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Abstract: To understand the influences of the ribonucleotide on a duplex conformation and its stability,
we systematically studied the CD spectra and the thermodynamics of nucleic acid duplexes formed by the
chimeric RNA—DNA strand in which ribonucleotides and deoxyribonucleotides were covalently attached.
It was found that the duplex stability was context-dependent and independent of the number of
ribonucleotides in the chimeric strand, whereas the CD spectra showed less overall structural perturbation
by the chimeric junctions. Combining the results of the CD and the thermodynamic data revealed a stability—
structure relationship for the duplexes. Importantly, AG°3; values estimated for the chimeric junction formation
in the RNA—DNA/DNA and the RNA—DNA/RNA duplexes were close to those of RNA/DNA and RNA/
RNA interactions, respectively. Furthermore, AG°s7s of the DNA—RNA/DNA and DNA—RNA/DNA—RNA
junctions were similar to those of the DNA duplex, and the values of DNA—RNA/RNA—DNA were similar
to those of the DNA/RNA. The thermodynamic analyses suggest that the 5'-nucleotide may be the crucial
factor that determines the stability at the chimeric junction. Our results not only suggest influences of the
ribonucleotide on a duplex conformation and its stability but also are useful for the design of RNA—DNA

chimeric strands applicable to biotechnology.

Introduction

The physical properties of RNA and DNA, such as their
helical conformation, structural polymorphism, and protein
binding differ substantially despite the similarity in the chemical
structure of their WatsonCrick base pairs. These differences
originated from the 2group of the sugar moiety, for example,
the 2-hydroxyl group of the ribonucleotide affects the sugar
puckering preferring the C&ndomode and interactions via
the 2-hydroxyl group are often found in tertiary structures of
the RNA itself and the RNA-protein compléX he quantitative
investigation of the 2hydroxyl group of the ribonucleotide is
one of the important issues to be addressed.

Typical RNA duplex and a DNA one form a different helical
conformation, A- and B-form, respectively. The thermal stability
of an RNA duplex is generally greater than that of a DNA
duplex when their sequences are identfcklost RNA/DNA
hybrid duplexes adopt an A-like conformation, however, the
thermal stability of an RNA/DNA duplex is substantially lower
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than the RNA duplex with the same sequeffeéndicating that
the helical conformation may not be the major factor that
determines the duplex stability.

The chimeric strand of RNADNA carries a junction
covalently linking an upstream ribonucleotide and a downstream
deoxyribonucleotide as depicted in Figure 1A. Replication of
the lagging strand requires an RNANA strand paired with
a DNA (RNA—DNA/DNA duplex)# Another type of chimeric
duplex seen in biological systems is the RNBNA/RNA
formed by an RNA-DNA strand and a genomic RNA during
reverse transcription of viral RNASRecently, chimeric nucle-
otides have been evaluated for applicability in gene targéting,
as gene repair materialCR primers, and sequence-specific
mediators of RNA interference (RNAf)which use the DNA-
RNA strands as well as the RNADNA ones (Figure 1A).

Here, we systematically investigated the influences of the
ribonucleotide on a duplex conformation and the thermal
stability using the chimeric strands of RNADNA and DNA—
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Figure 1. (A) Chemical structures for the chimeric RNA-DNA (left) and chimeric DNRNA strand (right). (B) Duplexes formed by four kinds of
nucleotides of RNA, DNA, RNA-DNA, and DNA—RNA strand.

RNA. We designed 26 nonself-complementary chimeric du- Measurement of the CD Spectra.The CD spectra were
plexes and 4 normal duplexes (one RNA duplex, one DNA obtained using a JASCO J-600 or J-820 spectropolarimeter
duplex, and two RNA/DNA hybrid duplexes) as a control, and equipped with a temperature controller. The CD spectra were
their CD (circular dichroism) spectra and melting profiles were measured from 200 to 320 nm in a 0.1 cm path length cuvette.
measured. It is demonstrated that the thermodynamic contribu-The total concentration of the strands wasuM. All spectra
tions from the chimeric junctions are close either to those from were measured at & in a buffer containig 1 M NacCl, 10
DNA/DNA, RNA/RNA, or RNA/DNA interactions depending mM NaHPQO,, and 1 mM NaEDTA at pH 7.0.
on the 5-nucleotide at the junction. Our results suggest that Measurement and Analysis of the Melting Profiles.The
the nearest-neighbor interaction may involve a contribution of UV absorbance was measured with a Hitachi U-3200, U-3210,
the 2-hydroxyl group as well as the hydrogen bonds in base or Shimazu 1650 spectrophotometer equipped with a temper-
pairing and stacking interactions between adjacent base pairsature controller. The melting curves (absorbance vs temperature
and that the 2hydroxyl group in the ribonucleotide confers a curves) were monitored at 260 nm at a heating rate of 0.5 or
greater stability on the RNA duplexes. 1.0°C/min in a buffer containig 1 M NaCl, 10 mM NaHPQ,,
and 1 mM NaEDTA at pH 7.0, which is the condition at which
the nearest-neighbor parameters for RNA/RNA, DNA/DNA, and
Preparation of the Oligonucloeotides.The synthesis and  RNA/DNA were determined.!!
purification of the chimeric RNADNA and DNA—RNA The thermodynamic parameteisH°, AS’, andAG® at 37
strands were the same as those reported for the RNA oligomer°C) were calculated from the melting temperatuifg)(values
synthese$? We chemically synthesized 18 nonself-comple- at different total strand concentratiorg) (Tm~* vs log(Ci/4)
mentary chimeric strands, and RNA and DNA strands (Tables plot), 2412 and their standard deviations were obtained, as
1-3) on a solid support using the phosphoramidite chemistry.
All nuclectides containing any ribonucleoide were prepared by (1) () Bredouer (¢ J; Fapk s Blcker et e b oo,
a trityl-off variation. All of the nucleotides were purified with Sugimoto, N.; Caruthers, M. H.; Neilson, T.; Turner, D. Proc. Natl.
reversed-phase HP_LC (high-performa_mce liquid chromatogra- éca,\j,j Eg‘n-uL_’-Sf@%%ﬁy"g_93703bé§i_T8Ll?39%sHi%fs’ fgém?cti())gegirf I(Jer
phy) after deprotection of the protecting groups, followed by
desalting with a C-18 Sep-Pak cartridge column.

