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Abstract: The pH titration studies (pH 6.7—12.1) in a series of dimeric, trimeric, tetrameric, pentameric,
and hexameric oligo-RNA molecules [GpA (2a), GpC (3a), GpApC (5), GpApA?pC (6), GpApAZpA3pC
(7), GpApAZpA3pA*pC (8)] have shown that the pK, of N*—H of 9-guaninyl could be measured not only
from its own OH8G, but also from the aromatic marker protons of other constituent nucleobases. The relative
chemical shift differences [Adn-p)] between the protons in various nucleotide residues in the oligo-RNAs
at the neutral (N) and deprotonated (D) states of the guanine moiety show that the generation of the 5'-
(9-guanylate ion) in oligo-RNAs 2—8 reduces the stability of the stacked helical RNA conformation owing
to the destabilizing anion(G~)—n/dipole(Im®-) interaction. This destabilizing effect in the deprotonated RNA
is, however, opposed by the electrostatically attractive atom—zmo (major) as well as the anion(G~)—z/dipole-
(Py?*) (minor) interactions. Our studies have demonstrated that the electrostatically repulsive anion(G~)—
s/dipole(Im®~) interaction propagates from the first to the third nucleobase quite strongly in the oligo-RNAs
6—8, causing destacking of the helix, and then its effect is gradually reduced, although it is clearly NMR
detectable along the RNA chain. Thus, such specific generation of a charge at a single nucleobase moiety
allows us to explore the relative strength of stacking within a single-stranded helix. The pKj of 5'-Gp residue
from its own OH8G in the hexameric RNA 8 is found to be 9.76 4+ 0.01; it, however, varies from 9.65 +
0.01 to 10.5 + 0.07 along the RNA chain as measured from the other marker protons (H2, H8, H5, and
H6) of 9-adeninyl and 1-cytosinyl residues. This nucleobase-dependent modulation of pKas (ApKa £ 0.9)
of 9-guaninyl obtained from other nucleobases in the hexameric RNA 8 represents a AG;, difference of
ca. 5.1 kJ mol™%, which has been attributed to the variable strength of electrostatic interactions between
the electron densities of the involved atoms in the offset stacked nucleobases as well as with that of the
phosphates. The chemical implication of this variable pK; for guanin-9-yl deprotonation as obtained from
all other marker protons of each nucleotide residue within a SSRNA molecule is that it enables us to
experimentally understand the variation of the electronic microenvironment around each constituent
nucleobase along the RNA chain in a stepwise manner with very high accuracy without having to make
any assumption. This means that the pseudoaromaticity of neighboring 9-adeninyl and next-neighbor
nucleobases within a polyanionic sugar—phosphate backbone of a sSRNA can vary from one case to another
due to cross-modulation of an electronically coupled 7 system by a neighboring nucleobase. This modulation
may depend on the sequence context, spatial proximity of the negatively charged phosphates, as well as
whether the offset stacking is ON or OFF. The net outcome of this electrostatic interaction between the
neighbors is creation of new sequence-dependent hybrid nucleobases in an oligo- or polynucleotide whose
properties are unlike the monomeric counterpart, which may have considerable biological implications.

Introduction plays a more important role in the self-assembly of the single-
The self-assembly process of DNA and RNA is mainly stranded RNA structures, which is important for both the

dictated by stacking and hydrogen-bonding interactions. Stack-

ing interactions between two neighboring nucleobases stabilize (2) (a) Burkard, M. E.; Kierzek, R.; Turner, D. H. Mol. Biol. 1999 290
7 and references therein. (b) Kim, J.; Walter, A. E.; Turner, D. H.

the DNA or RNA heli¥22by ca. 0.4-3.6 kcal mot?, whereas Blochemlstryl996 35, 13753. (c) Bommarito, S.: Peyret, N.; SantaLucia,
H-bonding promoted stabilization can vary from 0.5 to 2 kcal 3., Jr.Nucleic Acids Res200q 26, 1929. (d) Rosemeyer, H.; Seela, .
1 dltis. h h ki . . h Chem. _Soc., Pe(kln Trans. 2002 746. (e) Ohmichi, T.; Nakano, S.-i.;
mol~! per H bond! It is, however, the stacking interaction that Miyoshi, D. Sugimoto, N.J. Am. Chem. So@002 124, 10367. (f) Zhu,
J.; Wartell, R. M.Biochemistry1997, 36, 15326. (g) Zhu, J.; Wartell, R.
(1) (a) Saenger, WPrinciples of Nucleic Acid StructureSpringer-Verlag, M. Biochemistry1999 38, 15986. (h) The importance of stacking has been
Berlin, 1988. (b) Bloomfield, V. A.; Crothers, D. M.; Tinoco, Nucleic identified in DNA polymerase activity and in efficiency of DNA synthesis.
Acids: Structures, Properties and Functlor\mlversny Science Books, For review: Kool, E. TAnnu. Re. Biophys. Biomol. Struck001, 30, 1
Sausalito, CA, 1999. and references therein.
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recognition and interaction with many ligands including proteins.
A single dangling nucleotidé d at the end of both DNA and
RNA duplexes is known to increase the duplex stability. In more
recent studied it has been shown that longer single-stranded
dangling residues (up to tetranucleotide) stabilize the RNA
RNA and DNA—DNA duplexes even slightly more (by an extra
~0.1-1.0 kcal mot?) than the single-nucleotide dangling end,
which is reported to be-2.0 kcal mot . This enhanced stability
arising from the long dangling ends originates from the single-
stranded stacking interaction. The biological importance of the
dangling nucleotides in RNA function is quite ubiquitous: the
dangling >ACCA-3' at the 3-terminus of tRNA orchestrates
the aminoacylation reaction for protein synthesis in the ribo-
some. The high fidelity of this protein synthesis in the ribosome
is dictated by the specific coderanticodon interaction between
mRNA and tRNA, which is stabilized by the dangling ends. It
has also been sho#fthat 2-3nt dangling ends are important
for the RNAI functionality. A dangling nucleotide at thé@&nd

of a pseudoknot RNA is also known to stabilize the stem

structure. Recently, it has been demonstrated that single unpaired

base bulges in RNA duplexes enhance the stability of the RNA
more compared to the fully base-paired counterpart, in which

both the base identity as well as the nearest-neighbor context

have been shown to be important for the overall relative stability
of the bulges.

Although much is known in qualitative terms about the
ubiquitous role of stacking in dictating the geometry and
function of nucleic acids in gener#l very little direct experi-
mental evidence is available on the molecular nature of stacking
interactions.

More direct experimental evidences are, however, available
from the studies of aromatic interactions in the nonbiological
systems$;7 which are of considerable fundamental interest in
understanding molecular recognition and in the modeling of the
biological functionalities. The major noncovalent aromatic
interactions (mostly in nonbiological model systems) so far
identified can be categorized as i) interaction [face-to-
face, edge-to-face (T-shaped), and offset (atam)],>® (ii)
CH—u interaction (involving CH of both ar§#-9 and alkyf':89),
and (iii) ion—z interaction (involving both cationz’" as well
as anior-719).

Evidences regarding the nature of intramolecular aromatic
interactions in nucleic acids and their compléX&dsave mainly
come from various structural studies: Thus, Hunter et al. first
invoked the presence of offset stacked nucleobases in"®®NA
based on the X-ray crystallographic data followed by computer
modeling to construct conformation-dependent energy maps

based on van der Waals and electrostatic interactions calculated

between stacked bases. Rooman &P defined and analyzed
stair-shaped motifs, which simultaneously involve base stacking,
hydrogen bond, and catiefr interaction in proteirrDNA
complexes through the geometrical proximity found in the X-ray
crystallographic database. Recent database stfidiesved the
importance of thyminemethylfr interaction in the sequence-
dependent deformability of DNA. Moreover, studies based on

screening of nucleic acid databases showed that divalent cations

(3) (a) Hsu, P.; Hodel, M. R.; Thomas, W. J.; Talyor, L. J.; Hagedorn, C. H,;
Hodel, A. E.Biochemistry200Q 39, 13730. (b) Hu, G.; Gershon, P. D.;
Hodel, A. E.; Quiocho, F. AProc. Natl. Acad. Sci. U.S.A999 96, 7149.

(c) Hu, G.; Oguro, A.; Li, C.; Gershon, P. D.; Quiocho, F.Biochemistry
2002 41, 7677.

