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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 (&), LNA-guanosine (G), or 3-terminal pyrene pseudo-
nucleotide (PPN) on the thermodynamic stability e2methyl-RNA/RNA (2-O-Me-RNA/RNA) duplexes

with sequences'@MGMGMCMAM/FAAXGCCGUXAA, where X is A, C, G, or U. A 3terminal G* or

G' added to the '20-Me-RNA strand to form a G-A, G-G or G-U mismatch enhances thermodynamic
stability (AAG°37) of the 2-O-Me-RNA/RNA duplexes on average by 0.7 and 1.5 kcal/mol, respectively.

A 3'-terminal @' or G- in a G"-C or G--C pair stabilizes the'’20-Me-RNA/RNA duplex by 2.6 and 3.4
kcal/mol, respectively. A 'Bterminal G' or G- in a G-A or G-G mismatch provided less stabilization in
comparison with a '3terminal 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'-temdal position enhances
thermodynamic stability of the' 2D-Me-RNA/RNA duplexes on average by 2430.1 kcal/mol, relatively
independent of the type of ribonucleotide placed in the opposite strand. The thermodynamic data can be
applied to design'20-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 acids) modified 20-methylated penta- and hexanucleotide
crucial not only for understanding the biological functions probes (isoenergetic microarrays) can provide useful con-
of RNA but also for successfully targeting RNA with  straints for prediction of RNA secondary structur&3, (L4).
therapeuticsi—3). Prediction of RNA folding on the basis  In particular, hybridization to microarrays provides insight

of free energy minimization is challengingt,(5). The into unpaired nucleotides of target RNA.
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 we8, (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 hexangcleon_de probes_ are suitable for this apphc_aﬂm)l._(
mapping more rapidg( 9). Microarray approaches provide In parthular, _mcorporatlon_ of LNA and/or 2,6-diaminopurine
an even more rapid method for interrogating RNA structure. Nucleotides into probes is often enough for pentamers to
Southern and co-workers demonstrated the potential of thisProvide at least the-6 kcal/mol in binding free energy at
approach for studies of RNA structurd-12). Microarrays 3/ “C (AG"3) required for detectionlé4—16€). For regions
based on short D-methylated heptanucleotide probes (non- Where target RNA is A rich, however, it is necessary to
isoenergetic microarrays) as well as LN@ocked nucleic enhance the thermodynamic stability. One approach is to add
a 3 G, which can pair with A, C, G, or U in the RNA
T This work was supported by Polish State Committee for Scientific target (Figure 1A) 14). The thermodynamic effects of such

Research (2 PO4A 03729 to R.K. and N N301 3383 33 to E.K.) and additions have not been previously studied, however.
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RNAs with known secondary structures typically have
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long. For that reason, short microarray probes are optimal
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A. 3 — e [ — = YA EXPERIMENTAL PROCEDURES

target RNA ¥ IC s = vC o
mimics * —————————— le— > .G General MethodsThe 3-O-phosphoramidites of LNA
» —— ] — > YU nucleotides were synthesized according to published proce-
dures R1—-23) with some minor modifications. TLC analysis

o - aral orosh K * of reaction progress was performed on Merck 6£), Eilica
_ gel plates with various mixtures of dichloromethane and

Microarray methanol (98:2 v/v, 95:5 v/v, 9:1 v/v and 8:2 v/v). Mass
¥ = LNA-G or PPN spectra of nucleosides and oligonucleotides were obtained
on an LC MS Hewlett-Packard series 1100 MSD with API-
B. : ES detector or an MALDI TOF MS, model Autoflex
o=i—a' (Bruker).

o=

—0Q

T — O

. i Synthesis and Purification of Oligonucleotide3ligo-
o g@ nucleotides were synthesized on an Applied Biosystems
o O‘ DNA/RNA synthesizer, using-cyanoethyl phosphoramidite
on H oM chemistry 24). Commercially available A, C, G, and U
phosphoramidites with' 20-tert-butyldimethylsilyl or 2-O-

LNA-G PPN methyl groups were used for synthesis of RNA a2
Ficure 1: Origin of additional thermodynamic stabilization of ~Methyl-RNA, respectively (Glen Research, Azco, Proligo).
hybridization duplexes. A. Scheme of interactions between target Thin-layer chromatography (TLC) purification of the oligo-
RNA mimics and microarray probe (red fragment is complementary nycleotides was carried out on Merck 665FTLC plates

;(;:jhue Igerfgsn;ennedS). B. Structures of LNA and PPN moiety placed \\iih the mixture 1-propanol/aqueous ammonia/watess:

P ' 35:10 (v/viv). The details of deprotection and purification

This paper reports the influence of adding & 8r of oIigoribc_)nucIeptides were described previousny(