Materials and Methods
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Table 1. Thermodynamic Parameters for the Duplex Formations Involving the RNA—DNA Strand?@

sequence® abbreviation AH® (kcal mol™) AS° (cal mol=*K™1) AG®3 (kcal mol™?) Tw (°C)
RNA—DNA/RNA

r(GACUAGG)d(T)/r(ACCUAGUC) r7d1/r8 —70.1 (-69.2) —190 (—189) —11.2 (-10.5) 59.2 (54.9)

r(GACUAG)d(GT)/r(ACCUAGUC) r6d2/r8 —67.6 (-64.9) —183 (—176) —10.8 (-10.5) 58.1 (57.0)

r(GACUA)J(GGT)/r(ACCUAGUC) r5d3/r8 —70.7 (-62.0) —197 (—169) —9.75 (-9.7) 51.8(53.1)

r(GACU)d(AGGT)/r(ACCUAGUC) r4d4/r8 —66.7 (-61.4) —186 (—170) —9.19 (-8.9) 49.9 (49.1)

r(GAC)d(TAGGT)/r(ACCUAGUC) r3d5/r8 —64.1 (-61.1) —179 (—170) —8.68 (—8.4) 47.7 (46.5)

r(GA)d(CTAGGT)/r(ACCUAGUC) r2d6/r8 —66.2 (—62.6) —186 (—174) —8.55 (—-8.5) 46.8 (47.1)

r(G)d(ACTAGGT)/r(ACCUAGUC) r1d7/r8 —64.3 (-60.2) —182 (—167) —7.89 (-7.5) 43.7 (42.3)

RNA—DNA/DNA

r(GACUAGG)d(T)/d(ACCTAGTC) r7d1/d8 —66.5 (—55.3) —188 (—155) —8.34 (-7.3) 457 (41.5)

r(GACUAG)d(GT)/d(ACCTAGTC) r6d2/d8 —65.4 (-56.9) —187 (—159) —7.377.7) 41.0 (43.6)

r(GACUA)J(GGT)/d(ACCTAGTC) r5d3/d8 —68.2 (-55.0) —197 (—155) —7.31(-6.9) 40.6 (39.1)

r(GACU)d(AGGT)/d(ACCTAGTC) r4d4/d8 —68.8 (-52.5) —201 (—148) —6.69 (—6.6) 37.7(37.4)

r(GAC)d(TAGGT)/d(ACCTAGTC) r3d5/d8 —63.3 (-51.3) —182 (—143) —6.90 (-6.9) 38.8(39.2)

r(GA)d(CTAGGT)/d(ACCTAGTC) r2d6/d8 —60.0 (-50.9) —170 (—140) —7.30 (-7.5) 41.0 (43.1)

r(G)d(ACTAGGT)/d(ACCTAGTC) r1d7/d8 —63.0 (-54.4) —181 (—-153) —6.84 (—6.9) 38.5(39.2)
RNA/RNA

r(GACUAGGU)/r((ACCUAGUC) r8/r8 —69.0 (—69.2) —186 (—189) —11.3 10.5) 60.0 (55.7)
DNA/DNA

d(GACTAGGT)/d(ACCTAGTCY dg/d8 —65.6 (-57.7) —191 (—163) —6.5(-7.1) 37.2(40.2)
RNA/DNA

r(GACUAGGU)/d(ACCTAGTCY r8/d8 —57.0 -54.0) —158 (—150) —8.1(-7.6) 43.3 (43.3)
DNA/RNA

d(GACTAGGT)/r(ACCUAGUCY ds/r8 —56.0 (-53.6) —159 (—150) —6.9(=7.0) 39.2 (39.6)

a Measurements were conducted in a buffer contairiiM NaCl, 10 mM NaHPQO;, and 1 mM NaEDTA (pH 7.0). The thermodynamic parameters were
determined fromT, 1 vs log(Cy/4) plots and curve fitting method3y, is the melting temperature at 1@/ total strand concentration. The average errors
for AH°, AS’, andAG’3;in Tables 13 are 3.3%, 3.6%, and 2.8%, respectively. Values in the parentheses are the prediction values as described in the text.
b The strand orientates 5> 3' from left to right, and r and d indicate ribonucleotide and deoxyribonucleotide, respectively. The slash separates the strand
sequences. Data from Sugimoto et dft¢ d Data from Sugimoto et &l

Table 2. Thermodynamic Parameters for the Duplex Formations Involving the DNA—RNA Strand?

sequence abbreviation AH? (kcal mol~?) AS° (cal mol~tK™Y) AG°y; (kcal mol~?) T (°C)