[like Mg(OHy)e?1] interact favorably withr systems of nucleic
acid base&2Thus, the hydrated magnesium ions located in the
major groove of B-DNA pull cytosine bases partially out from
the helical stack, exposing systems to positive charge. It is
also found that some critical catiemr interactions contribute

to the stability of the anticodon arm of yeast tRMAand to
the magnesium core of the Tetrahymena group | intror P&l

(4) (a) Ossipov, D.; Zamaratski, E.; ChattopadhyayBlutleosides Nucleotides
1998 17, 1613. (b) Maltseva, T. V.; Agback, P.; Repkova, M. N.;
Venyaminova, A. G.; Ivanova, E. M.; SandampA.; Zarytova, V. F.;
Chattopadhyaya, Nucleic Acids Resl1994 22, 5590. (c) Ossipov, D.;
Pradeepkumar, P. I.; Holmer, M.; Chattopadhyayal. Am. Chem. Soc
2001 123 3551. (d) Acharya, S.; Acharya, P.ilBesi, A.; Chattopadhyaya,

J. J. Am. Chem. So002 124, 13722. (e) Acharya, P.; Acharya, S.;
Foldesi, A.; Chattopadhyaya, J. Am. Chem. So2003125 2094. (f) In

our earlier study (ref 4e) with the dimer (Gp23) and the trimers, GpApA

(4) and GpApC §), we found that none of the H2A showed any appreciable
chemical shift change as a function of pAdy-p), except for H2A of

pAp of 4, which became clearly shieldedhereas all H8 were deshielded
because of destacking (see Figure 3 of this paper). This H2A shielding
was explained on the basis of a T-shaped interaction between the pyrimidine
of pAp and the 9-gunainyl ion in ref 4e. The review of the data in context
with the larger oligo-RNAs (Figure 3 of this paper), however, suggests
that we cannot rule out an attractive atemy and anion(G)—asn/dipole-
(Py>™) interaction for the pyrimidine of 4'p of 4 and the 9-gunainyl ion
interaction causing shielding of H2A of oAjp of 4, whereas the deshielding

of H8A can be explained by a destacking owing to anion(&t/dipole-
(Im°~) repulsion. (g) The electrostatic/charge-transfer interaction (or donor
accpetor properties) has been invoked to explain the observed results in
the pH-dependent studies of dimeric RNAHowever, the present study

on oligo-RNAs of various chain lengths points to the fact that electrostatics
is the dominant component in these babase interactions in both neutral
and ionic states. Observation of modulation &fjf 9-guaninyl from the
marker protons of the neighboring bases (refs 4d,e and this paper), however,
suggests a possible contribution of charge transmission between them (but
no charge-transfer band in UV is, however, found). Thus, it is not possible
at this stage to delineate the relative contribution of electrostatic and
nonelectrostatic components in our observed overall interactions in RNA.
There are two primary reasons for this: (i) our RNA system is too large
for a high basis-set ab initio optimization, no well-defined starting geometry
of ssRNA is available for this purpose, and (ii) we cannot use any other
solvent but water for solubility reasons for examining the relative
contribution of electrostatics as delineated in earlier stutlieEhe study

of the effect of salt concentration, however, may allow us (although it is
known to be minimal for single-strand nucleic acid stackingp dissect

the origin of electrostatics vs unusu#walues from various factors such

as hydrogen bond, chargeharge interaction, and the degree of solvent
exposure of the charged grotip! (h) Song, J.; Laskowski, M., Jr.; Qasim,

M. A.; Markley, J. L. Biochemistry2003 42, 2847. (i) Livesay, D. R;
Zambeck, P.; Rojnuckarin, A.; Subramaniam,Bfochemistry2003 42,

3464. (j) Consonni, R.; Arosio, |.; Belloni, B.; Fogolari, F.; Fusi, P.; Shehi,
E.; Zetta, L.Biochemistry200342, 1421

(5) (a) Hunter, C. AJ. Mol. Biol. 1993 230, 1025 and references therein. (b)

Packer, M. J.; Dauncey, M. P.; Hunter, C. A.Mol. Biol. 200Q 295 71.

(c) For review: Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, CJ.J.

Chem. Soc., Perkin Trans.2D01, 651. (d) Hunter, C. A.; Sanders, J. K.

M. J. Am. Chem. S0d99Q 112 5525. (e) Packer, M. J.; Hunter, C. A.

Am. Chem. SoQ001, 123 7399.

(a) The experimental evidence showed that the magnitude of offset stacking

interactions is dictated by the geometry of the stacked components, which,

in turn, is influenced by the nature of ring substituents. Rashkin, M. J.;

Waters, M. L.J. Am. Chem. So®002 124, 1860 and refs 1, 2, and 8

therein. (b) Newcomb, L. F.; Gellman, S. B.Am. Chem. Sod994 1186,

4993. (c) Kim, E.; Paliwal, S.; Wilcox, C. S. Am. Chem. S0d998 120,

11192. (d) Jennings, W. B.; Farrell, B. M.; Malone, JA€c. Chem. Res.

2001, 34, 885. (e) Cozzi, F.; Cinquini, M.; Annuziata, R.; Siegel, JJS.

Am. Chem. Sod 993 115, 5330. (f) Cozzi, F.; Cinquini, M.; Annuziata,

Dwyer, T.; R.; Siegel, J. Sl. Am. Chem. S04992 114, 5729. (g) Cozzi,

F.; Annuziata, R.; Benaglia, M.; Cinquini, M.; Rainmondi, L.; Baldridge,

K. K.; Siegel, J. SOrg. Biomol. Chem2003 1, 157. (h) Waters, MCurr.

Opin. Chem. Biol2002 6, 736 and references therein. (i) Shetty, A. S.;

Zhang, J. S.; Moore, J. S. Am. Chem. Sod 996 118 1019.

(7) (a) Ishida, T.; Shibata, M.; Fuji, K.; Inoue, \Biochemistryl983 22, 3571.

(b) Ribas, J.; Cubero, E.; Luque, J.; Orozco, MOrg. Chem?2002 67,
7057. (c) Schmidt, A.; Kindermann, M. K.; Vainotalo, P.; Nieger, M.
Org. Chem 1999 64, 9499. (d) Allwood, B. L.; Shahriari-Zavareh, H.;
Stoddart, J. F.; Williams, D. J. Chem. Soc., Chem. Comm887, 1058.

(e) Philip, D.; Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.; Williams, D.
J.J. Chem. Soc., Chem. Comm@i@91, 1584. (f) Nicolas, L.; Beugelmans-
Verrier, M.; Guilhem, JTetrahedron1981, 37, 3847. (g) Doughterty, D.
A.; Stauffer, D. A.Sciencel99Q 250, 1558. (h) For review on catiefr
interaction, see: Ma, J. C.; Doughterty, D. 8Bhem. Re. 1997, 97, 1303.

(i) For substituent effect on alkyl (CH)r interaction, see: Suezawa, H.;
Hashimoto, T.; Tsuchinaga, K.; Yoshida, T.; Yuzuri, T.; Sakakibara, K.;
Hirota, M.; Nishio, M. J.J. Chem. Soc., Perkin Trans.200Q 1243. (j)
Ferguson, S. B.; Seward, E. M.; Diederich, F.; Sanford, E. M.; Chou, A.;
Inocencio-Szweda, P.; Knobler, C. B. Org. Chem1988 53, 5593.

(6)

J. AM. CHEM. SOC. = VOL. 125, NO. 33, 2003 9949
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domain. Such cationx interactions have been also implicated
in DNA bending, DNA-protein recognition, base-flipping, RNA
folding, and catalysi& Ab initio studies have shown the
presence of the aromatic interactions (mostly of catierin
nature§ between protein and DNA involving positively charged
Arg or Lys side chains and aromatic rings of nucleic acids. The

X-ray studies along with calorimetric and fluorescence analyses

(8) Studies showing the importance of the weak noncovalent aromatic
interactions in biological functionalities: (a) McFail-lsom, L.; Shui, X.;
Williams, L. D. Biochemistry1998 37, 17105. (b) Rooman, M.; Lién,

J.; Buisine, E.; Wintjens R1. Mol. Biol. 2002 319, 67. (c) Umezawa, Y.;
Nishio, M. Nucleic Acids Re®002 30, 2183. (d) Zacharias, N.; Dougherty,
D. Trends Pharm. ScR002 23, 281 and references therein. (e) Boehr, D.
D.; Farley, A. R.; Wright, G. D.; Cox, J. RChem. Biol 2002 9, 1209. (f)
Tatko, C. D.; Waters, M. LJ. Am. Chem. So2002 124, 9372. (g)
Butterfield, S. M.; Patel, P. R.; Water, M. I. Am. Chem. So2002 124,
9751. (h) Tsou, L. K,; Tatko, C. D.; Waters, M. I. Am. Chem. Soc
2002 124, 14917. (i) Gervasio, F. L.; Chelli, R.; Procacci, P.; Schettino,
V. Proteins: Struct., Funct., Gene2002 48, 117. (j) Zhou, Z.; Swenson,
R. P.Biochemistry1996 35, 15980. (k) Gallivan, J. P.; Dougherty, D.
Proc. Natl. Acad. Sci. U.S.AL999 96, 9459. (I) Biot, C.; Buisine, E.;
Kwasigroch, J.-M.; Wintjens, R.; Rooman, M. Biol. Chem2002 277,
40816.

