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ABSTRACT: To facilitate design of short isoenergetic hybridization probes for RNA, we report the influence
of adding 5′- or 3′-terminal 2′-O-methylguanosine (GM), LNA-guanosine (GL), or 3′-terminal pyrene pseudo-
nucleotide (PPN) on the thermodynamic stability of 2′-O-methyl-RNA/RNA (2′-O-Me-RNA/RNA) duplexes
with sequences 5′CMGMGMCMAM/3′AAXGCCGUXAA, where X is A, C, G, or U. A 3′-terminal GM or
GL added to the 2′-O-Me-RNA strand to form a G-A, G-G or G-U mismatch enhances thermodynamic
stability (∆∆G°37) of the 2′-O-Me-RNA/RNA duplexes on average by 0.7 and 1.5 kcal/mol, respectively.
A 3′-terminal GM or GL in a GM-C or GL-C pair stabilizes the 2′-O-Me-RNA/RNA duplex by 2.6 and 3.4
kcal/mol, respectively. A 5′-terminal GM or GL in a G-A or G-G mismatch provided less stabilization in
comparison with a 3′-terminal G-A or G-G mismatch, but more stabilization in a G-C or G-U pair. In
contrast to guanosine derivatives, pyrene residue (P) as PPN at the 3′-terminal position enhances
thermodynamic stability of the 2′-O-Me-RNA/RNA duplexes on average by 2.3( 0.1 kcal/mol, relatively
independent of the type of ribonucleotide placed in the opposite strand. The thermodynamic data can be
applied to design 2′-O-Me-RNA/RNA duplexes with enhanced thermodynamic stability that is also sequence
independent. This is useful for design of hybridization probes to interrogate RNA structure and/or expression
by microarray and other methods.

Knowledge about structure and interactions of RNA is
crucial not only for understanding the biological functions
of RNA but also for successfully targeting RNA with
therapeutics (1-3). Prediction of RNA folding on the basis
of free energy minimization is challenging (4, 5). The
influence on RNA thermodynamic stability of tertiary
interactions, interactions of RNA with proteins and divalent
cations, as well as RNA structural motifs such as pseudoknots
and multibranch loops is not understood well (6, 7).
Enzymatic and chemical mapping of RNA provides a lot of
detail about RNA structure, but can be time-consuming,
although recent work by Weeks’s group makes chemical
mapping more rapid (8, 9). Microarray approaches provide
an even more rapid method for interrogating RNA structure.
Southern and co-workers demonstrated the potential of this
approach for studies of RNA structure (10-12). Microarrays
based on short 2′-O-methylated heptanucleotide probes (non-
isoenergetic microarrays) as well as LNA1 (locked nucleic

acids) modified 2′-O-methylated penta- and hexanucleotide
probes (isoenergetic microarrays) can provide useful con-
straints for prediction of RNA secondary structures (13, 14).
In particular, hybridization to microarrays provides insight
into unpaired nucleotides of target RNA.

RNAs with known secondary structures typically have
short single stranded fragments, on average 3-7 nucleotides
long. For that reason, short microarray probes are optimal
to avoid disruption of target RNA secondary structure during
hybridization. LNA modified 2′-O-methylated penta- and
hexanucleotide probes are suitable for this application (14).
In particular, incorporation of LNA and/or 2,6-diaminopurine
nucleotides into probes is often enough for pentamers to
provide at least the-6 kcal/mol in binding free energy at
37 °C (∆G°37) required for detection (14-16). For regions
where target RNA is A rich, however, it is necessary to
enhance the thermodynamic stability. One approach is to add
a 3′ GL, which can pair with A, C, G, or U in the RNA
target (Figure 1A) (14). The thermodynamic effects of such
additions have not been previously studied, however.
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This paper reports the influence of adding a 3′- or
5′-terminal 2′-O-methylguanosine or LNA-guanosine on the
thermodynamic stability of RNA/2′-O-Me-RNA duplexes
with sequence 5′AAXUGCCGXAA/3′AMCMGMGMCM where
X is A, C, G, or U and superscript M denotes 2′-O-Me. When
the 3′-terminal G is paired with U, A, or G, the duplex is
stabilized on average by 0.7( 0.1 and 1.5( 0.2 kcal/mol
for GM and GL, respectively. When the 3′-terminal G is paired
with C, however, the duplex is stabilized by 2.6 and 3.4 kcal/
mol for GM and GL, respectively. Even more sequence
dependence is observed with a 5′-terminal G. This confounds
design of a universal microarray in which relative binding
depends only on the sequence of the first five nucleotides in
a probe.