DNA—RNA/RNA

d(GACTA)r(GGU)/r(ACCUAGUC) d5r3/r8 —67.8 (-62.1) —191 (~176) —8.58 (~7.5) 46.7 (42.3)

d(GACT)r(AGGU)/r(ACCUAGUC) d4r4/r8 —67.7 (-62.7) —188 (—~175) —9.41 (-8.3) 50.9 (46.2)

d(GAC)r(UAGGU)/r(ACCUAGUC) d3r5/r8 —72.1(-63.0) —200 (~175) —10.2 (-8.8) 53.4 (48.7)
DNA—RNA/DNA

d(GACTA)r(GGU)/d(ACCTAGTC) d5r3/d8 —56.7 (-58.0) —159 (-163) —7.34 (-7.5) 41.5 (42.5)

d(GACT)r(AGGU)/d(ACCTAGTC) d4r4/d8 —61.7 (-60.5) —175 (~169) —7.56 (~7.8) 42.3 (43.8)

d(GAC)r(UAGGU)/d(ACCTAGTC) d3r5/d8 —57.8 (-61.7) —161 (~175) —7.83 (~7.5) 44.2 (42.2)

a See the footnotes in Table 1.

Table 3. Thermodynamic Parameters for the Duplex Formations of the Two Chimeric Strands?

sequence abbreviation AH® (kcal mol~Y) AS° (cal mol7tK™?) AG°3 (kcal mol™?) Tm (°C)

DNA—RNA/RNA—DNA

d(GACTA)r(GGU)/r(ACC)d(TAGTC) d5r3/r3d5 —56.6 (—60.2) —158 (—168) —7.67 (-8.0) 43.3 (44.9)

d(GACT)r(AGGU)/r(ACCU)d(AGTC) d4ra/rdd4 —59.8 (-62.0) —166 (—173) —8.40 (-8.4) 47.1 (46.8)
DNA—RNA/DNA—RNA

d(GACTA)r(GGU)/d(ACC)r(UAGUC) d5r3/d3r5 —66.7 (-59.9) —192 (—-170) —7.25(7.1) 40.4 (40.2)

d(GACT)r(AGGU)/d(ACCT)r(AGUC) d4r4/dar4 —60.2 (-61.2) —169 (—172) —7.69 (7.7) 43.1 (43.2)
RNA—DNA/RNA—DNA

r(GACUA)J(GGT)/r(ACC)d(TAGTC) r5d3/r3d5 —70.5 (-48.4) —201 (—-132) —8.17 (-7.3) 44.4 (42.2)

r(GACU)d(AGGT)/r(ACCU)d(AGTC) rdd4/r4d4 —63.2 (-48.1) —178 (—-132) —8.03 (-7.1) 44.6 (40.5)

a See the footnotes in Table 1.

reported.® Additionally, the melting curves were fit with a  nucleotide duplexe3!! The nearest-neighboAG°3;s at the

theoretical equation to obtain the thermodynamic paramé&ters. chimeric junctions (denoted rd/rr, rd/dd, dr/rr, dr/dd, dr/rd, dr/

The thermodynamic parameters used for the comparisons weredr, and rd/rd for RNA-DNA/RNA, RNA—DNA/DNA, DNA —

the averages obtained from tiig— vs log(Ci/4) plot and the RNA/RNA, DNA—RNA/DNA, DNA—RNA/RNA—DNA, DNA—

curve fittings. RNA/DNA—RNA, and RNA-DNA/RNA—DNA, respectively)
Calculation of the Energy for the Base Pairing at the \yere calculated by subtracting the nearest-neighbor free energies

Chimeric Junction. The AG°37 values for the formation of the of the RNA/RNA (rr/rr) DNA/DNA (dd/dd) and RNA/DNA
chimeric junction were calculated based on the nearest-neighbor(mdd and dd/rr) intera(;tions in a duplex frém obsente@®s,

model that has been proven to be applicable to most oligo- (AG®s7 o) 119We used 3.4 kcal mot theoretically determined
(12) (a) Marky, L. A ; Breslauer, K. Biopolymersi987, 26, 1601. (b) Puglish, as the initiation factdr!'ain order to compare the parameters

J. D.; Tinoco, I., JrMethods Enzymoll989 180 304. . of the chimeric junctions with those of the RNA/RNA, DNA/
(13) Bevington, P. RData Reduction and Error Analysis for the Physical
SciencesMcGraw-Hill: New York, 1969. DNA, RNA/DNA, and DNA/RNA. For example, thAG°37 for
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rUdA/rUA in the r(GACU)d(AGGT)/r(ACCUAGUC) duplex
was calculated by the following equation.

AG®3(rUdAITUA) = AG®3; ps— {AG®3(rGA/FUC) +
AG?;(rAC/rGU) + AG°;(rCU/fAG) +
AG°;(dAG/rCU) + AG°,(dGG/rCC)+
AG°;(dGT/rAC)} — 3.4 (kcal/mol)

Results and Discussion

Design of the Sequences of the Chimeric Strandsigure
1B shows 10 types of duplexes formed by RNA, DNA, RNA
DNA, and DNA—RNA strands. The chimeric strands were
designed based on-8ACUAGGU-3 or 5-ACCUAGUC-3
by replacing ribonucleotides with deoxyribonucleotides from
the 3 or 5 end. For comparison, measurements of an RNA du-
plex of (GACUAGGU)/r(ACCUAGUC) (8/r8), a DNA du-
plex of d(GACTAGGT)/d(ACCTAGTC) @8/d8), and two
RNA/DNA hybrid duplexes of (GACUAGGU)/d(ACCTAGTC)
(r8/d8) and d(GACTAGGT)/r(ACCUAGUC){8/r8) were also
performed. The8/r8 is responsible for a nondeoxyribonucle-
otide type of the RNA-DNA/RNA and DNA—RNA/RNA du-
plexes, andi8/r8 is a nonribonucleotide type of these chimeric
duplexes. Similarityy8/d8 and d8/d8 are responsible for the
nondeoxyribonucleotide and nonribonucleotide types of the
RNA—DNA/DNA and DNA—RNA/DNA duplexes, respec-
tively.