The intra- and intermolecular stacking and/or other aromatic interagtfons
involving both biological as well as nonbiological systems has been shown
to be a major force in molecular recognition and biological functionalities.
The aromatic stacking interaction between nucleo¥agesvater has been
implicated to electrostatic effects (dipeldipole and dipole-induced
dipole) interactions, dispersion (momentary dipeileduced dipole), and
solvation. Hunter et dlinvoked offset stacking involving attractive atem

9

=

o interaction (electrostatic in nature) and edge-to-face interactions (same

as center-to-edge termed by Siegel ef9nlrather than energetically
unfavorabler—sm interaction as in face-to-face stacking between two
aromatic moieties. In both offset stacking and edge-to-face interactions,
the CH group of the edge ring and the electron density of the face ring are
sensitive to changes in the local charge (partial charge) distribution of the
two rings5¢69 However, unlike offset stacking, edge-to-face interaction is

have showfthe importance of electrostatic catien interaction
in the protein recognition of the @& part of the mRNA cap
structure. Similar kinetic and calorimetric experiméntsave
also identified the key aromatiz—x stacking interaction
between Tyr41l and the adenine ring of bound nucleotides in
the active site of an aminoglycoside phosphotransferase enzyme.
Our studiegd€on the other hand, deal with the experimental
demonstration of the ubiquitous electrostatic interactions among
the nearest-neighbor pseudoaromatic nucleobases in oligo-RNA
in both the neutral as well the ionic states, modeling ligand
binding to nucleic acid bases. The pH-dependent NMR stfftlies
of di-ribonucleoside (3— 5) monophosphates compared to
their corresponding monomers showed that each nucleobase in
a dimer not only shows its ownkKp but also that of the
neighboring nucleobase, owing to the cross-modulation of each
other’s pseudoaromatic character in an electronically coupled
st system via intramolecular electrostatic interaction through
offset stacking. Thus, the physicochemical comparison, for
example, of the GpA/GpA and ApG/ApG showed the nature
of atom-z0>° versus anionz'® interactions, whereas the
comparison in the two isomeric dimétéin the neutral, anionic,
and cationic states [UpA/thA/UpAH+ and ApU/ApU/AH+-
pU, or UpC/UpC/UpC' and CpU/CpU/CH*pU] showed
direct evidenc® of the electrostatic interaction between the
neighboring nucleobases (atemo® in the neutral state, anien
1% in the deprotonated state vs catiem’@hin the protonated
state) as a result of intramolecular offset stacking. This

considered as weak noncovalent through-space aromatic interaction, notelectrostatic interaction leads to almost total modulation of

any stacking interactioft Theoretical studi€8 recently showed that
dispersion effects other than electrostatics dominate both aryl:€tnd
alkyl CH—z interactions. In all cases alkyl CHr interactions are weaker
than aryl CH-x interactions. Nishio et dl.proposed partial charge transfer
arising from through-space proximity between alkyl hydrogen and aromatic
moiety as the basis for CHr interaction. On the other hand, Siegel et
al.be-9 and Diedrich et ali proposed a through-space polar (Coulombic)/
contribution as a dominating factor in the electrostatic interactions involved

the pseudoaromaticity by nearly total transmission of
AG;Kal“EFC’f’I from one nucleobase to the nearest neighbor
(16—53 kJ mof?, depending upon whether the nucleobase is
at the cationic or anionic state). This suggested that the
nucleobase in a stacked dinucleotide, unlike simple monomers,

in edge-to-face as well as the center-to-edge (i.e., offset) oriented aromatic constitutes an e|ectronica||y coupled heterocycﬁc system. Simi-

moieties in the neutré as well as in the ionic states (such as carboxylate
jon/arené’ and trimethylammonium ion/arefieinteraction). Moreover,
Dougherty et al. showeéd" that both electrostatic and polarization effects
are dominant contributions in the catiern interaction, which have been
showr¥~" to make a significant contribution in the stabilizationoehelical

peptides in aqueous solution. Recent works have also shown theoretical

evidence¥ of anion—z interactions.

(10) (a) Recent studig® 9 invoked a weak noncovalent attractive anion
interaction involving the negatively chargedloud of unsubstitued benzene
ring and positively charged framework of the hexafluorobenzenesfg).
However, recent studi&sproposed an anierarene interaction having both
a positive as well as a negative component. (b) Garau, C.; Quinonero, D.;
Frontera, A.; Ballester, P.; Costa, A.; Deya, P.Wew J. Chem2003 27,

211. (c) Quinonero, D.; Garau, C.; Rotger, C.; Frontera, A.; Ballester, P.;
Costa, A.; Deya, P. MAngew. Chem., Int. Ed2002 41, 3389. (d)
Quinonero, D.; Garau, C.; Frontera, A.; Ballester, P.; Costa, A.; Deya, P.
M. Chem. Phys. Lett2002 359, 486. (e) Mascal, M.; Armstrong, A.;
Bartberger, M. D.J. Am. Chem. Soc2002 124, 6274. (f) Gale, P.;
Navakhun, K.; Camiolo, S.; Light, M. E.; Hursthouse, M1.Am. Chem.
Soc 2002 124, 11228.

(11) (a) Thibaudeau, C.; Plavec, J.; Chattopadhyayd, @rg. Chem.1996
61, 266. (b) Acharya, P.; Trifonova, A.; Thibaudeau, C:ldesi, A.;
Chattopadhyaya, Angew. Chem., Int. Ed. Engl999 38, 3645. (c) For
review, see: Thibaudeau, C.; Chattopadhyay&tdreoelectronic Effects
in Nucleosides and Nucleotides and their Structural Implicati@epart-
ment of Bioorganic Chemistry, Uppsala University Press (jyoti@boc.uu.se);
Sweden, 1999 (ISBN 91-506-1351-0) and references therein.

(12) (a) Narlikar, G. J.; Herschlag, B\nnu. Re. Biochem.1997, 66, 19 and
references therein. (b) Legault, P.; PardiJAAM. Chem. S0d 997, 119,
6621 and references therein. (c) Cech, TARnu. Re. Biochem 199Q
59, 543. (d) DeRose, V. Xhem. Biol.2002 9, 961. (e) Lilley, D. M. J.
ChemBioChen2001, 2, 729. (f) Yoshida, A.; Shan, S.; Herschlag, D.;
Piccirilli, J. Chem. Biol.200Q 7, 85.

(13) (a) Chan, S. I.; Nelson, J. B. Am. Chem. Sod 969 91, 168. (b) Altona,

C. In Structure and Conformation of Nucleic Acids and Protein- Nucleic
Acid Interactios Sundaralingam, M., Rao, S. T., Eds.; University Park
Press: Baltimore, MD, 1975; p 613. (c) Lee, C.-H.; Ezra, F. S.; Kondo, N.
S.; Sarma, R. H.; Danyluk, Riochemistryl976 15, 3627. (d) Olsthoorn,

C. S. M.; Bostelaar, L. J.; de Rooij, J. F. M.; van Boom, J.Er. J.
Biochem.1981, 115, 309. (e) Simpkins, H.; Richards, E. 8iochemistry
1967, 6, 2513.
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larly, we demonstratédl the existence of this electrostatic
nearest-neighbor interaction between the first and third nucleo-
bases in tri-ribonucleoside(3~ 5)diphosphates withAGj,
transmission from the'uanylate ion to the'3end nucleobase
via the central adenin-9-yl, 5566 kJ moltin each step through

a distance spanning6.8 A in an unfolded state. As a resuilt,
we found® that the [K, of guanin-9-yl moiety has become 9.25
+ 0.02 inGpEt (1a), 9.17+ 0.02 inGpA (2a), 9.75+ 0.02 in
GpApA (3), and 9.88+ 0.03 inGpApC (@), which meant that
the 9-guaninyl moiety of trimers is more basic than that in the
monomer or in the dimer because of both the neighboring
nucleobases and the phosphate(s).