5'-terminal 2-O-methylguanosine or LNA-guanosine onthe UV Melting. Oligonucleotide duplexes, in 18-10° M
thermodynamic stability of RNA/20-Me-RNA duplexes ~ concentration range, were melted in a buffer containing 100
with sequenceBAXUGCCGXAA/3' AMCMGMGMCM where mM sodium chloride, 20 mM sodium cacodylate, 0.5 mM
Xis A, C, G, or U and superscript M denotes@Me. When NaEDTA, pH 7.0. The relatively low sodium chloride
the 3-terminal G is paired with U, A, or G, the duplex is concentration kept melting temperatures in the reasonable
stabilized on average by 0 0.1 and 1.5+ 0.2 kcal/mol range even when there were multiple substitutions, and also
for GM and G, respectively. When theé-3erminal G is paired ~ @llowed comparison to previous experiments, (16, 25).
with C, however, the duplex is stabilized by 2.6 and 3.4 kcal/ Oligonucleotide single strand concentrations were calculated
mol for G and @, respectively. Even more sequence from absorbance above 8C with single strand extinction
dependence is observed with'a&minal G. This confounds ~ coefficients approximated by a nearest-neighbor mazig! (
design of a universal microarray in which relative binding 27)- Absorbance vs temperature melting curves were mea-
depends only on the sequence of the first five nucleotides in Suréd at 260 nm with a heating rate of@/min from 0 to
a probe. 90 °C on a Beckman DU 640 spectrophotometer with a

In principle, the sequence dependence of stability enhancefhérmoprogrammer. Melting curves were analyzed and
ment can be reduced by not employing hydrogen bonding thermody_namlc parameters were qalculated from a two-state
interactions. In 2002, Pedersen’s group developed the pyrendnodel with the program MeltWin 3.52@). For most
“intercalating pseudo-nucleotide” (IPN) which is the phos- duplexes, theAH® derived fromTy ™ vs In(C/4) plots is
phoramidite of §)-1-O-(4,4-dimethoxytriphenylmethyl)-3- ywtr_n_n 15% of that derived from averaging the .f|ts to
O-(1-pyrenylmethyl)glycerol. Incorporation of IPN into individual .meltmg curves (see Sgpportmg Information), as
oligonucleotides resulted in formation of intercalating nucleic €xPected if the two-state model is reasonable.
acids (|NA) (17) Studies of the influence of IPN on Fluorescence Measuremenfuorescence was measured
thermodynamic stabilities of DNA/DNA, RNA/DNA and-2 at room temperature with excitation at 340 nm and detection
O-Me-RNA/DNA duplexes demonstrated that the pyrene at 360-600 nm on a Perkin-Elmer LS 50B luminescence
derivative stabilizes DNA duplexes when it acts as a SPpectrometer using 506L quartz cells. All samples were
5'-dangling end or as a bulgé{—20). When positioned as  Prepared in buffer containing 100 mM sodium chloride, 20
a dangling end, however, the stabilization may be due to MM sodium cacodylate, 0.5 mM N&DTA, pH 7.0, with
stacking on the terminal base pair, rather than intercalation. €ach strand at a concentration of @g.

Thus, we refer to the derivative as “pyrene pseudo-nucle- Chemical Synthesis of PPN Solid Supp@itte synthesis
otide” (PPN or P) (Figure 1B). Here we show that PPN at of PPN solid support was performed according to the
the 3-end in BAAXUGCCGXAA/3'PAMCMGMGMCM du- procedures of previously reported synthesisSy{1-O-(4,4-
plexes enhances thermodynamic stability on average by 2.3dimethoxytriphenylmethyl)-8-(1-pyrenylmethyl)glycerolX7)

+ 0.1 kcal/mol, regardless of the type of ribonucleotide with expansion of the synthesis of immobilized PPN to solid
placed in the opposite strand. Thus it provides the charac-support as described below (Figure 2).

teristics required to design a microarray with probes that are  Succinic ester of 1-O-(4Dimethoxytriphenylmethyl)-3-
universally isoenergetic for any target RNA. These charac- O-(1-pyrenylmethyl)-glyceroPj. 1-O-(4,4-Dimethoxytriphen-
teristics should also be useful for designing isoenergetic ylmethyl)-3-O-(1-pyrenylmethyl)-glycerolX) (280 mg, 0.46
microarrays for other purposes, including analysis of RNA mmol) was dissolved in 5 mL of dichloromethane and 55
expression. mg (0.55 mmol) of succinic anhydride and 70 mg (0.55
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Ficure 2: Chemical synthesis of PPN solid support. Reagents and conditions: (i) succinic anhydride, DMAR,; @GH 1. DMAP,
DCC, amino Icaa CPG, DMF; 2. acetic anhydride, DMAP, pyridine.

(1)