Effect of the Chimeric Junction on the Duplex Conforma-
tion. Generally, an A-form duplex shows an intense positive
peak around 270 nm, a small negative peak around 235 nm,

and a large negative band at 210 nm, whereas a B-form duplex

DNA duplex spectra with the same sequetita.large positive
band around 265 nm is also characteristic of an A-form duplex,
although the relevance of these CD bands remains unclear.
Figure 3A shows a linearity of the CD intensities between at
210 nm and at 265 nm. The duplexes in Figure 2 have an
identical sequence, so that the difference in the CD bands mostly
originated from the duplex conformation without the influence
of the sequence. The linearity in Figure 3A indicates that both
CD bands reflect the helical conformation, and it is proposed
that the conformation of the chimeric duplexes may continuously
vary between the A- and B-forms as suggested for the RNA/
DNA hybrid duplexX® since a CD spectrum reflects all possible
structures in solution both thermodynamically and kinetically
in a rapid equilibrium.

Thermal Stability of the Duplexes Containing the Chi-
meric Strand. Melting profiles of the duplexes measured in a
buffer containig 1 M NaCl, 10 mM NaHPOy, and 1 mM Na-
EDTA (pH 7.0) revealed that all the duplexes examined here
exhibited a good agreement for th&®H° and AS’ values
determined from th&@,,~* vs log(Ci/4) plot and the curve fitting
methods, suggesting a two-state transifi$nTable 1 sum-
marizes the thermodynamic parameters of the RIDAIA/RNA
and the RNA-DNA/DNA duplexes compared with those of
the control duplexes. In the normal duplexs¥;8 was the most
stable AG°3; = —11.3 kcal mot?) and d8/d8 was the least
(—6.5 kcal mot?). The stability of the hybrid duplexes3/d8
andd8/r8, was—8.1 and—6.9 kcal mot?, respectively, which
were intermediate between thoser8fr8 and d8/d8, but not
the average of the two.

The values ofAG°;; for the RNA-DNA/RNA duplexes
ranged from—11.2 to—7.89 kcal mot?, which was intermediate

reveals moderate bands at 280 and 240 nm. Figure 2 COMPAreHanveen those ofs/r8 and ds/r8, and the stability increased

the CD spectra of the chimeric duplexes with those of the control

with the number of ribonucleotides in the chimeric strand. The

duplexes (see the sequences and their abbreviations in Table?eNA—DNA/DNA duplexes showee-8.34~—6.69 kcal mot™

1-3). Because all of the duplexes have an identical SeqUENCe;, Ace,

except for thymine in deoxyribonucleotide in place of uridine
in ribonucleotide, the difference in the spectra mostly originated
from the difference in the conformatidf.The CD spectra of
r8/r8 and d8/d8 were representative of A- and B-forms,
respectively, and those of the hybrid duplexe®d8 and d8/

r8) were similar to the A-form spectrum o8/r8.

All of the RNA—DNA/RNA duplexes exhibited a spectrum
similar tor8/r8 or d8/r8 (Figure 2A), whereas the RNADNA/
DNA duplexes showed a spectrum intermediate betw8&t8
andd8/d8 (Figure 2B). The band intensity around 270 nm did
not change systematically with the number of ribonucleotides
in the chimeric strand. The spectra of the DNRNA paired
with the RNA were representative of an A-form (Figure 2C),
and those of the DNARNA paired with the DNA were
intermediate betweer8/d8 andd8/d8 (Figure 2D). All of the
duplexes formed by the two chimeric strands (DNRNA/
RNA—DNA, DNA—RNA/DNA—RNA, or RNA—DNA/RNA—
DNA) showed an A-like spectrum (Figure 2&), and there is
no significant structural perturbation by the chimeric junction
that might affect the CD spectrum.

The large negative band at 210 nm characteristic of an A-form
helix is used for estimation of a conformational fraction of RNA/
DNA duplexes in comparison with the RNA duplex and the

7 that indicated less stability than that of the RNA
DNA/RNA duplexes. However, decreasing the number of ribo-
nucleotides did not systematically decrease the stability of the
RNA—DNA/DNA duplex, for example, removal of the single
2'-hydroxy! group fromr3d5/d8 increased the stability by 0.40
kcal molL. Similar observation is reported for triplexes that
the replacement of deoxyribothymidine to ribouridine in the third
strand affects the stability (stabilization or destabilization) de-
pending on the position of the replacem&nQualitatively, the
intensity of the positive CD band at 265 nm in Figure 2B is
relevant to the duplex stability; the order of intensity7sl1/
d8>r5d3/d8 > r2d6/d8 > r6d2/d8 ~ r1d7/d8 ~ r3d5/d8 ~
r4d4/d8, and the order of the thermal stability igd1/d8 >
r5d3/d8 ~ r2d6/d8 ~ r6d2/d8 > r1d7/d8 ~ r3d5/d8 ~ r4d4/

ds.