In principle, the sequence dependence of stability enhance-
ment can be reduced by not employing hydrogen bonding
interactions. In 2002, Pedersen’s group developed the pyrene
“intercalating pseudo-nucleotide” (IPN) which is the phos-
phoramidite of (S)-1-O-(4,4′-dimethoxytriphenylmethyl)-3-
O-(1-pyrenylmethyl)glycerol. Incorporation of IPN into
oligonucleotides resulted in formation of intercalating nucleic
acids (INA) (17). Studies of the influence of IPN on
thermodynamic stabilities of DNA/DNA, RNA/DNA and 2′-
O-Me-RNA/DNA duplexes demonstrated that the pyrene
derivative stabilizes DNA duplexes when it acts as a
5′-dangling end or as a bulge (17-20). When positioned as
a dangling end, however, the stabilization may be due to
stacking on the terminal base pair, rather than intercalation.
Thus, we refer to the derivative as “pyrene pseudo-nucle-
otide” (PPN or P) (Figure 1B). Here we show that PPN at
the 3′-end in 5′AAXUGCCGXAA/3′PAMCMGMGMCM du-
plexes enhances thermodynamic stability on average by 2.3
( 0.1 kcal/mol, regardless of the type of ribonucleotide
placed in the opposite strand. Thus it provides the charac-
teristics required to design a microarray with probes that are
universally isoenergetic for any target RNA. These charac-
teristics should also be useful for designing isoenergetic
microarrays for other purposes, including analysis of RNA
expression.

EXPERIMENTAL PROCEDURES

General Methods.The 3′-O-phosphoramidites of LNA
nucleotides were synthesized according to published proce-
dures (21-23) with some minor modifications. TLC analysis
of reaction progress was performed on Merck 60 F254 silica
gel plates with various mixtures of dichloromethane and
methanol (98:2 v/v, 95:5 v/v, 9:1 v/v and 8:2 v/v). Mass
spectra of nucleosides and oligonucleotides were obtained
on an LC MS Hewlett-Packard series 1100 MSD with API-
ES detector or an MALDI TOF MS, model Autoflex
(Bruker).

Synthesis and Purification of Oligonucleotides.Oligo-
nucleotides were synthesized on an Applied Biosystems
DNA/RNA synthesizer, usingâ-cyanoethyl phosphoramidite
chemistry (24). Commercially available A, C, G, and U
phosphoramidites with 2′-O-tert-butyldimethylsilyl or 2′-O-
methyl groups were used for synthesis of RNA and 2′-O-
methyl-RNA, respectively (Glen Research, Azco, Proligo).
Thin-layer chromatography (TLC) purification of the oligo-
nucleotides was carried out on Merck 60 F254 TLC plates
with the mixture 1-propanol/aqueous ammonia/water) 55:
35:10 (v/v/v). The details of deprotection and purification
of oligoribonucleotides were described previously (4).

UV Melting.Oligonucleotide duplexes, in 10-3-10-6 M
concentration range, were melted in a buffer containing 100
mM sodium chloride, 20 mM sodium cacodylate, 0.5 mM
Na2EDTA, pH 7.0. The relatively low sodium chloride
concentration kept melting temperatures in the reasonable
range even when there were multiple substitutions, and also
allowed comparison to previous experiments (15, 16, 25).
Oligonucleotide single strand concentrations were calculated
from absorbance above 80°C with single strand extinction
coefficients approximated by a nearest-neighbor model (26,
27). Absorbance vs temperature melting curves were mea-
sured at 260 nm with a heating rate of 1°C/min from 0 to
90 °C on a Beckman DU 640 spectrophotometer with a
thermoprogrammer. Melting curves were analyzed and
thermodynamic parameters were calculated from a two-state
model with the program MeltWin 3.5 (28). For most
duplexes, the∆H° derived fromTM

-1 vs ln(CT/4) plots is
within 15% of that derived from averaging the fits to
individual melting curves (see Supporting Information), as
expected if the two-state model is reasonable.

Fluorescence Measurements.Fluorescence was measured
at room temperature with excitation at 340 nm and detection
at 360-600 nm on a Perkin-Elmer LS 50B luminescence
spectrometer using 500µL quartz cells. All samples were
prepared in buffer containing 100 mM sodium chloride, 20
mM sodium cacodylate, 0.5 mM Na2EDTA, pH 7.0, with
each strand at a concentration of 0.3µM.