mmol) of 4-dimethylaminopyridine were added. The reaction = The Influence of 5Terminal 2-O-Methylguanosine and
mixture was stirred at room temperature for 14 h. A saturated LNA-guanosine on the Thermodynamic Stability'@d2Vie-
aqueous solution of sodium dihydrogen phosphate was addedRNA/RNA DuplexesThe thermodynamic effect of a'-5
and extracted 3 times with dichloromethane. The organic terminal G was measured with model duplexé §"ECMG-
layers were combined and washed 3 times with aqueousMGMCMAM/3'AAX GCCGUXAA and 5G-CMGMGMCMAM/
saturated solution of sodium bicarbonate. The organic phase3’AAX GCCGUXAA, where X is A, C, G or U and &, AM,
was dried with anhydrous sodium sulfate and evaporated toGM are the respective’®D-methyl nucleotides, Gis LNA-
give (2) as a white foam in quantitative yieldH NMR guanosine, and the italic fonts mark the Wats@rick
(CDClg): 6 8.23-6.66 (m, 22H, Hom); 5.30 (m, 1H, H-4); complementary regions within the duplexes (Table 1 and
5.22, 5.13 (2d, 2H;-OCH,— pyrenyl); 3.74 (d, 2H, H-5; Figure 3b). The 20-methylated oligonucleotides represent
3.23 (m, 2H, H-3); 2.61 (s, 4H, E1,CH,COH). *C NMR microarray probes and the oligoribonucleotides were longer
(CDCl): 6 171.96 CO,H); 158.36, 144.72, 136.70123.41 to mimic RNA targets.
(Carom, DMTT); 112.98 (DMTT); 85.94 (@Phy); 72.36 (C- For the 5-terminal @' or G- in a G-X base pair, the
3); 71.69 (OCH,— pyrenyl); 68.66 (C-3; 55.08 (2« thermodynamic effect depends on X. F6&8-G and 5G-
—CHg); 29.32, 29.20 CH,CH,COH). MALDI-MS m/z A, no effect was observed within experimental error (minor
708.662 [M+ H] " (calcd for GsH4Og, 708.794). destabilization AAG°37) by 0.17 and 0.01 kcal/mol, respec-
Solid Support of Succinic Ester of 1-O-(4limethoxy- tively). In contrast, a ®M-U or 5GM-C base pair stabilized
triphenylmethyl)-3-O-(1-pyrenylmethyl)-glycer8)(To the duplexes by 1.68 and 4.63 kcal/mol, respectively. ‘A 5
solution of succinic ester of O-(4,4-dimethoxytriphenyl- terminal G-X base pair always improved duplex thermo-
methyl)-3-O-(1-pyrenylmethyl)-glycerol Z) (240 mg, 0.34 dynamic stability. The &--G and 3G"--A pairs stabilized
mmol) in dry DMF (5 mL) were added 43 mg (0.34 mmol) duplexes by 0.44 and 0.23 kcal/mol, respectively, while
of 4-dimethylaminopyridine, 139 mg (0.67 mmol) of 1,3- 5G'-U and 3G--C pairs stabilized by 2.43 and 5.15 kcal/
dicyclohexylcarbodiimide (DCC) and 1.50 g of Native mol, respectively.
Amino Icaa CPG 500 A. The mixture was gently shaken at  The Influence of '3Terminal 2-O-Methylguanosine and
room temperature for 24 h. The support was filtered and | NA-guanosine on the Thermodynamic Stability'éd2Vle-
washed repeatedly with dichloromethane. Pyridine (7.5 mL), RNA/RNA DuplexesThe thermodynamic effect of a'-3
acetic anhydride (2.5 mL) and 4-dimethylaminopyridine (10 terminal G'-X or G--X base pair was measured with model
mg, 0.08 mmol) were added to the support. The mixture was duplexes, ZMGMGMCMAMLGM/3'AAX GCCGUXAA and
left at room temperature for 1 h. The support was filtered 5CMGMGMCMAMLGL/3AAX GCCGUXAA, respectively (Fig-
again, washed repeatedly with dichloromethane, and dried.ure 3c). When X was G, A, or U paired with'Gthe duplex
CPG loading: 47.9umol/g. was stabilized by 0.63, 0.65, and 0.85 kcal/mol, respectively,
which are the same within experimental error (Table 1). In
RESULTS contrast, a 3terminal G'-C base pair stabilized the duplex
Chemical Synthesis of Modified Oligonucleotid@e by 2.65 kcal/mol. Moreover, replacement of theC
published synthesis of protected LNA-guanosine phosphora-methyladenosine within the-D-Me-RNA/RNA duplex by
midite (21—23) was modified by replacing sodium benzoate LNA-adenosine caused additional stabilizatioa\G®s7) by
by lithium benzoate in one of the synthetic steps and 1.15, 1.68, 0.83 and 1.64 kcal/mol for duplexése3minated
protecting the LNA-guanosine exocyclic amino group with with G¥-G, G"-A, GM-U, and @'-C, respectively. That
N,N-dimethylaminomethylidene instead of an isobutyryl Observation was in accordance with previously reported data
group. Preparation of PPN on solid support started with the concerning stabilization effects of LNA nucleotideib).
published synthesis of5[-1-O-(4,4-dimethoxytriphenylm- The presence of an extra-&rminal G-X base pair
ethyl)-3-O-(1-pyrenylmethyl)-glycerol 1) (17). Mixing of increased thermodynamic stability of the duplex by 1.35,
compound {) and succinic anhydride in the presence of 1.63, 1.52 and 3.38 kcal/mol for X equal to G, A, U, or C,
4-dimethylaminopyridine gave derivativg)(in quantitative respectively. Substitution of '2D-methyladenosine '5
yield (Figure 2). Next, immobilization of compoundg)(on adjacent to 3terminal G-X by LNA-adenosine caused
solid support in the presence of 4-dimethylaminopyridine and additional stabilization of the duplex by 0.99, 1.10, 0.66 and
DCC resulted in CPG loading by 47:8nol/g. Due to low 1.99 kcal/mol for duplexes terminated withG3-G, G--A,
steric hindrance of derivative2), it was not necessary to G--U and G-C, respectively.
prepare the active ester to load it on solid support. Oligo- The simultaneous influence of adding both &nd
nucleotides containing pyrene modifications were synthesized3'-terminal 2-O-methylguanosines on the thermodynamic
using standar@-cyanoethyl phosphoramidite chemistg). stability of the 2-O-Me-RNA/RNA duplexes was also
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Table 1: Thermodynamic Parameters of Helix Formation between RNA ‘a@d\2e Oligoribonucleotides. The Effect of-©-Methyl and