Here we show that the stabilizing electrostatic atorr
interaction; indeed, extends from the first to the sixth nucleotide
in a single-stranded hexameric RNA, which~i€1 A apart in
the unfolded neutral state. We also present evidence showing
that, in the deprotonated state, the stability of the stacked helical

(14) (a) The equatiolGyy, = 2.30RTpK, has been uséth< to estimate
the free energy of protonation for compountts8. (b) Perrin, D. D.;
Dempsey, B.; Serjeant, E. PK, prediction for organic acids and bases
Chapman and Hall: New York, 1981. (c) Sharp, K. A.; Honig,Anu.
Rev. Biophys. Chem199Q 19, 301. (d) Tso, P. O. PBasic Principles in
Nucleic Acid ChemistryAcademic Press: New York and London, 1974;
Vol. 1, p 469. (e) Wyman, J.; Gill, S. Binding and Linkage Functional
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CHs-CHy-
(1d): B
QA Hoaf): B
'O/\)-CHZ-CH3
A
CH3-CHy-
(1e):
"o (1g):

9-Adeninyl (A)

NH,

n
]
(5): n=1 (GpApC)
Q H (6): n=2 (GpApApC)
(7): n=3 (GpApApApC)
) (8): n=4 (GpApApApApC)
2
H H
(2a):B1=G,B,= A
(2b) B1 =A, Bz =G
(3a):B1=G,B,=C
(3b):B;=C,By= G

1-Cytosinyl (C) 9-Guaninyl (G)

Figure 1. Compounds used in this study: Gp2aj, ApG (2b), GpC @a), CpG @h), GpApA (4)*¢ (not shown), GpApCT), GpApAZpC (6), GpAlpA2-
pA3pC (7), and GpApAZpA3pA*pC (8) and their monomeric counterparts GpE&), 3-GMP (Lb), 5-GMP (1c), EtpGpEt (Ld), 5-EtpG (Le), EtpApEt (1f),
and 3-EtpC (1g). Note monomeric compounds—f are used as reference compounds to evaluate the relative stacking in oligoZaN8s

RNA conformation is reduced by the destabilizing anion(& (5), GpApAZpC (6), GPAPAZA3PC (7), GpAlpAZpA3pA+pC
a/dipole(In?~) interaction owing to the generation of the 5 (8)] (Figure 1) are designed such that only a single anionic
(9-guanylate ion) (for terminologies used in various electrostatic species at th& of the 9-guaninyl moiety can be generated in
interactions, see ref 9). This destabilizing effect in the depro- the alkaline pH in these RNA molecul@s-8. It is aimed to
tonated RNA is, however, opposed by the attractive atam show how far the electrostatic modulation of the 9-guanylate
interaction (major) as well as the minor anion(G/dipole- ion in this electronically coupled system, as an interplay of

(Py’") interactions.

Results and Discussion

Coulombic attractive or repulsive forces, propagates through
the intervening pp nucleotide moieties until the terminaCp
3 residue in comparison with the neutral counterpart. We

(A) Effect of Generation of the 3-Guanylate lon and Its reasoned that the footprint of this propagation of the electrostatic
Electrostatic Modulation in the Hexameric ssRNA.The pH forces among the neighboring nucleobases will be evident by a
titration studies (pH 6.712.1) in a series of dimeric, trimeric, change of the chemical environment (i.e., chemical shifts)
tetrameric, pentameric, and hexameric single stranded (ss) oligo-around their aromatic marker protonSH2A, 6H8A, dH5C,
RNA molecules [GpA 2a), GpC @a), GpAlpA (4)*¢, GpApC andoH6C) owing to a change of the stacking orientation and/
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Figure 2. Plot of pH-dependent (6.52 pH < 12.24)H chemical shifts §H) for different aromatic protons of oligomefs-8 showing the K, at the
inflection point. Chemical shift variations at 282 different pH values have been measured in an interval of@2 pH units to obtain the sigmoidal

curves (see Experimental Section). Each graph shows chemical shift change with pH for one particular aromatic proton in a compound. The name of the

compound along with the particular aromatic proton chosen for titration, the correlation coefR@btdined from curve fitting, and the&kg values obtained
from the Hill plot analyses are shown in the respective graphs [see Experimental Section for details and Figure S2 in the Supporting Inforneattian]. Not
in all titration curves we have take®d ~ 0.01 ppm in order to calculate<p. Hence, K, values were not calculated for the marker protons corresponding
to panels 8.4qH8A3 0.001 ppm), 8.5H8A* 0.006 ppm), 8.8 {H2A3 0.004 ppm), 8.104H5C 0.005 ppm), 7.8¢H5C —0.005 ppm), 6.4¢H2A* 0.005
ppm), and 6.5¢H2A2 0.003 ppm) for whichAd ~ 0.01 ppm (see Figure 3).

or planar nucleobase rotation, thereby causing a destacking anabserving a large and/or regular changeAaf to give a pH
destabilization of the ssRNA helix equilibrium as the pH titration curve for H8A, dH8AS3, 6H2A3, and H5C in8 is that

becomes alkaline.

(i) pH Titration StudiesThe pH titration studi€$e with the
GpAlpAZpA3pA*pC (8) showed (Figure 2, panels 8:8.11) the
pKa of NI-H of guanin-9-yl (at the 5end) from its o wndH8G
(pKa 9.76 £ 0.01) as well as frondH8A? (pK, 9.65 4 0.01)
andoH2A? (pK, 9.804 0.01) of the g\p moiety,6H8A? (pK,
9.954 0.01) anddH2A2 (pK, 10.54 0.07) of the A2p moiety,
OH2A* (pK, 9.66+ 0.01) of the neighboringA*p moiety, and
OH6C (K5 10.18+ 0.03) of the terminal §-3' moiety.

No significant change in the pH-dependent shiftobf8A3
(A6 0.001 ppm) andH2A3 (Ad 0.004 ppm) of the A3p moiety

some of those edges or parts of the constituent nucleobases is/
are relatively unstacked. InterestinghA3p in 8 is perhaps fully
bulged out since both its H8 and H2 remain nonresponsive over
the pH range studied, although its %North (N) pseudorotamer
population (see section D.iv and Figure 4) showed an increase
of ~13% over the pH range studied, which presumably suggests
that the 9-adeninyl of 4%p in the destacked state is taking up

a relatively more pseudoaxial orientati&id Thus, the edge(s)

or part(s) of the nucleobase which might be more solvent
exposed (such as H8Aor H5C) show larger electrostatic
screening than the other edge(s) or part(s) (such as*l2A

was, however, found (Figure 2, panels 8.4 and 8.8), suggestingH6C) of the nucleobases and, therefore, show only relatively
that there is an interruption of offset stacking with its two nearest weak electrostatic interaction with the negatively charged

neighbors, A2p and @A*p. Similarly, SH8A* (A6 0.006 ppm)
(but not dH2A%) and SH5C (A6 0.005 ppm) (but notyHEC)

phosphates and the neighboring nucleobases.
The preferential atomsro interactions, which cause the

also failed (Figure 2, panels 8.5 and 8.10) to show a titration electron densities of a specific atom (H8 over H2 in 9-adeninyl
plot, suggesting weak electrostatic interactions between electronand H6 over H5 in 1-cytosinyl, see Figure 3) to interact with
densities of these atoms with those of the of nearest-neighborthe nearest neighbor can also be seen through the observation

nucleobases and phosphates.

of pKy in the reference pentamer GEM2pA3pC (7) (panels

A clear-cut assessment of the strength of these weak7.1-7.9) and tetramer Gp®AZpC (6) (panels 6.16.7) in
electrostatic interactions is difficult because of the following Figure 2, whereas the data for other reference compounds such

problems: (i) the chemical shift variationiisegular over the

as trimerg'e dimers?d and monomers along with the oligo-RNAs

pH range, (ii) theAd values quoted above between two extreme 6—8 are summarized for comparison in Table 1.

pHs for H8A!, OH8AS3, 0H2A3, and H5C of hexameric RNA in

(ii) Variation of pK; among Different Marker Protong.hus,

panels 8.4, 8.5, 8.8, and 8.10 are indeed very close to thethe K, of 5-Gp residue from its owidH8G varies only slightly

experimental error£0.001 ppm), (iii) ifAd is obtained between

(from 9.76 + 0.01 to 9.88+ 0.01) in the oligo-RNAS5—8,

extreme pHSs, it can be seen that in panels 8.4, 8.5, 8.8, andwhich should be compared with th&pof 9.25 + 0.02 for

8.10 they are indeed 2-fold less than in panel 8.A4& Q.01
ppm). Note that in all titration curves we have tak®eh > 0.01

ppm in order to calculate 3. The possible reason for not

GpEt (1a), 9.17 4+ 0.02 for GpA @a), 9.56 + 0.01 for GpC
(3a), and 9.45+ 0.02 for CpG 8b) as well as 9.5% 0.01 for
5-EtpG (@e. The variation of s for 5-Gp residue as
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The effect of the deprotonation of N'H of 9-Guaninyl on the other aromatic
marker protons in dimers (2a & 3a) and oligomeric RNAs (4 - 8)

0.20
0.15
0.10
0.05
0.00

-0.05

-0.10

-0.15 -

-0.20

Deshielding % <=—— AS,_,, ——=> Shielding “

-0.25 -

GpC GpA GpA'pA GpA'pC GpA'pAZpC GpA'pAZpA’pC GpA'pAZpAtpA*pC

Figure 3. Effect of the N—H deprotonation of guanin-9-yl on the neighboring nucleobases (adenin-9-yl and cytosin-1-yl) foe&p&YC @a), GpAPA

(4), GpPAPC 6), GpApAZpC (6), GpAPAZpA3pC (7), and GpApA2pA3pA“pC (8). The chemical shift differencedP-p), in ppm] between the neutral