Chemical Synthesis of PPN Solid Support.The synthesis
of PPN solid support was performed according to the
procedures of previously reported synthesis of (S)-1-O-(4,4′-
dimethoxytriphenylmethyl)-3-O-(1-pyrenylmethyl)glycerol (17)
with expansion of the synthesis of immobilized PPN to solid
support as described below (Figure 2).

Succinic ester of 1-O-(4,4′-Dimethoxytriphenylmethyl)-3-
O-(1-pyrenylmethyl)-glycerol (2). 1-O-(4,4′-Dimethoxytriphen-
ylmethyl)-3-O-(1-pyrenylmethyl)-glycerol (1) (280 mg, 0.46
mmol) was dissolved in 5 mL of dichloromethane and 55
mg (0.55 mmol) of succinic anhydride and 70 mg (0.55

FIGURE 1: Origin of additional thermodynamic stabilization of
hybridization duplexes. A. Scheme of interactions between target
RNA mimics and microarray probe (red fragment is complementary
to the green ones). B. Structures of LNA and PPN moiety placed
at duplexes 3′-end.
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mmol) of 4-dimethylaminopyridine were added. The reaction
mixture was stirred at room temperature for 14 h. A saturated
aqueous solution of sodium dihydrogen phosphate was added
and extracted 3 times with dichloromethane. The organic
layers were combined and washed 3 times with aqueous
saturated solution of sodium bicarbonate. The organic phase
was dried with anhydrous sodium sulfate and evaporated to
give (2) as a white foam in quantitative yield.1H NMR
(CDCl3): δ 8.23-6.66 (m, 22H, Harom.); 5.30 (m, 1H, H-4′);
5.22, 5.13 (2d, 2H,-OCH2- pyrenyl); 3.74 (d, 2H, H-5′);
3.23 (m, 2H, H-3′); 2.61 (s, 4H, CH2CH2CO2H). 13C NMR
(CDCl3): δ 171.96 (CO2H); 158.36, 144.72, 136.70-123.41
(Carom., DMTr); 112.98 (DMTr); 85.94 (OCPh3); 72.36 (C-
3′); 71.69 (-OCH2- pyrenyl); 68.66 (C-2′); 55.08 (2×
-CH3); 29.32, 29.20 (CH2CH2CO2H). MALDI-MS m/z:
708.662 [M+ H]+ (calcd for C45H40O8, 708.794).

Solid Support of Succinic Ester of 1-O-(4,4′-Dimethoxy-
triphenylmethyl)-3-O-(1-pyrenylmethyl)-glycerol (3). To the
solution of succinic ester of 1-O-(4,4′-dimethoxytriphenyl-
methyl)-3-O-(1-pyrenylmethyl)-glycerol (2) (240 mg, 0.34
mmol) in dry DMF (5 mL) were added 43 mg (0.34 mmol)
of 4-dimethylaminopyridine, 139 mg (0.67 mmol) of 1,3-
dicyclohexylcarbodiimide (DCC) and 1.50 g of Native
Amino lcaa CPG 500 Å. The mixture was gently shaken at
room temperature for 24 h. The support was filtered and
washed repeatedly with dichloromethane. Pyridine (7.5 mL),
acetic anhydride (2.5 mL) and 4-dimethylaminopyridine (10
mg, 0.08 mmol) were added to the support. The mixture was
left at room temperature for 1 h. The support was filtered
again, washed repeatedly with dichloromethane, and dried.
CPG loading: 47.9µmol/g.

RESULTS

Chemical Synthesis of Modified Oligonucleotides.The
published synthesis of protected LNA-guanosine phosphora-
midite (21-23) was modified by replacing sodium benzoate
by lithium benzoate in one of the synthetic steps and
protecting the LNA-guanosine exocyclic amino group with
N,N-dimethylaminomethylidene instead of an isobutyryl
group. Preparation of PPN on solid support started with the
published synthesis of (S)-1-O-(4,4′-dimethoxytriphenylm-
ethyl)-3-O-(1-pyrenylmethyl)-glycerol (1) (17). Mixing of
compound (1) and succinic anhydride in the presence of
4-dimethylaminopyridine gave derivative (2) in quantitative
yield (Figure 2). Next, immobilization of compound (2) on
solid support in the presence of 4-dimethylaminopyridine and
DCC resulted in CPG loading by 47.9µmol/g. Due to low
steric hindrance of derivative (2), it was not necessary to
prepare the active ester to load it on solid support. Oligo-
nucleotides containing pyrene modifications were synthesized
using standardâ-cyanoethyl phosphoramidite chemistry (24).