LNA G-Enc?
RNA duplexes Ty vs log Cr plots
RNA 2-0-Me-RNA -AH° -AS° -AG®; Ty AAG®s; AT\ (°C)
(5-3) (5-3) (keal/mol) (eu) (keal/mol) °C) (keal/mol)
AAGUGCCGGAA CMGMGMCMAM 58.5+4.8 165.1£15.6 7.3420.13 41.4 0 0
5GM-G GMcMGMGMeMAM 51.244.1 141.9+13.1 7.17+0.09 40.9 0.17 0.5
3GM-G CMGMGMCMAMGM 47.3£75 126.8+23.8 7.97+0.42 46.7 -0.63 53
3IGM-G cMGMGMCeMAGM 47.0+1.7 122.2+5.3 9.12+0.08 55.1 -1.78 13.7
5" and 3' GM-G GMcMGMGMCMAMGM 56.4+2.7 155.5+8.7 8.140.05 46.1 -0.80 47
5'G"-G GLCMGMGMCMAM (36.6+2.2) (93.0+7.0) (7.78+0.07) (48.0) (-0.44) (6.6)
3G-G cMaMGMcMaMGt 47.242.7 124.2+8.4 8.69+0.10 51.8 -1.35 10.4
3'GY-G cMGMGMCMALG 49.4+1.8 128.0+5.5 9.68+0.10 58.1 -2.34 16.7
AAAUGCCGAAA cMGMGMCMAM 48.6+7.8 133.0+25.4 7.32£0.39 2.1 0 0
5'GM-A GMcMaMGMeMAM (32.5+1.4) (81.4+4.5) (7.31£0.03) (44.6) (0.01) (2.5)
3GM-A CMGMGMCMAMGM 46.5+4.2 124.3+13.3 7.97£0.16 46.9 -0.65 5.3
3IGM-A cMGMGMCMALGM 56.6+5.5 151.2+17.0 9.65+0.30 55.1 -2.33 13.0
5 and 3' GM-A GMCMGMGMCMAMGM  43.8+1.8 115.5+5.7 7.95:0.03 47.4 -0.63 5.3
5GM-A G'cMaMGMcMaAM 34.2432 86.0£10.3 7.5520.13 46.6 -0.23 4.5
3GL-A CMGMGMCMAMGE 50.6+3.7 134.2+11.6 8.95+0.16 526 -1.63 10.5
3GL-A CMGMGMCMALGE 52.8+4.0 137.9+12.0 10.05+0.25 59.1 2.73 17.0
AACUGCCGCAA cMGMGMCMAM 50.9+4.6 141.9+15.0 6.92+0.12 39.4 0 0
sGM-C GMcMGMGMcMAM 67.4+17.3 180.0+52.3 11.55+1.16 62.0 -4.63 22.6
3GM-C cMGMGMCMAMGM 62.30.7 170.0+2.2 9.57+0.03 52.9 -2.65 13.5
3GM-Cc cCMGMGMCMALGM 58.9+1.2 153.7+3.7 11.21+0.09 63.8 -4.29 24.4
5" and 3' GM-C GMCMGMGMCMAMGM  61.0+2.8 155.5+8.4 12.80+0.21 72.5 -5.88 33.1
5'Gl-C GMCMGMGMCMAM 57.642.3 146.7+6.9 12.07+0.20 70.0 -5.15 30.6
3'Gh-C cMGMGMCMAMGE 52.144.3 134.7+13.1 10.30+0.28 61.2 -3.38 21.8
3'G"-C cMgMgMceMAlGt 65.3+3.4 170.8+10.2 12.29+0.28 67.0 -5.37 276
AAUUGCCGUAA cMGMGMeMaM 46.5+3.9 1273126 7.07+0.12 40.6 0 0
5GM-U GMcMGMGMCMAM 51.543.7 137.7£11.6 8.75+0.14 51.0 -1.68 10.4
3GM-U cMaMaMeMAMGM 54.8+4.8 151.3£15.5 7.92+0.15 45.1 -0.85 45
3GM-U CMGMGMCMALGM 42.3+1.6 108.15.0 8.75+0.07 54.2 -1.68 13.6
5" and 3' GM-U GMCMGMGMCMAMGM  63.6+3.3 173.110.3 9.89+0.13 54.3 -2.82 13.7
5GhU GLeMaMGMcMaAM 53.4+0.8 141.5+2.6 9.50+0.04 55.3 -2.43 4.3
3Gh-U CMGMGMCMAMGL 522414 140.5+4.3 8.59+0.03 49.7 -1.52 4.6
36U cMGMGMCMALGH 44.1£1.9 112.4+5.7 9.25+0.09 57.4 218 16.8

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mEIN&, pH 7. Values in parentheses are from non-two-

state melts? Calculated for 10* M oligomer concentration.




Thermodynamics of 'STerminal Pyrene and Guanosine

Biochemistry, Vol. 47, No. 5, 2008.253

reference duplex

¥ SCGGCAs
3 AAXGCCGUXAAs
b) 5'-terminal Y 0 3'-terminal Y 5 Qnd 3-terminal G"
5 YCGGCA» sCGGCAY3> s GCGGCAG 3
3AAXGCCGUXAAs 3AAXGCCGUXAAs 3AAXGCCGUXAAs
., termirlal mismatches
°  SUGGCAG's " sAGGCAYs 9 s2eaCcCys
3AAXGCCGUXAA5 yAAXGCCGUXAAs 3AAXGCCGUXAA5
h) central mE?match
s CGYUCAY 3 X=A, C,GorU;
3AAXGC CGUXAAS’ Y = 2'-0-Me-G, LNA-G or PPN