Table 2 summarizes the thermodynamic parameters of the
DNA—RNA/RNA and DNA—-RNA/DNA duplexes. Their ther-
mal stability demonstrates the same trend as seen in Table 1,
in which the chimeric strand paired with RNA is more stable
than that paired with DNA. Tables 1 and 2 indicate that
decreasing the number of ribonucleotides in the chimeric strand
systematically decreases the duplex stability of the RIDAIA
or DNA—RNA strand associated with RNA, but not for the
chimeric strands associated with DNA. This would originate

(14) Because the CD spectra reported for uridine and thymine are almost identical
[Sprecher, C. A.; Johnson, W. C., Biopolymersl977, 16, 2243.], it is
unlikely that the substitution of U with T changed the CD spectra.

(15) Lesnik, E. A.; Freier, S. MBiochemistry1995 34, 10 807.
(16) Bernal-Mendez, E.; Leumann, C.Biochemistry2002 41, 12 343.
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Figure 2. CD spectra of the (A) RNADNA/RNA, (B) RNA—DNA/DNA, (C) DNA—RNA/RNA, (D) DNA—RNA/DNA, (E) DNA—RNA/RNA—DNA,
(F) DNA—RNA/DNA—RNA, and (G) RNA-DNA/RNA—DNA duplexes compared to the control duplexes (re®ir8, blue: d8/d8, green: r8/d8, yellow:
d8/r8). The abbreviations are listed in Tables3.

from the larger stability of the RNA/RNA interactions than the r4d4/d8, d4r4/d8, d4r4/d4r4, andr4d4/r4d4 do not, the duplex
RNA/DNA ones and the similar stability of RNA/DNA to DNA/  stability may reflect the strength of the base pairs that the duplex
DNA. possesses.

. The duplexes in Tables 1-3 presented a wide range of stability,
Table 3 lists the parameters for the duplexes formed by two ~11.3~—6.5 kcal mot? in AG°s,. These are convenient for

chimeric strands. Not only the duplex stability but also the . estigating the thermodynamics-structure relationships of
enthalpy and entropy changes were comparable to other types,cjeic acid duplexes because they have an identical sequence,
of duplexes. The duplex stabilities o4d4/r8, d4r4/r8, and so that any changes in the CD spectrum are attributed to a
d4ra/r4d4 (—9.19,—9.41, and-8.40 kcal motf?, respectively)  change in the conformation. The free energy changes°a 5
were greater than those ofd4/d8, d4r4/d8, d4r4/d4r4, and (AG®s) were calculated from Tables—B and plotted against
r4d4/r4d4 (—8.03~—6.69 kcal mot?). Because4d4/r8, dard/ the peak intensities of the CD spectra. Because the band intensity
r8, andd4r4/r4d4 have four RNA-RNA base pairs, whereas s influenced by a small uncertainty of the nucleotide concentra-
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A ships in Figure 3 were achieved based on investigations using
05 : : . . : the duplexes with the same sequence.
= e Evaluation of the Energy for Base Pairing at the Chimeric
TED 0 oA ] Junction. Although the chimeric duplexes have a junction that
° A AT, s covalently connects a ribonucleotide and a deoxyribonucleotide,
& 05r o a ’ they exclusively form WatsonCrick base pairs of the RNA/
g Ak ‘;\4‘ a RNA, DNA/DNA, or RNA/DNA. To evaluate the thermody-
3 “ A‘\? namic parameters for the base pair formations at the chimeric
S .15} ‘\\ - junction, the nearest-neighb@G°s7s at the junctions were
l—; A Q calculated by subtracting the nearest-neighbor free energies of
Y 2+ A . the RNA/RNA, DNA/DNA, and RNA/DNA in a duplex from
== . . . . . the observedAG°;;. Because the initiation factor for the
'2'50 0.5 1 15 > 25 3 chimeric duplexes was unknown, we applied a theoretically
determined free energy of 3.4 kcal mbP° to compare with
[0]65 (10° deg cm? dmol-1) the parameters of RNA/RNA, DNA/DNA, and RNA/DNA. The
AG°37s for the junction formation calculated from the data in
B Tables 3 are summarized in Table 4. The table also lists two
-11 T T T T nearest-neighbor parameter sets for RNA/RN2gtwo param-
12 A . eter sets for DNA/DNALef and one parameter set for RNA/
~ 43l ‘14:\“ 1 DNA and DNA/RNA3 The values of the parameters are
= 44Tl aa A inherently influenced by the value of the initiation factor, so
g -14r A ‘ N ] that the nearest-neighbor parameter becomes more negative
g 15} 4a ‘\ A . when a larger initiation value is applied.
:f,, 16} A ‘ 4 Although each parameter for the chimeric junction was
2 a7k ... | determined from a single sequence, they are valuable for a
A a comparison with those of RNA/RNA, DNA/DNA, RNA/DNA,
-18 . and DNA/RNA. TheAG°37s at the RNA-DNA/RNA junction
-19 L L L L (rd/rr) are—2.8,—3.2,—1.8,—1.4,—-2.0,—2.2, and—2.7 kcal
0 5 10 15 mol~ for r~GdT/rAC, rGdG/rCC, rAdG/rCU, rUdA/rUA, rCdT/
_ [9]265/[9]240 rAG, rAdC/rGU, and rGdA/rUC, respectively, in which rGdG/

) . . rCC is the most stable nearest-neighbor set, although rUdA/
Figure 3. (A) Plot of the CD intensities at 210 nm vs those at 265 nm of UA is the | t stable. Th t Iso indicate that th
the duplexes in Tables-13. The linear least-squares fit is indicated (a linear- YA 1S e l€ast stable. [he parameters also indicate that the
correlation coefficient = 0.95). (B) Plot of AG® at 5°C vs the ratio of chimeric junction is formed even at the helix terminus. Figure
the CD intensity at 265 nm with that at 240 nm. The open symbol indicates g compares the differences of these parameters with those of
the data containing a large uncertainty because of a small absolute value of,