The Influence of 5′-Terminal 2′-O-Methylguanosine and
LNA-guanosine on the Thermodynamic Stability of 2′-O-Me-
RNA/RNA Duplexes.The thermodynamic effect of a 5′-
terminal G was measured with model duplexes, 5′GMCMG-
MGMCMAM/3′AAX GCCGUXAA and 5′GLCMGMGMCMAM/
3′AAX GCCGUXAA, where X is A, C, G or U and CM, AM,
GM are the respective 2′-O-methyl nucleotides, GL is LNA-
guanosine, and the italic fonts mark the Watson-Crick
complementary regions within the duplexes (Table 1 and
Figure 3b). The 2′-O-methylated oligonucleotides represent
microarray probes and the oligoribonucleotides were longer
to mimic RNA targets.

For the 5′-terminal GM or GL in a G-X base pair, the
thermodynamic effect depends on X. For 5′GM-G and 5′GM-
A, no effect was observed within experimental error (minor
destabilization (∆∆G°37) by 0.17 and 0.01 kcal/mol, respec-
tively). In contrast, a 5′GM-U or 5′GM-C base pair stabilized
duplexes by 1.68 and 4.63 kcal/mol, respectively. A 5′-
terminal GL-X base pair always improved duplex thermo-
dynamic stability. The 5′GL-G and 5′GL-A pairs stabilized
duplexes by 0.44 and 0.23 kcal/mol, respectively, while
5′GL-U and 5′GL-C pairs stabilized by 2.43 and 5.15 kcal/
mol, respectively.

The Influence of 3′-Terminal 2′-O-Methylguanosine and
LNA-guanosine on the Thermodynamic Stability of 2′-O-Me-
RNA/RNA Duplexes.The thermodynamic effect of a 3′-
terminal GM-X or GL-X base pair was measured with model
duplexes, 5′CMGMGMCMAM/LGM/3′AAX GCCGUXAA and
5′CMGMGMCMAM/LGL/3′AAX GCCGUXAA, respectively (Fig-
ure 3c). When X was G, A, or U paired with GM, the duplex
was stabilized by 0.63, 0.65, and 0.85 kcal/mol, respectively,
which are the same within experimental error (Table 1). In
contrast, a 3′-terminal GM-C base pair stabilized the duplex
by 2.65 kcal/mol. Moreover, replacement of the 2′-O-
methyladenosine within the 2′-O-Me-RNA/RNA duplex by
LNA-adenosine caused additional stabilization (∆∆G°37) by
1.15, 1.68, 0.83 and 1.64 kcal/mol for duplexes 3′-terminated
with GM-G, GM-A, GM-U, and GM-C, respectively. That
observation was in accordance with previously reported data
concerning stabilization effects of LNA nucleotides (15).

The presence of an extra 3′-terminal GL-X base pair
increased thermodynamic stability of the duplex by 1.35,
1.63, 1.52 and 3.38 kcal/mol for X equal to G, A, U, or C,
respectively. Substitution of 2′-O-methyladenosine 5′-
adjacent to 3′-terminal GL-X by LNA-adenosine caused
additional stabilization of the duplex by 0.99, 1.10, 0.66 and
1.99 kcal/mol for duplexes terminated with 3′GL-G, GL-A,
GL-U and GL-C, respectively.

The simultaneous influence of adding both 5′- and
3′-terminal 2′-O-methylguanosines on the thermodynamic
stability of the 2′-O-Me-RNA/RNA duplexes was also

FIGURE 2: Chemical synthesis of PPN solid support. Reagents and conditions: (i) succinic anhydride, DMAP, CH2Cl2; (ii) 1. DMAP,
DCC, amino lcaa CPG, DMF; 2. acetic anhydride, DMAP, pyridine.
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Table 1: Thermodynamic Parameters of Helix Formation between RNA and 2′-O-Me Oligoribonucleotides. The Effect of 2′-O-Methyl and
LNA G-Enda

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA, pH 7. Values in parentheses are from non-two-
state melts.b Calculated for 10-4 M oligomer concentration.
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investigated. The duplexes were stabilized by 0.80, 0.63,
2.82, and 5.88 kcal/mol for GM-X pairs when X was G, A,
U or C, respectively (Table 1 and Figure 3d). The values
are within experimental error of the sum of the measured
effects for the separated 5′- or 3′-terminal GM-X base pairs.