Ficure 3: Structures of various'20-Me-RNA/RNA duplexes used during the studies.

investigated. The duplexes were stabilized by 0.80, 0.63,

2.82, and 5.88 kcal/mol for X pairs when X was G, A,
U or C, respectively (Table 1 and Figure 3d). The values

influence of mismatches was studied for twe2Me-RNA/
RNA duplexes, which differed in positioning a-&rminal
PPN opposite to G or C in the oligoribonucleotide strand

are within experimental error of the sum of the measured (Table 4 and Figure 3f, g, and h). Similarly to previous

effects for the separated-®r 3-terminal G"-X base pairs.

experiments, the single mismatches were placed 'at 5

The Influence of Mismatches on Thermodynamic Stability terminal and central positions as well as adjacent to the 3

of 2-O-Me-RNA/RNA Duplexes with d-Berminal LNA-
guanosineThe influence of mismatches was studied for two
2'-O-Me-RNA/RNA duplexes, which differed in a'&5 or
G--C base pair at the'2nd (Table 2 and Figure 3h).
The single mismatches were placed at théebminal and
central position as well as adjacent to theeminal G-X
pair in the probe strand. Theé-terminal U*-G mismatch

terminal PPN within the model’2D-Me-RNA/RNA du-
plexes.

The AM-G mismatch placed at the/-ferminal position
destabilized 20-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 (-C). Similar effects were observed when

(Figure 3e) decreased thermodynamic stability by 1.07 anda G"-U mismatch was adjacent to théP3X (AAG°3; =

0.51 kcal/mol for 220-Me-RNA/RNA duplexes containing
3-terminal G-G and G-C base pairs, respectively. AMAG
mismatch at the 'Sterminal position (Figure 3f) reduced
thermodynamic stability by 0.88 kcal/mol for the duplex with
a 3-terminal G-G base pair and had no significant effect
(AAG°37;= —0.06 kcal/mol) with the E--C base pair. When
the G"-U mismatch was adjacent to th&tg@rminal G-X
base pair (Figure 3g), destabilizatiohAG°3s7) was 0.52 and
0.91 kcal/mol for 3G--G and 3G*-C, respectively. Finally,
the centrally placed W-C (Figure 3h) mismatch caused
significant destabilization by 1.68 and 4.68 kcal/mol for
3'G--G and 3G--C base pairs, respectively.

The Influence of PPN Placed at th&Bnd on Thermo-
dynamic Stability of 20-Me-RNA/RNA DuplexesThe
thermodynamic studies of the influence of &t&minal
pyrene residue were carried out with the model duplex,
5'CMGMGMCMAMP/3AAX GCCGUXAA, where P is the
pyrene derivative (Figure 3c with ¥ P). The 3-terminal

0.80 kcal/mol for 32-G and 0.79 kcal/mol for'B-C). Finally,

a centrally positioned ¥C mismatch caused the largest
destabilization, 2.21 and 3.15 kcal/mol foP3G and 3P-
C, respectively.

Fluorescence of PPNEigure 4 shows fluorescence spectra
of single stranded,'BMGMGMCMAMP and duplexes, 6MG-
MGMCMAMP/3AAX GCCGUXAA at 0.3 uM 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 RNAL#). Single stranded regions
of RNA are mostly 3-7 nucleotides long. Thus, isoenergetic

pyrene enhanced duplex stability by 2.17, 2.22, 2.36 and 2.43pentanucleotides are well suited for revealing these regions.

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(®methy-

Interpretation of the data is simplified if the thermodynamic
stability of the hybridization duplex formed by single
stranded fragments and the Watsderick complementary

ladenosine by LNA-adenosine caused additional stabilization probes is independent of sequence so that the only factor

by 1.58, 1.45, 1.10 and 1.36 kcal/mol for X equal to G, A,
C or U, respectively.

determining the detectable hybridization is the competition
with the folded structure of the target RNA. It is difficult,

The Influence of Mismatches on Thermodynamic Stability however, to design probes to provide equal duplex stabilities

of 2-O-Me-RNA/RNA Duplexes with &Berminal PPNThe

for GC rich and AU rich sequences. Here, thermodynamics
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Table 2: Thermodynamic Parameters of Helix Formation with RNA dr@-®e Oligoribonucleotides. The Effect of Mismatches and LNA G

3-Enc?

RNA duplexes

Ty vs log Cr plots

RNA 2-0-Me-RNA -AH® -AS® -AGs; Ty AAG% | |AT || AAGe,: | AT
(5-3) (5-3) (keal/mol) (eu) (keal/mol) (*C) (keal/mol)  ("C)  (kcalimol)  (°C)
AAGUGCCGGAA cHGMGMoMAN 58.5+4.8 165.1£15.6 7.3420.13 414 0 0

3G-G cMGMGMcMaMG! 472427 124.2:8.4 8.690.10 51.8 0 0
GMu cMoMaMcMEl 427:18 113.2:5.6 7.60+0.03 45.0 -0.26 3.6

3G-G / G¥U cMgMgMeMgMG! 42.9:0.7 112.0:22 8.17+0,02 49.3 0.52 25
MG ElGMGMcMAM 42522 114.8+7.3 6.910.05 308 0.43 -1.6

