_cre_asing the size of the aromatic staté or contributions from desolvation. The deoxyadenosine
hydroca_rbon eliminates solyblllty n _water. We report here th.e derivatives at 5ends of (TGCGCA) also increased the duplex
s_ynthe5|s a_nd thermodynamic properties of deoxyadenosine de_r'va'stability by 2.9 and 3.3 kcal mol, respectively, which were greater
t_|ves tethering a phenyl or naphthyl group by means of an amido than these derivatives next t6A83'T. It is noteworthy that these
linker (Scheme 1). The presence of a linker that covalently connectsfree energy contributions were much larger than the terminal A/T
deoxyadenosine with an aromatic hydrocarbon group allows adop- base pair formations of (ATGCGCATY—AAG®s; = 1.7 kcal
tion of & con_fqrmatlon suitable for .Sta‘?"'”g on the end of a DNA mol~1). Because the prediction parameters for an adenine dangling
duplex, providing free energy contributions equal to or greater than end on BA/3'T and BT/3A base pairs are the same .51 and
the Watso&Crlck AIT base pair (Scheme 2). oo —0.50 kcal mott in AG°s;, respectivelyf,the phenyl and naphthyl
Synthesis _Of the phenylurga and naphthylurea derlvatlve_s of groups next to F/3'A interact more efficiently than the same
deoxyadgnosme was sFarted wﬁltd@oxyadenos:lne (see Suppomng groups next to B\/3'T. Addition of a second dangling residue to
Informatlon)_f‘ Preparation of the ol_lgonucleo_tldes was carr!ed Out the g dangling nucleotide increased the duplex stability, while such
as was previously reportédmd all oligonucleotides were confirmed stabilization was not observed for an adenine dangling®eFite
by MALDI-TOF MS (PE Biosystems Voyager). To evaluate the y njey with the highest stability in Table 1 is (AZATGCGCAT)
ability of the deoxyadenosine derivatives to stack on the end of a which provides aAG®s; that is 4.3 kcal moit greater than that of
DNA d.uplex, we measured thg thermodynamic parameters for the (ATGCGCAT),. In contrast, a single phenylurea derivative of
formation of DNA _duplexes V.V'th Sor 3 dangling ends by a Self’_ deoxyadenosine at 8nds enhanced the duplex stability to the same
complementary oligonucleotide (Table 1). All of the duple>_«_as in degree as adenine (6-0.8 kcal mot), and the second dangling
_Table 1 except_ (AATGCGCAT‘E_)showed a Fwo-stgte transmon residue did not increase stability. This observation demonstrates
in thermal meltlpg (see Supporting Informatidns is shqwn_ln the lesser ability of the phenyl group to stack on therd of the
Table 1, the. single phenylurea o,r na}phthylurea. derivative of duplex. On the other hand, stabilization by a single naphthylurea
dheoxyadenos:ne at @TI‘_"S next o a'a/3'T bkasf r?leir enha})nced derivative of deoxyadenosine dtéhds was slightly greatet-(L.0
the core duplex stability by 1.8 _and 2.2 Kea n AG%, kcal mol1), and the second dangling residue increased the duplex
respectlvely_,_gregter than an adenine dangling end (0.9 keafjnol stability. As compared to the XX or ZZ dangling end, a smaller
These stabl!lzatlon energies were cqmparable to the free enerYYstabilization energy was provided by the addition of an adenine to
for the terminal A/T base pair formations of (AATGCGCART)  he 3x orz dangling end, respectively, demonstrating the stacking

interaction between the hydrocarbon groups in the XX and ZZ
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Table 1. Thermodynamic Parameters for the Self-Complementary

Duplexes?
AH® AS° AG°y AAG®;? Tt
sequence (kcalmol=Y)  (kcalmolY)  (kcal mol™)  (kcal mol=)  (°C)

ATGCGCAT! —62.0 -171 -9.3 0 54.3
AATGCGCATTe  —75.8 —208 -11.2 -19 612
ATGCGCAA —49.1 -131 -85 0.8 56.3
AATGCGCATY —64.6 —-175 -10.2 -0.9 609
AAATGCGCATY  —65.0 —-176 -10.3 -1.0 613
XATGCGCAT —53.9 —138 -11.1 -1.8 725
XXATGCGCAT —63.5 —165 -12.2 -29 728
AXATGCGCAT -711 —187 -12.9 -36 725
ZATGCGCAT —56.8 —146 -11.5 -22 727
ZZATGCGCAT —64.9 —168 —12.9 -36 762
AZATGCGCAT —70.4 —183 —13.6 -43 769
ATGCGCATAd -63.1 -171 —10.0 -0.7 60.1
ATGCGCATAAY  —64.0 —-173 -10.3 -1.0 613
ATGCGCATX  —56.2 —148 -10.1 -0.8 64.1
ATGCGCATXX  —60.5 —161 —10.6 -1.3 648
ATGCGCATXA —66.2 —181 -10.1 -0.8 595
ATGCGCATZ  -53.1 —138 -10.3 -1.0 66.8
ATGCGCATZZ —64.3 —166 -12.6 -33 748
ATGCGCATZA —59.7 —156 -11.4 -21 701
TGCGCA —47.7 -129 -7.6 1.7 503
XTGCGCA —55.7 —145 —10.5 -1.2 670
XTGCGCAT —47.6 -122 -9.8 -0.5 670
ZTGCGCA —55.7 —144 —10.9 -1.6  69.7
ZTGCGCAT —44.4 -111 -9.9 -0.6 700