The Influence of Mismatches on Thermodynamic Stability
of 2′-O-Me-RNA/RNA Duplexes with a 3′-Terminal LNA-
guanosine.The influence of mismatches was studied for two
2′-O-Me-RNA/RNA duplexes, which differed in a GL-G or
GL-C base pair at the 3′-end (Table 2 and Figure 3e-h).
The single mismatches were placed at the 5′-terminal and
central position as well as adjacent to the 3′-terminal GL-X
pair in the probe strand. The 5′-terminal UM-G mismatch
(Figure 3e) decreased thermodynamic stability by 1.07 and
0.51 kcal/mol for 2′-O-Me-RNA/RNA duplexes containing
3′-terminal GL-G and GL-C base pairs, respectively. An AM-G
mismatch at the 5′-terminal position (Figure 3f) reduced
thermodynamic stability by 0.88 kcal/mol for the duplex with
a 3′-terminal GL-G base pair and had no significant effect
(∆∆G°37 ) -0.06 kcal/mol) with the 3′GL-C base pair. When
the GM-U mismatch was adjacent to the 3′-terminal GL-X
base pair (Figure 3g), destabilization (∆∆G°37) was 0.52 and
0.91 kcal/mol for 3′GL-G and 3′GL-C, respectively. Finally,
the centrally placed UM-C (Figure 3h) mismatch caused
significant destabilization by 1.68 and 4.68 kcal/mol for
3′GL-G and 3′GL-C base pairs, respectively.

The Influence of PPN Placed at the 3′-End on Thermo-
dynamic Stability of 2′-O-Me-RNA/RNA Duplexes.The
thermodynamic studies of the influence of a 3′-terminal
pyrene residue were carried out with the model duplex,
5′CMGMGMCMAMP/3′AAX GCCGUXAA, where P is the
pyrene derivative (Figure 3c with Y) P). The 3′-terminal
pyrene enhanced duplex stability by 2.17, 2.22, 2.36 and 2.43
kcal/mol when X was G, A, C or U, respectively (Table 3).
Thus the enhancement is independent of X within experi-
mental error. Furthermore, substitution of the 2′-O-methy-
ladenosine by LNA-adenosine caused additional stabilization
by 1.58, 1.45, 1.10 and 1.36 kcal/mol for X equal to G, A,
C or U, respectively.

The Influence of Mismatches on Thermodynamic Stability
of 2′-O-Me-RNA/RNA Duplexes with a 3′-Terminal PPN.The

influence of mismatches was studied for two 2′-O-Me-RNA/
RNA duplexes, which differed in positioning a 3′-terminal
PPN opposite to G or C in the oligoribonucleotide strand
(Table 4 and Figure 3f, g, and h). Similarly to previous
experiments, the single mismatches were placed at 5′-
terminal and central positions as well as adjacent to the 3′-
terminal PPN within the model 2′-O-Me-RNA/RNA du-
plexes.

The AM-G mismatch placed at the 5′-terminal position
destabilized 2′-O-Me-RNA/RNA duplexes containing PPN
by 1.01 kcal/mol for the duplex with PPN opposite to G
(3′P-G), and by 0.78 kcal/mol for the duplex with PPN
opposite to C (3′P-C). Similar effects were observed when
a GM-U mismatch was adjacent to the 3′P-X (∆∆G°37 )
0.80 kcal/mol for 3′P-G and 0.79 kcal/mol for 3′P-C). Finally,
a centrally positioned UM-C mismatch caused the largest
destabilization, 2.21 and 3.15 kcal/mol for 3′P-G and 3′P-
C, respectively.

Fluorescence of PPN.Figure 4 shows fluorescence spectra
of single stranded, 5′CMGMGMCMAMP and duplexes, 5′CMG-
MGMCMAMP/3′AAX GCCGUXAA at 0.3 µM of each strand.
There is a 3- to 4-fold reduction of fluorescence at 378 and
398 nm, regardless of type of nucleotide in the RNA strand.
Thus fluorescence intensity could be used to monitor
hybridization.