3GHG / UMG MGMGMcMAMGE 413£12 108.7+3.8 7.620.02 454 1.07 -6.4
AMG BlcMGMCMAM 384+18 101.0+5.8 7.0240.04 41.0 0.32 -0.4

3G-G /AM-G AMGMGMCMAMGL 448211 119.323.4 7.81+0.01 46.1 0.88 =57
Hlc CMGMEllcMaM 44.1£1.1 119.9+3.7 6.91+0,02 39.7 0.43 -17

3GhG M-C CMGMCMAMG! 356=1.7 923455 7.01=0.04 412 1.68 -10.6

AACUGCCGCAA cMGMGMCMAM 50.9:4.6 141.9+15.0 6.92+0.12 39.4 0 0

3Gh-C cMaMgMeMaMgh 521243 134.7£13.1 10.30+0.28 61.2 0 0
GM-u CMGMGMCMER (30.322.0) (75.2+6.4) (6.97+0.07) (41.6) (-0.05) 2.2)

3Gt-c / iU cMeMeMcMgMG 53.1x1.9 141.0:5.8 9.39:0.07 54.6 0.91 -6.6
uM-G ElcMGMcMAM (34.31.8) (89.5+5.8) (6.49+0.06) (36.7) (0.43) (-2.7)

3Ghc UG MeMaMcMAMGH 54916 145.4+5.0 9,79+0.08 56.6 0.51 4.6
AMG BMGMGMCMAM 36.1+1.1 94.8+3.6 6.68+0.02 38.6 0.24 08

3GL-c /AM-G AMGMGMCMAMGL 59.5:1.1 158.4+3.4 10.36:0.06 58.4 -0.06 28
B-c CMGMEMCMAM 45718 128.746.0 5.810.06 322 111 -7.2

3G-c oM-c cMgMuMcMaMg! 47.143.1 133.9£10.3 5.62+0.12 311 4.68 -30.1

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mEIN&, pH 7. Values in parentheses are from non-two-
state melts? Calculated for 10* M oligomer concentration.

are presented that provide two solutions to this problem. One5'-terminal G to the probe changes the dangling end at the
solution is to add a 'erminal G to the pentamer se-  3'-side of the target RNA, and-8langling end stacking is
quence. The second solution is to add'deBminal PPN very sequence dependet).
(Figure 1A). The expectations described above are largely observed in
Previous studies have provided thermodynamic incre- the 2-O-Me-RNA/RNA duplexes with either a terminalMG
ments for many terminal mismatches in RNA/RNA duplexes or G- as listed in Table 1. Terminal G-A, G-G, or G-U
(29—32). These data show that d-t&rminal G provides mismatches containing@" and 3G (Figure 3c) enhanced
roughly the same stability increment when paired with A, the thermodynamic stability of D-Me-RNA/RNA duplexes
G, or U, but a more favorable increment when paired on average by 0.# 0.1 and 1.5+ 0.2 kcal/mol, respectively,
with C. In contrast, a sterminal G provides roughly the at 37 °C. The 0.7 kcal/mol is identical to the average
same stability increment when paired with A or G, but a predicted for RNA/RNA duplexestadl M NaCl when the
more favorable increment when paired with U, and the terminal sequence isAG/3'UX (32). On the basis of free
most favorable increment when paired with C. This suggestedenergy parameters for RNA/RNA duplexe3?2), the free
that a 3-terminal G would provide a more sequence energy enhancement for terminalG8 mismatches will
independent probe than a-terminal G. Another advan-  depend on the preceding base pair, reaching a maximum of
tage of adding additional stability at th&@nd of the probe  about 1.5 kcal/mol at 37C when the preceding base pair is
is that dangling end stacking from the target RNA is changed CG. Additional substitution by LNA-adenosine for the 2
at the 53-end, and 5dangling end stacking is rela- O-methyladenosine adjacent to thet&minal G-X base
tively independent of sequenc82). In contrast, adding a  pairs within the 20-Me-RNA/RNA duplexes studied here
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Table 3: Thermodynamic Parameters of Helix Formation with RNA dr@-®le Oligoribonucleotides.The Effect of PPN (P}Bnd?

RNA duplexes Ty vs log Cr plots
RNA 2'-O-Me-RNA AH® AS® AG*s; Ty AAG®s; ATy (°C)
(5-3) (5-3) (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol)
AAGUGCCGGAA cMGMGMCMAM 58.5+4.8 165.1+15.6 7.34+0.13 414 0 0
3'P-G cMGMGMCMAMP 50.2+2.6 131.2+8.0 9.51+0.12 56.6 217 152
3'P-G cMGMGMCMALP 59.3+1.3 155.6+4.0 11.09+0.08 62.8 375 21.4
AAAUGCCGAAA cMGMGMCMAM 48.6+7.8 133.0+25.4 7.32+0.39 21 0 0
3'P-A cMGMGMCMAMP 50.2+1.1 131.1£3.5 9.54+0.05 56.8 222 14.7
3'P-A cMGMGMCMALP 57.0+1.4 148.5+4.1 10.99+0.09 63.3 -3.67 21.2
AACUGCCGCAA CMGMGMCMAM 50.9+4.6 141.9+15.0 6.92+0.12 39.4 0 0
3'P-C cMGMGMCMAMP 50.9+3.2 134.2£9.9 9.28+0.15 547 2.36 15.3
3'P-C cMGMGMCMALP 51.8+1.4 133.4+4.2 10.38+0.09 61.9 -3.46 225
AAUUGCCGUAA cMGMGMCMAM 46.5+39 127.3+12.6 7.07+0.12 40.6 0 0
3'P-U cMGMGMCMAMP 52.742.6 139.3+8.1 9.50+0.10 555 243 14.9
3'P-U cMGMGMCMALP 56.3+1.1 146.4+3.3 10.86+0.06 62.8 -3.79 222

2 Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mEIN®, pH 7.° Calculated for 16* M oligomer concentration.

caused further stabilization, on average by 0.9 kcal/mol at *2%® to *S2*° predictsAAG®s; = —2.6 (=—2.5— 0.7+
37°C. When the 5terminal @' paired with C, the stability ~ 0.6) kcal/mol, somewhat more favorable than t#e7 kcal/
enhancement was much larger, 2.65 and 3.38 kcal/mol for mol measured for addition of the G"-U base pair.