[0]240 (> —0.1 x 1C° mdeg cnd dmol1). The linear least-squares fit for RNA/RNA (rr/_rr)’_DNA/DNA (dd/dd), and RNA/DNA (dd/rr

the closed symbols is indicated £ 0.90). and rr/dd). Intriguingly, the parameters of rd/rr are close to those
of rr/rr (=2.1,—-2.9,-1.7,-1.1,-1.7,—2.1, and—2.3 kcal

tion,}” the ratio of the intensities was also examined. Plots of -1 for rGU/rAC, rGG/rCC, rAG/rCU, rUA/FUA, rCUITAG,

the negative bands at 210 and 240 nm, and a positive band afac/rGU, and rGA/rUC, respectively), but differ significantly

265 nl“rl?presented a weak relationship wit®s (data not o the other parameters. On the other hand, the parameters

shown),” and the ratio of the peak intensity at 265 nm with ¢ \he RNA-DNA/DNA junctions (rd/dd) are similar to those

that at 2t4(l))|nmdderlnonstra':1ed a ((j:leanlar relatlont.sh|p|!1 Wh'cgéhe of rr/dd (Figure 4B). These observations imply that the chimeric

more stable duplexes showed a farger ratio (Figure )- junction in the RNA-DNA strand behave like an RNA strand

Generally, the ratio of these peak intensities of an A-form duplex and that of the DNA RNA strand behaves like a DNA strand

is greater than that of a B-form duplex. Therefore, this . . o . .
relationship indicates a trend that a stable duplex tends to adoptalthongh the differences in theG*ss determined at the terminal

an A-like conformation, and an unstable duplex forms a B-like FGAT/rAC and rGdT/dAC are slightly larger than those deter-

helix.!8 A similar observation has been suggested for G/U and mined at other positions. It should be emphasized that if the

GIT single mismatches in oligomer RNA/DNA hybrid du- initiation factor for the chimeric duplexes is not 3.4 kcal miol
plexes!® These results are consistent with the observations for and the comparisons are also carried out with another parameter

polymer duplexes that the thermal stability of an RNA duplex sets whose initiation factor is not 3.4 kcal nid|, the trends
is generally greater than that of a DNA duplex when their
i i e inn.  (18) Generally, the CD spectrum of a duplex is unaffected by the ionic
sequences are identicf< It should be noted that the relation concentration at a temperature beldw, whereas the stability decreased
at lower ionic conditions. Because a linear free energy relationship is found
(17) Itis recognized that estimation of the nucleotide concentration includes an for AG°37s at 1 M NaCl with those at 100 mM NaCl [Nakano, S.; Hara,
~10% uncertainly. The experimental uncertainty affects the peak intensity H.; Sugimoto, NNucleic Acids Red999 27, 2957.], the relationship may
while it does not change the shape of the spectra. This would cause a weak also be observed at lower ionic conditions.
correlation between the peak intensity and the stability. To eliminate the (19) Sugimoto, N.; Nakano, M.; Nakano, Biochemistry200Q 39, 11 270.
uncertainty in the concentration, we used the ratio of the peak intensity at (20) On the basis of the approximate number of available conformations for

265 nm with that at 240 nm as shown in Figure 3B. A plot of the ratio of the bonds in a nucleotide chain, propagation of a helix is associated with
the peak intensity at 270 nm with that at 240 nm also showed a linear fit the propagation conformational entropy changy&j of —11 cal mot'K 1,
with a linear-correlation coefficient) of 0.89 (data not shown). leading to an unfavorable component of 3.4 kcal thah AG® at 37°C.t
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Table 4. Comparison of the Nearest-Neighbor AG°37 (kcal/mol)2

NN sets rd/rr rd/dd drirr dr/dd drird dr/dr rd/rd rrfrr® dd/dd © rr/dd ¢ dd/rrd
GU/AC —-2.8 2.1 2.1 —2.24 -1.5 —1.44 -1.1 2.1
GG/CC -3.2 —-2.6 —-2.9 —3.26 2.1 —1.84 -2.9 —-2.1
AG/CU -1.8 —-2.2 —-2.0 —-1.3 —-0.7 —-1.7 =25 -1.7 —-2.08 -15 —1.28 —-1.8 —-0.9
UA/UA —-1.4 -0.7 -1.7 -0.7 —0.6 —-0.9 —-2.0 -1.1 —1.33 -0.9 —0.58 -0.6 —-0.6
CU/IAG —-2.0 -0.9 -3.2 —-1.8 -1.7 —2.08 -1.5 —-1.28 -0.9 -1.8
AC/GU —-2.2 -1.9 —-2.1 —2.24 -1.5 —1.44 —-2.1 -1.1
GA/UC —2.7 -1.2 -2.3 —-2.35 -15 —1.30 -1.3 —-15
CGI/CG -1.7 —-2.0 1.7 —-2.0 —2.36 —-2.8 —2.17 -1.7 -1.7
GC/GC -3.3 —-2.2 —-3.4 —3.42 —-2.3 —2.24 —-2.7 =27
initiation® 3.4 3.4 3.4 34 34 3.4 3.4 34 4.09 3.4 1.96 3.1 3.1

aThe notation in each column is the same alignment as the nearest-neig

hbor (NN) sets where r and d indicate the ribonucleotide and deoxyribonucleotide

respectively. The nearest-neighbor base sets denoted as U in the ribonucleotides are replaced by T in the deoxyribonucleotides. The pareaimitted/ere
based on the nearest-neighbor model with the assumption that the initiation factor is 3.4 kdalThelerror in the parameters was estimated to<be3
kcal mol~L. b From the reports by Freier et #P (left column) and by Xia et a9 (right column).¢ From the reports by Sugimoto et‘at (left column) and

by Santalucia J¥ (right column).d From the report by Sugimoto et &l€ The initiation parameters are the values for the G/C base pair formation.

described herein still hold, as is indicated by the small
fluctuations of the plots for the closed symbols in Figures 4A
and 4B.