DISCUSSION

Oligonucleotide probes can provide insights into RNA
structure. For example, isoenergetic oligonucleotide microar-
rays provide a rapid method to study the secondary structure
and interactions of folded RNA (14). Single stranded regions
of RNA are mostly 3-7 nucleotides long. Thus, isoenergetic
pentanucleotides are well suited for revealing these regions.
Interpretation of the data is simplified if the thermodynamic
stability of the hybridization duplex formed by single
stranded fragments and the Watson-Crick complementary
probes is independent of sequence so that the only factor
determining the detectable hybridization is the competition
with the folded structure of the target RNA. It is difficult,
however, to design probes to provide equal duplex stabilities
for GC rich and AU rich sequences. Here, thermodynamics

FIGURE 3: Structures of various 2′-O-Me-RNA/RNA duplexes used during the studies.
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are presented that provide two solutions to this problem. One
solution is to add a 3′-terminal GL to the pentamer se-
quence. The second solution is to add a 3′-terminal PPN
(Figure 1A).

Previous studies have provided thermodynamic incre-
ments for many terminal mismatches in RNA/RNA duplexes
(29-32). These data show that a 3′-terminal G provides
roughly the same stability increment when paired with A,
G, or U, but a more favorable increment when paired
with C. In contrast, a 5′-terminal G provides roughly the
same stability increment when paired with A or G, but a
more favorable increment when paired with U, and the
most favorable increment when paired with C. This suggested
that a 3′-terminal G would provide a more sequence
independent probe than a 5′-terminal G. Another advan-
tage of adding additional stability at the 3′-end of the probe
is that dangling end stacking from the target RNA is changed
at the 5′-end, and 5′-dangling end stacking is rela-
tively independent of sequence (32). In contrast, adding a

5′-terminal G to the probe changes the dangling end at the
3′-side of the target RNA, and 3′-dangling end stacking is
very sequence dependent (32).

The expectations described above are largely observed in
the 2′-O-Me-RNA/RNA duplexes with either a terminal GM

or GL as listed in Table 1. Terminal G-A, G-G, or G-U
mismatches containing 3′GM and 3′GL (Figure 3c) enhanced
the thermodynamic stability of 2′-O-Me-RNA/RNA duplexes
on average by 0.7( 0.1 and 1.5( 0.2 kcal/mol, respectively,
at 37 °C. The 0.7 kcal/mol is identical to the average
predicted for RNA/RNA duplexes at 1 M NaCl when the
terminal sequence is 5′AG/3′UX (32). On the basis of free
energy parameters for RNA/RNA duplexes (32), the free
energy enhancement for terminal 3′GM mismatches will
depend on the preceding base pair, reaching a maximum of
about 1.5 kcal/mol at 37°C when the preceding base pair is
CG. Additional substitution by LNA-adenosine for the 2′-
O-methyladenosine adjacent to the 3′-terminal GL-X base
pairs within the 2′-O-Me-RNA/RNA duplexes studied here

Table 2: Thermodynamic Parameters of Helix Formation with RNA and 2′-O-Me Oligoribonucleotides. The Effect of Mismatches and LNA G
3′-Enda

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA, pH 7. Values in parentheses are from non-two-
state melts.b Calculated for 10-4 M oligomer concentration.
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caused further stabilization, on average by 0.9 kcal/mol at
37 °C. When the 5′-terminal GM/L paired with C, the stability
enhancement was much larger, 2.65 and 3.38 kcal/mol for
GM and GL, respectively (Table 2 and Figure 5). This is
somewhat larger than the values of 1.8 and 3.0 kcal/mol
predicted on the basis of nearest neighbor parameters for
Watson-Crick pairs (25) and the effect of a 3′LNA (15).
The added GC pair also changes the 5′ dangling end from a
C on a U to an A on a C,which can account for 0.4 kcal/
mol of the difference between measured and predicted values
(32).

As expected, the influence of 5′-terminal GM/L-X base pairs
(Figure 3b) on the thermodynamic stability of 2′-O-Me-RNA/
RNA duplexes was more complex than the 3′-terminal ones.
Interaction of an additional 2′-O-methylguanosine or LNA-
guanosine with A or G in the opposite RNA strand gave
only minor duplex stabilization with GL and essentially no
effect with GM (∆∆G°37 ) 0.17 and 0.01 kcal/mol for GM-G
and GM-A, respectively). The lack of stabilization by GM

may reflect changes in 3′-dangling end stacking in the duplex.
On the other hand, the interactions of both GM and GL with
pyrimidines gave significant stabilization (∆∆G°37 ) -4.63,
-5.15,-1.68 and-2.43 kcal/mol for 5′GM-C, GL-C, GM-U
and GL-U, respectively). For RNA/RNA duplexes (32),
∆∆G°37 is predicted to be-4.7 () -3.4- 1.7+ 0.4) kcal/
mol when one terminus changes from5′