aThe parameters were determinedTay ! versus logC;) plot and curve
fittings.2 The average errors inH°, AS’, andAG°s7 by the two methods
are+4.7%,+4.7%, andt3.4%, respectively. All experiments were done
in a buffer containig 1 M NaCl, 10 mM NaHPQ,, 1 mM EDTA at pH
7.0. Underline indicates the nucleotides not forming a canonical Watson
Crick base pair° AAG®3; = AG°3; — AG°3/ (ATGCGCAT).¢ Ty, is
calculated at 10@M. 9 Data are from ref 8¢ Because accurate parameters
could not be obtained due to a non-two-state transition, the values indicated
are the predicted ones according to the nearest-neighbor parameters.

Figure 1. lllustrations for the phenylurea derivative of deoxyadenosine
(black) stacking on the neighboring®83'T base pair (gray) at the g&nd
(A) and 3 end (B) of a B-DNA duplex.

that the X and Z pair with thymine in the duplexes. However, their
enthalpy terms-{47.6 and—44.4 kcal mot?) are comparable to
those of (TGCGCA) and (ATGCGCAA). Obviously, more data
are required to confirm the base pair formation.

Itis reported that the amido linker portion of the self-assembled
dendrimers by ureids-triazine derivatives forms a hydrogen bond
with an intramolecular ring nitrogen atom in the triazine group,
forming a planar configuration in watéin the same fashion, the
amido linker of the deoxyadenosine derivatives may interact with
N1 of adenine, and the aromatic hydrocarbon group stacks on the
interstrand base of a neighboring base pair. Assuming the config-
uration above, the phenylurea derivative may adopt a base pair-
mimic geometry as illustrated in Figure 1, that is consistent with
our thermodynamic observations. The phenyl group at tren8
of B-DNA overlaps with the interstrand base of a neighboring base
pair, but there is less overlap at theedid. With the naphthylurea
derivative of deoxyadenosine, stacking with the neighboring base
pair may be possible at theé 8nd as well as at the' nd. From
the configuration shown in Figure 1, we may also expect that the
stacking increases when the neighboring base paifTi8'3\.

The base-pair mimic nucleotides developed here stabilized the
DNA duplex equally or more than WatseiCrick A/T base pairs.
Incorporation of the single deoxyadenosine derivative as a dangling

end residue increased the DNA duplex stability up to 2.2 kcatinol
per modification, which is greater than an increase in stability
reported for pyrene as a DNA base of thedangling end (1.7
kcal mol! per modification)?2 The deoxyadenosine derivatives at
helical termini providing large stabilization energy may be useful
for stabilizing a hybridization with designed DNA. Also, because
the configuration of the amido linker determines the position of
the aromatic hydrocarbon group mediated by noncovalent interac-
tions, the derivatives might also be applied as an environmental
response material.
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Protection of hydroxyl groups of 2leoxyadenosine was performed by
reaction withtert-butyldimethylsilyl chloride (TBDMS-CI) to give the
bis-TBDMS derivative in 73% yield. The compound was reacted with
phenyl isocyanate at room temperature, and the phenylurea derivative was
obtained in 77% yield. Removal of the TBMDS groups dna8d 5-
hydroxyl groups by treatment with tetrabutylammonium fluoride gs%e
(N'-phenylcarbamoyl)-2deoxyadenosineX() in 93% yield. Each com-
pound was purified by column chromatography on silica gel {Clk
MeOH). Protection of the'8hydroxyl group of nucleoside X with a 4;4
dimethoxytrityl (DMT) group (89%) and phosphitilation of thet8/droxyl
group with cyanoethyN,N,N',N'-tetraisopropyl phosphoramidite (82%)
yielded the phosphoramidite derivative which can be readily used for
automated DNA synthes?s10 Synthesis ofN®-(N'-naphthylcarbamoyl)-
2'-deoxyadenosineZ() was achieved using the same process. Synthesis
of the phenyl and naphthyl derivatives was confirmed by identification
with IH NMR (Varian INOVA 400 NMR) and ESI MS (Finnigan Mat
LCQ) (see Supporting Information).
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Melting experiments were conducted on Shimadzu 1650 and 1700
spectrophotometers, and the heating and cooling rates were 0.5°@d 2
min, respectively. At~7 uM, the melting temperaturesT{'s) of
(XATGCGCAT), and (ZATGCGCAT) monitored at 260 nm were 58.0
and 60.0°C, respectively, both higher than that of the octanucleotide
duplex of (ATGCGCAT) (45.3°C), and much higher than that of adenine
dangling ends of (AATGCGCAT)(48.3 °C). The melting curve for
(ZATGCGCAT), monitored at 325 nm revealed a decrease in absorption
when the duplex was dissociated, andTitswas identical to that at 260
nm. These observations imply that the aromatic hydrocarbon group stacks
efficiently on the 5 end of the duplex and the dangling residues are not
frayed before the cooperative transition. The non-two-state transition for
(AATGCGCATT), might have originated from a hairpin-loop formation.
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