(N) and deprotonated (D) states have been plotted for all aromatic protons of all nucleotide residues in olige-&MAorder to show the competitive
electrostatic interactions [atoraro (present in both the N and D states) and relatively weaker anigr{&dipole(Py ) interactions (stabilizing) as well

as anion(G)—a/dipole(In?™) interaction (destabilizing)] [see section D.ii in the Results and Discussion for details]. It can be seen that as the chain length
increases the free energy of stabilization of intramolecular stacking owing to-atorand relatively weaker anion(G—s/dipole(Py™) interactions! is
opposing the anion(Q—zx/dipole(In?~) interaction (destabilizing) electrostatic interactions [compare\th@-p) for all aromatic protons except fdH8G

in the series of compounda—8]. A; Shielding signifies the relative upfield shift of a specific marker proton because of relatively more stacking with the
neighbors as a result of deprotonatidw. Deshielding signifies the relative downfield shift of a specific marker proton because of relatively less stacking
with the neighbors as a result of deprotonation.

measured from the other aromatic marker protons of various reactivity along the ssRNA chain, as found for large biologically
nucleotide residues in the hexameric RI84s, however, more functional folded RNAs (partly hydrogen-bonded) that are

pronounced and varies from 9.650.01 to 10.5+ 0.07 along involved in splicing!3afcatalysist3ad or specific ligand binding
the RNA chain (Table 1, Figure 2). Table 1 shows, for by the aptamet’a
comparison, that a similar variation oKgs for 5-Gp residue (B) Accuracy of the pH-Dependent NMR Titration Stud-

from various marker protons is also found within the pentameric ies. The Kss reported here for th&' center of 9-guaninyl
RNA 7 (9.59+ 0.03 to 10.07 0.03) (although it is much less  (obtained fromdH8G as well as from other marker protons of
for the tetrameric RNA and almost negligible in trimeric RNA  neighboring residues) have been obtained by the Hill plot
5). This variation of [Kss (ApKa = 0.9) of 9-guaninyl obtained  analysis of the pH-dependett chemical shifts measured by
from other nucleobases within the hexan&rmrepresents a  both 500 and 600 MHz NMR (see Supporting Information).

AG;K‘,ﬂl"arc’f_i difference AAGp,,) of ca. 5.1 kJ mot* (simi- The error in the chemical shift i50.001 ppm, and the error in
larly, for pentamef7, ApKa £ 0.48 corresponds tAAGp, of pKa determination is from:0.01 to+0.03, except for H2(A%p)

2.6 kJ mof1), which has been attributed to the variable strength in the hexamer8 which is £0.07 (all individual errors of

of electrostatic interactions of the offset stacked nucleobasesrespective K, values are shown in parentheses in Table 1 as
among themselves as well as with the phosphétdse net well as in Figure 2). These accuratégvalues and the resulting
result of obtaining K.s of a single ionization point (i.e., AGy, valueg*a¢i (error from £0.1 to 40.2) allow us to
9-guanylate ion) from different marker protons of neighboring safely attribute the observeKpandAG;,, differences larger
nucleobase residue is that it allows us to experimentally examinethan +0.05 and +0.2, respectively, for various nucleotide
the modulation of their respective electronic microenvironment residues [except for H24dp) in the hexamer8] to the
along the ssRNA chain in a stepwise manner with considerable differential intramolecular electrostatic interactions experienced
accuracy without having to make any assumptions. The chemicalby different pseudoaromatic nucleobases along the RNA chain.
implication of this variable electrostatic interaction is that the These differences in the electrostatic interactions can originate
microscopic change of the electronic environment around eachfrom either the phosphate and/or the neighboring nucleobases,
constituent nucleobase along the RNA chain, even in a relatively which cannot be dissected in view of the fact that the addition
small RNA molecule such as a pentamer or a hexamer, is notof each nucleobase also involves the addition of one phosphate
uniform. These differences should give rise to variable chemical residue. However, the final outcome is the n& jghange of
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The change of %N-type pseudorotamer population in the
neutral (N) versus the deprotonated (D) states

B D-N
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Figure 4. Plot of the population of the North-type conformer [%North ert012.0%)] of the 3-endo2'-exo (North-type)= 2'-endo3'-exo (South-type)
pseudorotational equilibriut of the respective pentofuranose moiety in each nucleotidic unit in Gt GpA (24), GpC @a), GpApC 6), GpAlpAZpC

(6), GpAlpA2pA3pC (7), and GpApA2pA3pA*pC (8) at the neutral (N, shown in violet bar) and deprotonated (D, shown in red bar) states (see the table
below the plot for %North-type population values at N and D states as well as the difference between these two stateld).i.€helbars are in the same

order as the sequence starting froh@ on the left. TheéJ;» values are shown in the Supporting Information. The difference between the D and the N
states (B-N, shown in green bar) shows the relative stacking (increase of %North-type) or destacking (decrease of %North-type) over the pH-titration range.
It can be seen from BN values that, upon generation of theduanylate ion, the destacking takes place until the third nucleotide in the hexamer, whereas

it proceeds up to the second nucleotide in the tetra- and pentamer (compare with the more sefitivevalues in Figure 3).

9-guaninyl moiety observed fromiH8G as well as the i, Variable Electrostatic Effects of '3 versus 5Phosphate.
modulation of 5Gp residue observed from other marker protons Comparison of the Ig; of 9-guaninyl in GpEt {a) (9.25 +

of the neighboring nucleobases in the series of oligomeric RNAs 0.02) and EtpG Le) (9.57 &+ 0.01) shows (Table 1) that the
2—8, which gives us a measure of variable pseudoaromaticity 5'-phosphate in the latter makes thK,pof 9-guaninyl more
(and chemical reactivity) along the chain of a sSRNA molecule. basic compared to thé-Bhosphate in the former. This is simply

(C) Tandem Electrostatic Interaction Is a Result of the because of the fact that the spatial proximity of th@lsosphate
Electronic Coupling of the Neighboring Nucleobases andthe ~ and the imidazole moiety of the 9-guaninyl (in the anti

Phosphates. (i) Different pK, Shift of Nucleobases due to conformation) in EtpG produces an effective electrostatic
repulsion of their electron clouds, which enhances the electron

(15) (a) Comparison ofd among Dimers:The effect of anionic guanin-9-yl density in the fused pyrimidine moiety, giving an overall
decreases (decreasirgd from the trimer to hexamer), in general, with i - i i
increasing chain length of oligonucleotide (Table 2). Interestingly, a simple increase of Ka .Of 9 guamnyl In. EtpG 16) Compared. o that O.f
comparison 0fAd-p for H8G of 9-guaniny! inGpC (K, 9.57) andGpA GpEt (La). It is, therefore, likely that the relative spatial
(pKa9.17) shows (Figure 3) how the nearest neighbGryp pA) modulates H i iti
theapseudoaromaticity of the 9-guaninyl in the neutédl§G: 8.039 for orlen.tatlon OT the phosphates vs nUCIeObasesl may hav,e a critical
GpC and 7.906 for GpA) and anionig formH8G: 7.862 for GpC and role in steering the I§, and hence the chemical reactivity of
7.765 for GpA). (b) Comparison ofé among Trimers to Hexamer: ; B
Comparison 0fAdn-p) for pAlp in GpA'pA and GpApA?pC shows the purine nucleobases in SSRNA.

effeclt of 3-terminal 1- fg)(/stosmyfl of p(i on the ellectron(ljc mil{eup ﬁﬂpA (i) Different pKy Shift of Nucleobases due to Nearest-
Similar comparison oAd-p) for pAlp in GpAlpA and GpApC shows . . [ :

the effect of the nearest ne{ghbor &iedd (I vs pA) on the chemical N_elghbor Electrostatic EffecThe pairwise comparison at the
environment of Alp. A comparison 0Adn-p) for pAlp and @A%p also dimer level, however, shows (Table 1) that th&, jof N'-H of

shows that the relative effect of anionic 9-guaninyl remains to be almost - : -
the same in tetramer (GpA2pC) and pentarger (Gp)(AAZprC) relative 9-gunaniyl residue in thGpA_(Za)“d (9.17+ 0.02)GpC _(33-)
to the trimers GpApA (4) and GpApC §). The effect of 9-guanylate ion (9.56+ 0.01) ApKa = 0.41) is sequence dependent since the

is considerably reduced in the hexarBeT his is because the intramolecular . ic di h h h h h b
offset stacking through atomro interaction that opposes the aniem/ two isomeric dimers have the same phosphate charge but

dipole interaction is strongest in the hexarBen our series of oligomers different 3-nucleobase. Even at the trimer ledethe compari-
studied, which is evidenced by a relatively much smaller change in chemical

shifts [Ad_oy] of all marker protons of all neighboring nucieobases in ~ SON 0f GPAPA (4) and GpApC (5) shows that although they

the former compared to the latter (Figure 3). This means that the electrostatic haye the same phosphate charge there is a slight difference in
interaction of 9-guanylate ion with the neighboring nucleobases tends to - . L

be minimal after the A%p moiety in the hexamer (clearly detectable up to ~ the K5 of the 9-guaninyl residueApK, & 0.13, which is well