C
GC3′ to 5′

CG
GCA3′. This

is essentially identical to the measured value of-4.6 kcal/
mol for the addition of the 5′GM-C base pair, where the 3′-
dangling end changes from a C on a G (-0.4 kcal/mol) to
an A on a C (-1.7 kcal/mol). Assuming that 3′-dangling
end stacking on a UG pair is identical to that on a UA pair,
a similar calculation for one terminus changing from

5′
C
GU3′ to 5′

CG
GUA3′ predicts∆∆G°37 ) -2.6 ()-2.5 - 0.7 +

0.6) kcal/mol, somewhat more favorable than the-1.7 kcal/
mol measured for addition of the 5′GM-U base pair.

Stabilization was also observed when additional 2′-O-
methylguanosines were present at both the 5′- and 3′-terminal
positions within the 2′-O-Me-RNA/RNA duplexes (Figure
3d). Within experimental error, the effects of the two ends
were roughly additive.

When single mismatches UM-C, UM-G, GM-U and AM-G
were present at various positions within the 2′-O-Me-RNA/
RNA duplexes containing 3′-terminal GL-G or GL-C base
pairs, significant destabilization was mostly observed (Table
2). The destabilization was largest when the mismatch was
in the center of the duplex (Figure 3h). For example, a UM-C
mismatch positioned in the center of a duplex made
thermodynamic stability (∆∆G°37) less favorable by 1.68 and
4.68 kcal/mol, respectively, for the duplexes containing an
additional 3′-terminal GL-G or GL-C base pair. This is a non-
nearest neighbor effect because the effect of a mismatch
depends on the number of Watson-Crick base pairs. The
placement of mismatches at the 5′-terminus (UM-G and AM-G
as in Figures 3e and 3f, respectively) or at the position
adjacent (GM-U) to 3′-terminal GL-G or GL-C (Figure 3g)
destabilized the duplexes much less. Generally, the observa-
tions concerning the positional influence of mismatches
within the duplex on thermodynamic stability are consistent
with previously reported data (15). Interestingly, destabiliza-
tion by single UM-C, UM-G, GM-U and AM-G mismatches
was usually larger when an additional 3′GL-G or 3′GL-C base
pair was present. For example, a 5′-terminal UM-G mismatch
in the 2′-O-Me-RNA/RNA duplex containing a 3′-terminal
GL-G (Figure 3e) decreased thermodynamic stability by 1.07

Table 3: Thermodynamic Parameters of Helix Formation with RNA and 2′-O-Me Oligoribonucleotides.The Effect of PPN (P) 3′-Enda

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA, pH 7. b Calculated for 10-4 M oligomer concentration.
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kcal/mol in comparison with 0.43 kcal/mol in the absence
of an additional 3′GL-G base pair (Table 2). For another

Table 4: Thermodynamic Parameters of Helix Formation with RNA and 2′-O-Me Oligoribonucleotides. The Effect of Mismatches and PPN (P)
3′-Enda

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA, pH 7. b Calculated for 10-4 M oligomer concentration.

FIGURE 4: Fluorescence at room temperature upon excitation at
340 nm of single stranded 5′CMGMGMCMAMP3′ (black) and duplexes
with 3′AAA GCCGUAAA5′ (green), 3′AAUGCCGUUAA5′ (blue),
3′AAGGCCGUGAA5′ (red) and 3′AACGCCGUCAA5′ (dark blue)
RNA oligonucleotides. Italic font marks complementary fragment
within the duplexes, whereas bold font marks opposite to pyrene
nucleotide. Concentration of each strand was 0.3µM. FIGURE 5: Comparison of thermodynamic stability (∆G°37 marked

in green) and effects of addition of LNA-G or PPN at 3′-end of
2′-O-Me-RNA/RNA duplexes (∆∆G°37 marked in red). For free
energy values see Tables 1 and 3.
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duplex, a 5′-terminal AM-G mismatch (Figure 3f) decreased
stability by 0.88 and 0.32 kcal/mol in the presence and
absence of a terminal 3′GL-G, respectively (Table 2).
Evidently, the presence of 3′-terminal GL-G or GL-C base
pairs not only increased thermodynamic stability of the
hybridization duplexes, but also enhanced discrimination
between matched and mismatched 2′-O-Me-RNA/RNA
duplexes and, in consequence, could improve selectivity of
interactions between probes and target RNA. Presumably,
similar effects would be seen with GL-A and GL-U 3′-
terminated 2′-O-Me-RNA/RNA duplexes.