G" and G, respectively (Table 2 and Figure 5). This is  gtapjlization was also observed when additionaD2
somewhat larger than the values of 1.8 and 3.0 kcal/mol methyiguanosines were present at both thewd 3-terminal
predicted on the basis of nearest neighbor parameters forpositions within the 20-Me-RNA/RNA duplexes (Figure
Watson-Crick pairs @5) and the effect of a'8NA (15).  3q). within experimental error, the effects of the two ends
The added GC pair also changes thel&ngling end froma  \yere roughly additive.

C ona U to an A on a Quhich can account for 0.4 kcal/ When single mismatchesMdC, UM-G, GV-U and AV-G
mol of the difference between measured and predicted values, ... present at various positioﬁs within tHeMe-RNA/

(32 RNA duplexes containing'derminal G-G or G--C base

As expected, the influence of-ferminal G"--X base pairs  pairs, significant destabilization was mostly observed (Table
(Figure 3b) on the thermodynamic stability 6f@-Me-RNA/ 2). The destabilization was largest when the mismatch was
RNA duplexes was more complex than tHe&minal ones.  in the center of the duplex (Figure 3h). For example Ma@
Interaction of an additional' 20-methylguanosine or LNA- mismatch positioned in the center of a duplex made
guanosine with A or G in the opposite RNA strand gave thermodynamic stabilityAAG°s;) less favorable by 1.68 and
only minor duplex stabilization with Gand essentially no  4.68 kcal/mol, respectively, for the duplexes containing an
effect with G" (AAG®3; = 0.17 and 0.01 kcal/mol for &G additional 3-terminal G-G or G--C base pair. This is a non-
and @'-A, respectively). The lack of stabilization byMG  nearest neighbor effect because the effect of a mismatch
may reflect changes if-8langling end stacking in the duplex.  depends on the number of Watse@rick base pairs. The
On the other hand, the interactions of botd énd G with placement of mismatches at thet&rminus (-G and A'-G
pyrimidines gave significant stabilizatioAAG°37 = —4.63, as in Figures 3e and 3f, respectively) or at the position
—5.15,—-1.68 and—2.43 kcal/mol for 5GM-C, G--C, G¥-U adjacent (®¥-U) to 3-terminal G-G or G--C (Figure 39)
and G-U, respectively). For RNA/RNA duplexes3?), destabilized the duplexes much less. Generally, the observa-
AAG®3;is predicted to be-4.7 (= —3.4— 1.7+ 0.4) kcal/l  tions concerning the positional influence of mismatches
mol when one terminus changes frong~° to °S5*°. This  within the duplex on thermodynamic stability are consistent
is essentially identical to the measured value-df.6 kcal/ with previously reported datd p). Interestingly, destabiliza-
mol for the addition of the '&M-C base pair, where thé-3 tion by single W-C, UM-G, GY-U and A"-G mismatches
dangling end changes fma C on a G 0.4 kcal/mol) to was usually larger when an additionaG3-G or 3G--C base
an A on a C 1.7 kcal/mol). Assuming that'&langling pair was present. For example,'a@&rminal UW-G mismatch
end stacking on a UG pair is identical to that on a UA pair, in the 2-O-Me-RNA/RNA duplex containing a'derminal
a similar calculation for one terminus changing from G--G (Figure 3e) decreased thermodynamic stability by 1.07
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Table 4: Thermodynamic Parameters of Helix Formation with RNA dr@-®e Oligoribonucleotides. The Effect of Mismatches and PPN (P)
3-End?

RNA duplexes Tw' vs log Cr plots

RNA 2-0-Me-RNA AH® AS? -AGY; Tyt AAG's; ATy AAG"s, AT
(539 (5-3) (keal/mol) (eu) (keal/mol) ") (keal/mol)  (°C)  (kcal/mol) (°C)
AAGUGCCGGAA CHGMGMCMAM 58.544.8 165.1£15.6 7.34:0.13 41.4 0 0
3'P-G cMGMGMCMaAMP 50.242.6 131.2+8.0 9.51=0,12 56.6 0 0
v cMGMGMCVER 42.7+1.8 113.2:5.6 7.60:0.03 45.0 -0.26 3.6
IP-G/GM-U cMeMaMcMate 452+1.3 117.7+4.1 8.71:0.04 52.7 0.80 -39
AMG AMGMGMCMAM 384418 101.0+5.8 7.02:0.04 41.0 0.32 -04
IP-G/AM.G BcMcMcMaMP 48.4+1.1 128.6+3.3 8.50:0.03 50.1 1.01 -6.5
g-c CMGMIPMCMAM 44.1£1.1 119.9:37 6.91=0.02 39.7 0.43 )7
3'p-G/UM-C cMaMOMcMaMp 47.0+1.8 128.045.7 7.3040.03 42.1 2.21 145
AACUGCCGCAA CMGMGHCMAY 50.944.6 141.9£15.0 6.92:0.12 39.4 0 0
3P-C cMGMGMCMAMP 50.9+3.2 134.2+9.9 9.280.15 54.7 0 0
GM-u cMaMaMcMgM (30.3£2.0) (75.2+6.4) (6.97+0.07) (41.6) (-0.05) (2.2)
3P-C/GM-U cMGMGMcMGMp 41.7+1.0 107.1£3.0 8.49:0.03 523 0.79 -24
AM.G BHGMGMCMAM 36.1+1.1 94.8+3.6 6.68+0.02 386 0.24 -0.8
3'P-C/AM-G AMGMGMCMAMP 45.4+0.5 118.9£1.5 8.50:0.02 51.0 0.78 3.7
Blc MGVl A 45.7+1.8 128.76.0 5.81=0.06 322 L11 12
3p-C/t-c cMGMuMcMAMp 45,8421 128.0+7.0 6.1310.07 343 3.15 204