PA’p in pentamer7 in comparison with the hexame Figure 3). This _ghove the error limit, Table 1). This suggests that the chemical
also means that the pseudoaromaticity of the triplet codon, independent of ! .

the RNA chain length, is maximally cross-modulated owing to their full - nature of the nucleobase steers tlig pf the nearest-neighbor
electronic coupling with the nearest neighbor. Clearly, the last three i

nucleobases at theé-8nd of the hexame8 are sensing the electrostatic nucleobase(s) more effectively than the phosphates.

interaction owing to the anionic character of 9-guaninyl moiety to a much
lesser extent (ca. H15%) compared to the first two nucleobases after (16) (a) For review, see: Patel, D. J.; Suri, A. Rev. Mol. Biotechnol.200Q

5'-Gp anion. This is because of the fact that the attractive Coulombic forces 74, 39. (b) Consonni, R.; Arosio, |.; Belloni, B.; Fogolari, F.; Fusi, P.;
stabilize the stacked state of the hexamer more efficiently than in the Shehi, E.; Zetta, LBiochemistry2003 42, 1421. (c) Fogolari, F.; Ragona,

pentamer. As a result, this stabilizing atemo interaction counteracts the L.; Licciardi, S.; Romagnoli, S.; Michelutti, R.; Ugolini, R.; Molinari, H.

destabilizing aniorrr interaction more efficiently in the former than in Proteins: Struct., Funct., Gene200Q 39, 317.

the latter. (17) For review, see: Ramakrishnan, ®ell 2002 69, 557.
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Table 1. pKa? and AG;Ka” of the 9-Guanylate lon in Mono- and Oligo-RNAs 1—-8

pKaand AGj of 9-guanylate ion in mono- and oligu-RNAsFJJ

Compounds SHS OH2 / 3H5 / 8H6
pKa AG, AAG S, pK, AG, AAG
GpEt (1a)°© 9.25(+0.02) 52.8(x0.1) - - - -
3'-GMP (1b) 933(x001) 53.2(x0.1) - - - -
5-GMP (1¢) 974 (£0.01) 556 (= 0.1) - - - -
EtpGpEt (1d) 957(+0.01) 54.6 (= 0.1) - - - -
5'-EtpG (1e) 957(x0.01) 54.6 (= 0.1) - - - -
GpA Gp  9.17(:002) 524(£01)  -04 - - -
(2a)° pA  9.11(:002) 52.0(0.1) -0.8 K K K
ApG Ap  971(£0.01) 554 (0.1) 0.8 9.65(x0.01)  S551(x0.0) 0.5
(2b)°¢ pG 942 (:001) 53701 L1 - - -
GpC bR e o
(3a) bC i i i 956 (+001)° 545+ 0.1) 1.7
9.51(:0.01)" 543 &0.1) 15
. . 942 (£0.02F  53.7 (0.1 0.9
CrG Cp - - - 942 ((+ 0,02))" 53.7 E:h 0. 1: 0.9
(3b) pG 945 (:t 002) 53.9 (i 0]) _0? ...... - - .- - - macmaca .-. S - —
Gp 975(:002) 556(01) 28 - -
QI(J:;EA _PAp_974(+x002) 55600 28 982(£0.02) 56001 32
pA  9.78(£0.02) 558(x0.1) 3.0 - E -
Gp  988(+0.02) 564(x0.1) 36
GpApC _PAp_ 988(+x002) S64@0D 36
(3¢ 0.89 (+0.02)°  S56.4(x0.1)° 36
pC - - - 9.90 (= 0.02) 5650.1) 37
Gp 976(:001) 557(x01) 29 - - -
1.2 pA'p 973(x002) sss5@E0) 27 K - d
gpA(g? pC pAlp 9.71(£0.02) 55400 26 K - K
970 (+0.02)° 553 @0.)°¢ 25
pC - - - 9.85(x0.02) s62z0.n" 34

Gp 982(x001) 560(0.1) 3.2 - - -
PAp 9.73(£00D) L 978(£003)  SSBEON) 30
GpA'pA’pA’C  pA’p 976 (= 0.01) 1007 (£ 0.04)  5T502) 47

(7 pA3p 968 (£003) 959 (£0.03) 547(£02) 19
_PA'p  9.68 (+0.03) 200 = 5

pC - - - 9.63 (£0.03) 549 (x0.2)" 2.7
Gp  9.76(x001) 557@&0nH 29 - - -
pAlp 965(:001) S50(00) 23 980(x001) 55901
pA’p 995 (- 0.01)

1 2 3.4 . 4.0 10.50 (+ 0.07)  59.9 (+ 0.4)
GpA'pAZpA*A*pC "pAﬂ:}" 220200, N0SEAD A2 NG00 DI, T
®) pA'p e 966001 ssa@0n) 23
_d.c _d.c _d
pC . . . 10.18 (£ 0.03)"  58.1 (£ 0.2) 5.3

aAll pK, values and their corresponding errors have been calculated from Hill plot analyses (See Figure 1 for the titration plots and Figure S2 in the
Supporting Information for details of Hill plot analyse8)The free energy of deprotonatioAGs,,, in kJ mol) of guanin-9-yl for compound$—8 has
been calculated using the equafitincf- AGp, = 2.30RTpKa Similarly, AAGy, (in kJ moI‘E) values have been calculated using relattohGy,, =
2.30RTApKa where ApKa = [pPKgobtained from each residuz [PKal1a and/or 1€ ¢ Data have been taken from refs 4o titration plot observed. The chemical
shift difference over the pH rangéfn-p , in ppm] was much closer to the error limit (see Figures 2 and 3). ThusKao§;,,, andAAG;,, have been
calculated € For 6H5C. f For SH6C.

(iif) Comparison ofAGgka of Different Marker Protons Shows  variable in a sequence-specific manner owing to different
Different Pseudoaromatic Character of the Neighboring Nu- electronic coupling between any two next neighbors (Table 1).
cleobases.The AG;Ka“H'f" for 9-guaninyl from different ~ The lowering of the [, value obtained from a given marker
aromatic marker protons of the neighboring nucleobases variesproton (i.e., fromdH8A, dH2A, or 60H5/H6C) of a nucleobase
(Table 1) from 55.6+ 0.1 to 56.04 0.1 kJ mof ! for G"pApA relative to 9-guaninyl (i.e., frodH8G) in a given oligo-RNA
(4),%¢56.4 £+ 0.1 kJ moi? for G'pApC (5),%¢55.3+ 0.1 to suggests a higher electrostatic screening. On the other hand, an
56.24 0.1 kJ mot? for G"pApApC ), 54.7+ 0.2 to 57.5+ increase of the Iy, value found from a marker proton of a
0.2 kJ mot? for G"pApApApC (7), and 55.14 0.1 to 59.9+ nucleobase relative to 9-guaninyl in a given oligo-RNA suggests
0.7 kJ motl? for G-pApApApApC (8). These values should an added electronic contribution from those nucleobases them-

be compared with thaGj,, of 52.8+ 0.1 kJ moft ! for G pEt selves owing to their specific pseudoaromatic character orches-

(18),%d52.44 0.1 kJ mot™® for G™pA (2a),*d and 53.9+ 0.1 trated by the change of the local microenvironment.

kJ mol for of CpG~ (3b). The differences ir‘AGSKa““’f*' from 9-guaninyl with re-
The AGg, for 9-guaninyl obtained from any other marker spect to the monomeric GpEtld) or 5-EtpG (le) (i.e.,

protons (H8A/H2A or H5/HEC) of the neighboring nucleobases AAG,) is a measure of the relative stability of the 9-guany-
within any single oligo-RNA2a—8 (52—59.9 kJ mot?) is late ion in the stacked vs destacked state (Table 1) owing to
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variable efficiency of the electrostatic interactions (frer.1
to 3.6 kJ mof* in 2a—8). On the other hand, thaG;y, for

distribution of the offset stacked nucleobases, which is mani-

fested in the observed variationKg of 9-guaninyl from

9-guaninyl from the marker protons of other nucleobases show different marker protons within the hexamekpK, £+ 0.9,

the subsequent electrostatic modulatid\Ggc, ~ —0.9 to

AAGH,~ 5.1 kJ mot?) and pentamerXpKa + 0.48,AAG;,

7.1 kJ mot), depending upon the sequence context as well as ~ 2.6 kJ mott).

the number of phosphates (chain length) of the oligo-RNA chain.
The AG;y, is always larger AAG, > 0) in all residues of
oligo-RNA than the monomeric GpEL#) (Table 1) with the
exception of GpA 2a)*d as well as for & of ApG (2b) and
CpG @b).