We then carried out the prediction of the thermodynamic

includes the nearest-neighbor parameters obtained from these
data. The stabilities at the chimeric junction of rCdG/rC&.(7
kcal molY) and rGdC/rGC £3.3 kcal mot?) are similar to
those of rCG/rCG 2.0 kcal motl) and rGC/rGC 3.4 kcal

parameters in Table 1 with the nearest-neighbor parameters ofmol™1), respectively. Also, those of rCdG/dCG-2.0 kcal

rr/rr or rr/dd in place of those of rd/rr or rd/dd, respectively.

mol~1) and rGdC/dGC 2.2 kcal mot?) are close to those of

The predictions indicated in the parentheses in Table 1 are closerCG/dCG (1.7 kcal mot?) and rGC/dGC £2.7 kcal mot?),

to the observed values with average differences of 3.7% in
AG°37 and 1.6°C in Ty, comparable to the errors reported for
the predictions of RNA/RNA, DNA/DNA, and RNA/DNA
duplexes:11e-9 The predictions oAH® andAS® for the RNA—
DNA/RNA duplexes were also in good agreement with the
experimental values, whereas the predictions for the RNA
DNA/DNA duplexes provided somewhat larger differences as
was also observed fat8/d8.

Figure 4C indicates that the stabilities of dr/dd and dr/dr are
close to those of dd/dd, and those of dr/rd are similar to those
of dd/rr. Again, the chimeric junction in the DNARNA strand
behaves like a DNA strand and that in the RNBNA strand
behaves like an RNA strand. In other words, thecleotide
is crucial for the stability of the chimeric junction. The
predictions of the thermodynamic parameters were also suc-
cessful with the nearest-neighbor parameters for RNA/RNA,
DNA/DNA, and RNA/DNA duplexes (Tables 2 and 3). In
contrast, those of the DNARNA/RNA and RNA-DNA/
RNA—-DNA duplexes deviated from the assumption that the
RNA—DNA strand behaves like an RNA strand and that the
DNA—RNA strand behaves like a DNA strand. The differences
in AG°37 between dArG/rCU and dAG/rCU, dTrA/rUA and
dTA/r'UA, and dCrU/rAG and dCT/rAG are 1.1, 1.1, and 1.4
kcal mofl?, respectively, and those between rAdG/rCdT and
rAG/rCU, and rUdA/rUdA and rUA/rUA are 0.8 and 0.9 kcal
mol~2, respectively. The junction-independent stabilization by
~1 kcal mol! may be a contribution from the helix initiation
factor.

Thermodynamic Parameters for the Self-Complementary
Chimeric Duplexes. Previously, we reported CD spectra and

respectively. The analysis for the self-complementary chimeric
duplexes also supports the model that'aifle nucleotide at

the chimeric junction primarily determines the strength of the
interaction. In addition, the stability of rCdG/rCd&G 1.7 kcal
mol~1) is close to that of rCG/rCG+2.0 kcal mof?), although

the set of rd/rd derived from Table 3 deviates from the model.
This may reflect a different thermodynamic contribution de-
pending on the sequence and the junction such as the helix
initiation factor, which remains to be addressed.

Interactions that Involve the 2'-Hydroxyl Group of Ri-
bonucleotide. A number of three-dimensional structures have
been reported for the chimeric dupleXédn most cases, the
overall conformation resembles an A-form, although the local
geometry exhibits considerable variations. Crystal structures of
the self-complementary duplexes of r(G)d(CGTATACG#),
d(GCGT)r(A)d(TACGC)?* d(CCGGC)r(G)d(CCGG¥* and
d(CCACTAGTG)r(G¥* revealed a feature that a single ribo-
nucleotide in a DNA duplex converts the B-form to the A-form.
The CD spectra in Figures 2B, 2D, and 2E indicate that most
of the chimeric duplexes containing DNA Watsoe@rick base
pairs exhibit an A-like signal, although the spectrunrad7/
d8 that replaced a terminal dG by rG id8/d8 did not.
Interestingly, the positive band at 265 nm for the RNBNA/
DNA and DNA—RNA/DNA duplexes was smaller than that of
r8/r8, while the spectra of the DNARNA/RNA—DNA
duplexes were similar t@8/r8. The RNA/RNA interactions
might induce the B-form to A-form conversion more efficiently
than the RNA/DNA interactions.