As described above, the additional 3′-terminal GM-X base
pairs enhanced thermodynamic stability of 2′-O-Me-RNA/
RNA duplexes. The improvement, however, was larger for
3′GM/L-C base pairs than for 3′-terminal mismatches 3′GM/L-
A, 3′GM/L-U, and 3′GM/L-G, which complicates interpretation
of hybridization experiments.

Thermodynamic analysis of the influence of additional 3′-
terminal PPN demonstrated equal enhancement of thermo-
dynamic stability of the 2′-O-Me-RNA/RNA duplexes
regardless of the nucleotide placed in the opposite strand.
Presumably, this is due to stacking of the pyrene ring on the
5′-adjacent helix. The enhancement of duplex stability was
-2.17,-2.22,-2.36 and-2.43 kcal/mol for X) G, A, C,
and U, respectively (Figure 5, Table 3). This is consistent
with thermodynamic studies showing that LNA-pyrene acts
as a universal nucleotide (33, 34). Replacement of 5′-adjacent
2′-O-methyladenosine by LNA-adenosine caused further
stabilization of all duplexes on average by 1.4 kcal/mol,
similar to the previously reported data concerning stabiliza-
tion effects of LNA nucleotides (15). Moreover, single
mismatches AM-G placed at 5′-terminal position (Figure 3f)
and GM-U adjacent to PPN (Figure 3g) clearly decreased
duplex thermodynamic stability both for the 3′P-G and 3′P-C
terminated 2′-O-Me-RNA/RNA duplexes (Table 4). As
expected, a UM-C mismatch positioned at the center of a
duplex caused the largest destabilization by 2.21 and 3.15
kcal/mol for 3′P-G and 3′P-C terminated duplexes, respec-
tively. Similarly, as discussed earlier, the presence of a 3′-
terminal pyrene improved thermodynamic discrimination
between matched and mismatched duplexes.

Fluorescence was measured for single stranded 5′CMGM-
GMCMAMP3′ and its duplexes with complementary 3′AAX GC-
CGUXAA5 ′ oligoribonucleotides (Figure 4). Fluorescence
emission of the 3′-pyrene at 378 and 397 nm decreased by
3- to 4-fold upon binding complementary RNA oligonucle-
otides. Reduction of fluorescence is basically independent
of the nucleotide opposite the pyrene in the duplex. Signifi-
cant change of fluorescence usually means stacking or
intercalating interactions of the pyrene moiety within or on
the helix (17, 35, 36). On the basis of molecular calculations,
Christensen and Pedersen (17) suggest intercalation of PPN
when placed in the middle of the duplex and stacking on
the helix when placed at the 5′-terminus. Presumably, placing
PPN at the 3′-side of 2′-O-MeRNA/RNA duplexes also
results in stacking (32). Thus PPN provides a built-in
fluorescent probe for hybridization in addition to enhancing
thermodynamic stability.

It is known that bulged PPN significantly improves
thermodynamic stability of DNA duplexes, destabilizes RNA
duplexes, and allows discrimination between ssDNA and
ssRNA (17, 18, 20). A 5′-terminal PPN increases the

thermodynamic stability of DNA duplexes. It was also shown
that PPNs inserted as bulges into 2′-O-methyloligoribonucle-
otides decreased thermodynamic stability of 2′-O-Me-RNA/
DNA duplexes (19). Here, we show strong and equal
improvement of 2′-O-Me-RNA/RNA duplex thermodynamic
stability caused by the presence of PPN at the 3′-terminal
position. These features make 3′-PPN a modification of
choice for applications of isoenergetic RNA probes.

The thermodynamic data presented here can be applied
to design sequence-independent thermodynamic stability of
duplexes and enhance the stability of hybridization duplexes
between probes and RNA. The same approach could also
be used to enhance thermodynamic interactions of duplexes
of antisense oligonucleotides, ribozymes or other oligonucle-
otides with target RNA. Moreover, sliding of complementary
oligonucleotides is often observed, particularly for bulged
fragments. Application of 3′-pyrene terminated oligonucle-
otides should avoid shifting of both strands and facilitate
formation of only the desired RNA structural motif. That
should be useful for NMR, crystallographic and other
structural nucleic acid studies. It also has the potential to
enhance specificity for nucleic acid based therapeutics.

SUPPORTING INFORMATION AVAILABLE

Tables with complete thermodynamic data. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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