The fact that the g, (Table 1) of 5Gp residue can be

(ii) Origin of Atom—mo and Anion(G)-Purine—s/Dipole
Interactions.We considered both atorre® and the anion-
(G™)—purinest/dipole interactions in order to explain the
observed electrostatic interactfbhfor tetrameric, pentameric,
and hexameric RNAs across the pH range ofl2. The
interaction between the 9-guanylate ion and the neighboring

measured from its own marker proton as well as from the other 9-adeninyl system is complex because of the fact that a
marker protons of the neighboring residues in ssRNA shows 9-adeninyl moiety, consisting of electron-rich imidazole {it

that the constituent nucleobases in the hexadr{er which the
first to sixth nucleotide residue is21A apart in the unfolded

fused with the electron-deficient pyrimidine (Py system, has

a permanent dipoler{dipole) (« & 3.0—3.7 D)14d This means

state), as well as in the dimers, trimers, tetramer, and pentameithat the electrostatic interaction between the neighboring 9-gua-

2a—7, are electronically coupled because of the offset stacking.

nylate ion and 9-adeninyl can either bEpulsive anion(G")—

This enables each nucleobase in the chain to engage with the?/dipole(In?™) or attractive anion(G")—z/dipole(Py*) inter-

next neighbor(s) through a variable electrostatic interaction,

action, depending upon their relative orientation. The relative

depending upon their individual pseudoaromatic characters chemical shift differencesow-p)] of protons of various

modulated by their respective microenvironmefits.

(D) Mechanism of Interplay of Electrostatic Interactions
in ssRNA. The aromatic interactiofis® involved among the
nearest-neighbor nucleobases in our oligo-RNA system are mor

complex in nature compared to that observed in nonbiological

molecule&~7 containing simple aryl systems such as phésiyl
or naphthylf9 The attractive atomzo interactiort in the offset

stacked geometry exists among the neutral 9-guaninyl and
neighboring 9-adeninyl, between 9-adeninyl and 9-adeninyl, as

well as between 9-adeninyl and 1-cytosinyl-é&d) in the
tetrameric, pentameric, and hexameric RNAs, as originally
observed by us for the dimefftand trimeri¢e RNAs.

(i) Participants in the Electrostatic Cross-Modulation in RNA.

€

nucleotide residues in the oligo-RNAs between the neutral (N)
and the deprotonated (D) states ¢fGp residue here show
(Figure 3) (i) how far the electrostatic anion(z-s/dipole-
(Im®7) interactions propagate along the RNA chain and (i) how
the interplay of the stabilizing atomro and anion(G)—a/
dipole(Py™) interactions vs the destabilizing anion(G-m/
dipole(In?~) interaction dictate the two-state stacking
destacking equilibria as a function of pidalong the RNA
chain. In this connection, it should be emphasized thadthe
(marker for the imidazole part of the 9-adeninyl) suffers larger
deshielding upon deprotonation because of destacking owing
to repulsive anion(G)—ax/dipole(In?~) interactions, whereas
OH2 (marker for the pyrimidine part of the 9-adeninyl) shows
only shielding in the D state because of the attractive anion-

Under quasiphysiological conditions, we have an electrostatic (G-)—x/dipole(Py™) interaction.

interplay between different electron clouds of various pseudoar-

(i) Effect of Atommo and Anion(G)—Purinest/Dipole

omatic nucleobases which are modulated by the phosphate angneractions The implication of generating a negatively charged

the 2-OH. In contrast, the electronic factors that contribute to
the microenvironmental changes in our oligo-RNAs under
alkaline pH are the mutual interactions and interplay of four
electron-rich partners: (i) phosphates, (ii) the vicinaDH (free

or intra- or intermolecularly hydrogen-bonded), (iii) guanylate
ion, and (iv) different pseudoaromatic nucleobases.

Clearly, the observedG;,, from each marker proton in our
ssRNA has, however, two contributors: (1) the electronic
contribution from the specific pseudoaromatic character of
each nucleobase (Q) (i.e., their relative electron-rich or
electron-deficient  character, Al marker proton of )
[AGgkal 48 from the ssriay @Nd (2) theAGS,, of 9-guaninyl itself
(Type 1effect®which is [AG} ] 1igsy These two contributing
terms [(1) + (2)] together define the specific free-energy
difference Type 2 effect'®) of the two-state protonatior=
deprotonation equilibrium of 9-gunainyl, which is observed in
each of theotheraromatic marker protons in the RNA molecule.
Hence, the number cAGy, can be as high as the number of
marker protons available in an oligo-RNA because of their

center, uporN! deprotonation of 9-guaninyl residue, is that the
nucleobases in the ssSRNA chain become partially electronically
decoupled (destacked), which is evidenced by the destablization
of the helix, compared to that in the neutral state (Figure 3).
Comparison of the relativéH8 shift (Table 2) as well as the
relative magnitude oAd(n-py of all aromatic protons in Figure

3, however, shows that the extent of this electrostatic promoted
decoupling/destacking within the ssRNA helix is distance-
dependent. This demonstrates that the effect of 9-guanylate
charge at the 'Sterminus is perhaps largest until the third
nucleobase, and then this effect is felt less and less as the
distance between this charge and a given nucleobase increases
in the helix.

As the pH becomes alkaline, the phosphate being negatively
charged should repel the negatively charged guanylate anion.
The alignment of all other nucleobases in the RNA sequence
should be dictated by the guanylatghosphate repulsion, which
will be further modulated in a variable manner depending upon
the individual pseudoaromatic character of the nucleobases. This

different chemical nature and also depending upon how the may initiate a new stacking orientation and/or planar nucleobase
edges of the nucleobases sense the immediate chemical mirotation, which would steer the two-state stackimglestacking
croenvironment around them. This variation of immediate equilibria to a relatively more destacked state, causing a
chemical microenvironment modulates (polarize) the electron destabilization of the sSRNA helix. This destablization of the
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Table 2. H Chemical Shifts [0y, in ppm]2 at the Neutral (N) and the Deprotonated (D)2 States at 298 K for Compounds 1—8

Ons Oz [ Ors
compounds N D N D N D N D

GpEt (La)P 8.010 7.861
EtpGpEt (Ld) 8.097 8.011
5-EtpG (16) 8.078 7.976
EtpApEt (1f) 8.493 8.493 8.284 8.283
5-EtpC (1g) 7.934 7.933 6.100 6.099
GpA (2a) Gp 7.906 7.765

pA 8.345 8.401 8.206 8.210
GpC @a) Gp 8.039 7.862

pC 7.821 7.854 5.704 5.923
CpG @b) Cp 7.743 7.640 5.589 5.789

PG 8.036 7.975
GpAlpA (4)° Gp 7.903 7.751

pAlp 8.234 8.289 8.133 8.119

pPA 8.225 8.277 8.024 8.022
GpApC B)° Gp 7.958 7.798

pPAp 8.278 8.395 8.163 8.160

pC 7.668 7.737 5.658 5.756
GpAlpAZpC (6) Gp 7.922 7.779

pAlp 8.235 8.312 7.961 7.956

pAZp 8.122 8.183 8.088 8.085

pC 7.603 7.623 5.593 5.614
GpAlpA%pA3C (7) Gp 7.887 7.736

pAlp 8.216 8.285 7.907 7.898

pAZp 8.084 8.145 7.878 7.863

pA3p 8.029 8.054 8.054 8.045

pC 7.573 7.562 5.530 5.535
GpALpAZpA3p AC (8) Gp 7.875 7.720

pAlp 8.206 8.242 7.905 7.880

pAZp 8.091 8.142 7.817 7.805

pA3p 8.000 7.999 8.058 8.052

pA“p 7.969 7.963 7.827 7.808

pC 7.558 7.543 5.508 5.503

aThe chemical shifts at the deprotonated (D) state are given in italics. All chemical shifts are measured with respect to internal standiggg BSS (
0.015 ppm). See the Experimental Section for det&iB3ata are taken from refs 4d,e.