It has been recognized that an A-form structure of the RNA
duplex is associated with intramolecular interactions of the

the thermodynamic parameters for the alternating CG sequenceaibose 2-hydroxyl groups as well as the G8ndo sugar

of r(CGCGCQG) (6), r(CGCGC)d(G) (5d1), r(CGCG)d(CG)
(r4d2), r(CGC)d(GCG) (3d3), r(CG)d(CGCGQG) 2d4), r(C)d-
(GCGCG) (1d5), and d(CGCGCG) d6) forming a self-
complementary dupleX. Measurements of their thermodynamic
parameters (see Supporting Information) revealed that the
duplexes of3d3 andr2d4 were the least stable, and the duplex
of r6 was the most stable among the duplexes. Table 4 also
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A of the crystallographic structures of the A-form dupleXeghe
thermodynamic contributions of the intra-strand hydrogen bonds
may also contribute to the stability of the duplexes that include
PNA (peptide nucleic acid) strarf@svhich have potential intra-
strand hydrogen bond sites at the backbone. The molecular
dynamics simulations also indicate that the water molecules
linked to the 2hydroxyl groups can be located over the'O3
and O4 atoms of the same residue and the base atéfisese
interactions involving the'zhydroxyl group directly or indirectly
-1 GU'/AC GG:/CC AG:/CU UA'/UA CUI/AG ACI/GU GA'/UC are Iocateq in the atoms of a—ﬂelghborlng nucleotide or the
same residue. In addition, the solution structure of a self-
Nearest-neighbor base set complementary duplex of d(CGC)r(AAA)d(TTTGCG) revealed
that the structural parameters of the cytosine at the DNA-RNA
junction were not affected by thé-Bbonucleotides, while those
of the thymine at the RNADNA junction were changed by
the B-ribonucleotideg2¢ This observation suggests that tHe 5
ribose may influence the conformation of thengighboring
nucleotide, consistent with our observation that thedsleotide
at the chimeric junction affects the strength of the interaction.
We therefore propose that the nearest-neighbor interaction
involves the contribution of the'z2ydroxyl group as well as
! ! ) L 1 | ) the hydrogen bonds in base pairing and stacking interactions
GU/AC GG/CC AG/CU UA/UA CU/AG AC/GU GA/UC between adjacent base pairs. Thédroxyl group would af-
Nearest-neighbor base set fect the cation and the hydration network around the helix,
which may also be associated with the nearest-neighbor interac-
Cc tion.

It is reported that whether the-Bydroxyl group stabilizes

MAG'37 (kcal mol™)

AAG'37 (kcal mol™)

"1—, or destabilizes a duplex differs depending on the type of DNA/
E DNA, RNA/RNA, and RNA/DNA duplex¢"1® Here, duplex

§ destabilization and stabilization by substitution of a ribonucle-
E otide for a deoxyribonucleotide were observed, and we found
(O that this observation could be interpreted by considering the
g strength of the nearest-neighbor interaction before and after the
4 ! ! . substitution. There are 100 kinds of possible nearest-neighbor
AG/CU UA/UA CU/AG base sets for the chimeric junctions. Determination of these
Nearest-neighbor base set thermodynamic parameters is a time-consuming task. Alterna-

Figure 4. (A) Difference in the nearest-neighbiG®s; values AAG®3) tively, we addressed the prediction without extensive efforts.

between rd/rr and rr/rr (circles), dd/dd (triangles), rr/dd (diamonds), or dd/ Importantly, a comparison with the parameters for other types
I (squares). The average values\okG*5; are 0.31, 0.80, 0.77, and 0.86,  of duplexes addressed the roles of ribose in the duplex stability.

respectively. The closed symbols indicate the comparison on the basis of a . . . .
model that the chimeric junction in the DNARNA strand behaves like a ~ Jnderstanding the influences of ribonucleotide would be also

DNA strand and the RNADNA strand behaves like an RNA strand. The  useful for the design of artificial nucleotides that strongly bind
nearest-neighbor base sets denoted as U in the ribonucleotides are replacegh nycleotides.

by T in the deoxyribonucleotides. (B) Th®AG®3; values between rd/dd

and rr/rr (circles), dd/dd (triangles), rr/dd (diamonds), or dd/rr (squares). . .

The average values #fAG°s; are—0.33, 0.16, 0.13, and 0.21, respectively. Acknowledgment. This work was supported in part by

(C) The AAG®37 values for dr/rr (open circles), dr/dd (triangles), dr/rd  Grants-in-Aid for Scientific Research from the Ministry of

(diamonds), dr/dr (squares), and rd/rd (closed circles) subtracted by the ; ;
nearest-neighbor parameter sets of dd/rr, dd/dd, dd/rr, dd/dd, and rr/rr, Education, Science, Sports and Culture, Japan.

respectively. The average values AMAG°3;7 are 1.2, 0.03-0.10, 0.10, ) ) )
and 0.85, respectively. Supporting Information Available: The parameters for the

self-complementary duplexes of an alternating CG sequence,
and the melting curves of the duplexes in Table3(PDF).
This material is available free of charge via the Internet at

puckering which is preferred by the hydroxyl group.number

of interactions involving the 'Zhydroxyl group of RNA are
found not only through the hydrogen bonds with phosphate
oxygen atoms, O4f the 3-adjacent ribose, and bases, but also Nttp:/pubs.acs.org.
through the water-mediated hydrogen bonds with the phosphatesjag37314H

and the base®ab23Molecular dynamics simulations suggest
the 2-OH of the C3-endoribose puckers orientating favorably

(23) Hsu, S. T.; Chou, M. T.; Chou, S. H.; Huang, W. C.; Cheng, JIWlol.

to the O3 of the same sugar and the formation of a hydrogen Biol. 200Q 295, 1129.
' o y _ (24) Auffinger, P.; Westhof, EJ. Mol. Biol. 1997, 274, 54.
bond between the ' (CZ—HZ2) and the O4of a 3 (25) Sugimoto, N'; Satoh, N.; Yasuda, K.; NakanoB&chemistry2001, 40,

neighboring nucleotide, which was also supported by analysis 8444,
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