a Solutions are 100 mM sodium chloride, 20 mM sodium cacodylate, and 0.5 mEIN®, pH 7.° Calculated for 16* M oligomer concentration.

——sccc c apy FGEL-U
——5'¢c’eMG c A P33 AAGGCCGUGAAS' -
—— 5'C"G"GC A" P33 AAAGCCGUAAAS'
—— 5¢"G"G"C A" P33 AACGCCGUCAAS' 3G--C 3 GL-X
—— 5'C"G"G"C A" P33 AAUGCCGUUAAS -_—
3G--A
g &
i}
8 IG-G
S
= 4 -2 0o 2 4 6 8 10
o AAGP, MG,
[kcal/mol] [kcal/mol]
IP-U
T T T g T IP-C
400 500 600 3' PPN-X
[nm]
o IP-A
FiGure 4: Fluorescence at room temperature upon excitation at
340 nm of single stranded®'GMGMCMAMP3' (black) and duplexes PG

with 3AAA GCCGUAAAS' (green), 3BAAUGCCGUJAAS' (blue),
3FAAGGCCGUGAAS' (red) and SAACGCCGUCAAS' (dark blue) B R B e e R
RNA oligonucleotides. Italic font marks complementary fragment  aace,, -AGY,,
within the duplexes, whereas bold font marks opposite to pyrene [kealimol) [kcal/mol]
nucleotide. Concentration of each strand wasy/N3

Ficure 5: Comparison of thermodynamic stabilitxG°s; marked
. . . . in green) and effects of addition of LNA-G or PPN dtehd of
kcal/mol in comparison with 0.43 kcal/mol in the absence 2.0-Me-RNA/RNA duplexes £AG°s; marked in red). For free

of an additional 35--G base pair (Table 2). For another energy values see Tables 1 and 3.
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duplex, a 5terminal AM-G mismatch (Figure 3f) decreased thermodynamic stability of DNA duplexes. It was also shown
stability by 0.88 and 0.32 kcal/mol in the presence and that PPNs inserted as bulges inte®methyloligoribonucle-
absence of a terminal'G'-G, respectively (Table 2). otides decreased thermodynamic stability e©2Me-RNA/
Evidently, the presence of-8rminal G-G or G--C base DNA duplexes 19). Here, we show strong and equal
pairs not only increased thermodynamic stability of the improvement of 20-Me-RNA/RNA duplex thermodynamic
hybridization duplexes, but also enhanced discrimination stability caused by the presence of PPN at thé&efninal
between matched and mismatched2Me-RNA/RNA position. These features make-FPN a modification of
duplexes and, in consequence, could improve selectivity of choice for applications of isoenergetic RNA probes.
interactions between probes and target RNA. Presumably, The thermodynamic data presented here can be applied

similar effects would be seen with'@& and G-U 3- to design sequence-independent thermodynamic stability of
terminated 20-Me-RNA/RNA duplexes. duplexes and enhance the stability of hybridization duplexes

As described above, the additionalt8rminal G'-X base between probes and RNA. The same approach could also
pairs enhanced thermodynamic stability 6fMe-RNA/ be used to enhance thermodynamic interactions of duplexes
RNA duplexes. The improvement, however, was larger for of antisense oligonucleotides, ribozymes or other oligonucle-
3'GML-C base pairs than for-3erminal mismatches GM'-- otides with target RNA. Moreover, sliding of complementary
A, 3'GMt-U, and 3GM--G, which complicates interpretation  oligonucleotides is often observed, particularly for bulged
of hybridization experiments. fragments. Application of '3pyrene terminated oligonucle-

Thermodynamic analysis of the influence of additionlal 3  otides should avoid shifting of both strands and facilitate
terminal PPN demonstrated equal enhancement of thermo<formation of only the desired RNA structural motif. That
dynamic stability of the 20-Me-RNA/RNA duplexes should be useful for NMR, crystallographic and other
regardless of the nucleotide placed in the opposite strand.structural nucleic acid studies. It also has the potential to
Presumably, this is due to stacking of the pyrene ring on the enhance specificity for nucleic acid based therapeutics.

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, =~ SUPPORTING INFORMATION AVAILABLE

and U, respectively (Figure 5, Table 3). This is consistent  Tapes with complete thermodynamic data. This material

with thermodynamic studies showing that LNA-pyrene acts s ayailable free of charge via the Internet at http:/
as a universal nucleotid83, 34). Replacement of'Eadjacent pubs.acs.org.
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