helix dictates a change of relative shielding or deshielding of a of individual sugar units (see Figures 4 and 5) to the more South-
specific marker proton owing to the reorientation of the stacking type conformation in the deprotonated oligo-RNAs, thereby
geometry of the nearest neighbor(s). This may be the reasonconfirming that the destabilization of the stacked RNA helix
when H8A becomes deshielded, H2A responds by slight indeed takes place in alkaline pH as a result of the guanylate
shielding by simple syA= anti shift of the glycosyl torsion. ion formation.
Clearly, in the absence of the vicinal 3-bond coupling constant  Hence, in the case of pentameric and hexameric RNA, it is
data for the torsional angles of the sugahosphate backbone  correct to say that the H8A deshielding in the alkaline pH is
or the dipolar coupling data for deriving the relative orientation synonymous of the lost stability of stacking as evident from
of the RNA molecule at the neutral versus deprotonated state,the AGRsoutn20siyShift in favor of the S-type conformation.
it is simply not possible to differentiate this pH-dependent  The AAGY_y9e¢) Values in Figure 5 also show that the
geometrical change in any exact terms. destacking takes place more efficiently up to the third nucleotidic
(iv) Destabilization of sSRNA Helix in Alkaline pH Has Two residue (from the send), and then it gradually decreases from
Indicators: More Positie AGR,uysouthaosky @Nd  Relatie the pA’p to pC-3 in GpApA2pA3pC (7) and pAp to pC-3in
Deshielding of H8AIt is well-known'@ that in stacked helical ~ GpAlpAZpA3pA*pC ().
oligo-RNA (i) the overall conformation of the sugar moieties (v) Why Does the Destacking in Alkaline pH Become Less
is 3-endo2'-exo(North-type) because this allows nucleobases and Less Prominent as the ssRNA Chain Length Increades?
to be pseudoaxidf:c thereby bringing them in closer spatial strength of the stacking in ssSRNA increases as the chain length
proximity (3—3.5 A) to be electronically couplé#e with the increases, and hence, thel8/H2 of 9-adeninyl anddH5/H6
nearest neighbor, and (ii) the aromatic ring current of a given of 1-cytosinyl moieties are more shielded in oligo-RN2s8
heterocycle has a shielding effect on the protons of the adjacent(Table 2) in the N state, just as the H8G, compared to their
stacked heterocycle. Upon destabilizaffgh!32d of stacking monomeric counterpatt® On the other hand, th&d-p) shows
in oligo-RNA, the reversal of this process has been found to that the relative shielding of H8/H2A as well as H5/6C protons
take place in a dynamic mand&rin that an increase of the  (with much less pronounced change for H8G) in the D state
South(S)-type pseudorotamer population over the North(N)-type becomes less and less as the chain length increases as a result
as well as a deshielding of the aromatic protons are observed.of a shift of the two-state stackirg destacking equilibriufic.13¢
In a similar manner, concurrent with the deshielding of HBA toward a destacked state (predominantly up to third nucleobase).
proton in the alkaline pH compared to the neutral counterpart, Thus, the relativé\d-p) for all aromatic marker protons except
we also observe a shift of thé-8ndo2'-exo (North-type)= H8G (Figure 3) decreases in the following order: GpC
2-endo3-exo (South-type) equlibrium AG},usoun(zosd GpApC < GpApApC < GpApApApC < GpApApPApApC.
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Comparison of AG"'NB, or MG"{D . in the neutral (N) versus the deprotonated (D)
states shows destabilzation of the RNA helix in the alkaline pH {more positive aG°{,u5,
indicates more %S-type sugar, which means more helix destabilization)

mD-N
ED GpEt GpC  GpA  GpA'pA GpA'pC  GpA'pA%pC GpA'pA’pA°pC GpA'pA’pA’pA‘C
[=1})
5.0+
[} 4
d Wy "
o
[0} 1.0
3 -1.04
© 3.0
[
=-5.0
fu)
= -7.0
-8.0
G|C G| A G A1| A G |Al|C G A1|A2 C G (A1|A2 A3 | C G A1 AZ (A3 |A4| C
D-N |24 44(1.8 2.9(0.8 3.4(1.2|0.7 4.8(1.8 0.8_ 3.8 23 0.8_0.2_ 256|230 -0.3-0.2 25 1.5_2.4 -4.1|-0.8/-0.2|
D (68 2.8(-0.8 2.8(0.9 3 |0.4[-0.5 3.2(-0.9) -2 3.4 |-1.1|-2.8-26 2.8(01| 3 |-4.4-2.8 3 0.2 1.7/-8.6/-4.7 -3
N (34 -1.6|-2.6 -2.1)0.4 -0.4-1.6(-1.2 -1.6|-2.8|-2.8 -0.2)-3.4|-3.6 -2.8 0.2(-2.2|-3.6/-4.1-2.8/ 0.5 |-1.4 -4.1|-4.5/-4.1|-2.8

Figure 5. Free energyAGRuysoutn(zosk)in kJ moi! represented in the figure @6Gy,¢] estimations for the ‘3endo2'-exo (North-type)= 2'-endo3'-exo
(South-type) pseudorotational equilibritifior the respective pentofuranose moiety in each nucleotidic unit in Gt GpA (2a), GpC @a), GpApC 6),
GpAlpA?pC (6), GpAlpAZPA3C (7), and GpApAZpA3pA“pC 8) at the neutral (N, shown in violet bar) and deprotonated (D, shown in red bar) states (see
the table below the plot foAGR,ysou2eskvalues at N and D states as well as the difference between these two states;Ng. The free-energy values

have been calculated using Gibbs reﬁatimﬁ?:ﬁ,mh,SOum(zggK): —RTIn K, whereK = (xn/xs) and T = 298 K (See the Experimental Section and Figure 4

for details of the thermodynamic calculationf)AGy,_yesi) Values have been calculated using the relat®G,sounosdp — [AGRorthisoutnzosidn =

AAGR_y 298¢y The bars are in the same order as the sequence starting #Gm @n the left. The difference between the D and the N states\(Bshown

in green) shows the relative stacking (negative free energy) or destacking (positive free energy) over the pH-titration range. It can be seln/aluasD

that, upon generation of thé-§uanylate ion, the destacking takes place until the third nucleotide in the hexa-, tetra-, and pentamer (compare with the more
sensitiveAd-py values in Figure 3).

This destabilization in the two-state stackifigdestacking hexameric RNA molecule allowed us to demonstrate that the
equilibrium (that is the shift toward destacking) is becoming electrostatic atomsro interaction indeed extends from the first

less and less effective because the repulsive anior{@pole- to sixth nucleotide in a single-stranded hexameric RNA in the
(Im°~) interactions are counteracted more and more steadily by neutral state. This also shows that the strength of the stabilizing
the attractive atomsro and anion(G)—z/dipole(Py™) inter- stacking interaction is strongest under the quasi-physiological

actions as the RNA chain length increases. This is indeed condition at the neutral state. The transmissioAGf, from
evidenced by the fact that not only the terminal 1-cytosinyl of the 3-guanin-9-yl (or 9-guanylate ion) to th&-8nd nucleobase
pC, but also the 9-adeninyl of the immediate neighbdfp in the hexameric RNA3 shows the cross-modulation of the
(comparing GpApC with tetramer, pentamer, and hexamer) or pseudoaromatic character of the nearest neighbors by electro-
pAZp (comparing pentamer and hexamer) showed reducedstatic interaction.
Aon-p) (for 0H8A) with increase of the RNA chain length. (2) The stability of the stacked helical RNA conformation is
Thus, the basis for the observation of the titration curve of reduced by the destabilizing anion(z-z/dipole(Im?-) inter-
the marker protons (H8, H2, and H5/H6) is a pH-dependent action as a result of the generation of the 9-guanylate ion. This
response of the relative destacking or the stacking process as @estabilizing effect in the deprotonated RNA becomes less
result of competing electrostatic interactions through the ssRNA pronounced as the RNA chain length increases because of
helix. opposing atom o interaction (major) as well as minor anion-
Itis noteworthy that even in the dimet$such GpA ga) or (G™)—an/dipole(Py+) interactions. This is quite similar to the
ApG (2b), the generation of 9-guanylate ion causes a general polar— effect found between ions and aref§é,such as
deshielding pon-p)] of the H8 proton (anddH2 is non-  carboxylate-arene interactiorfsand trimethylammonium ion
responding) of the neighboring 9-adeninyl group, which suggests agrene interaction® The 9-guanylate ion has a maximal destack-
that a destacking due to the Coulombic repulsive aniojG

dipole(In?~) interaction has taken place in the alkaline pH. (19) At the neutral pH, the difference of magnetic shielding{u-o) > 0)

Comparisoiof oligomerization shift in N and D states of found in oligomers ©) with respect to the monomerdl, GpEt (la) and
. . . . . EtpApEt (Af) and EtpC {g), results from the cross-modulation of the
the oligo-RNA with respect to the appropriate monomeric units pseudoaromatic character owing to the offset-stacked coupled aromatic
(1a_g) shows that as the Stacking increases, the anioh{G heterocycles within a polyanionic suggshosphate backbone. Comparison

. o . of Adnm-o0y) and Adpm-o) as well as ofAdn-p) for cytosin-1-yl (i) at
ﬂ/d|p0|e(|m) ) interaction becomes weaker (Tables S1 and S2 the 3-t53rm|)nal show(ed that the stacking (pro;))ensity 6f increases with
i i i the chain length (Tables S1 and S2 in the Supporting Information), having
in Supporting Informatlon)' maximal upfield shift in the hexameric-RNA at both the neutral as well as
. in deprotonated states. Similarly, the stacking propensity of tHe pAd
Conclusions pA3p also increases for hexameric-RNA compared to pentameric-RINA (
. . . and8) as a function of pH, which is consistent with the observed reduction
(1) The pseudoaromatic nucleobases in the hexameric RNA  of Ad_p). It is noteworthy that the relative stacking abilities2#£8 are

i00- _ i i reduced at the deprotonated state compared to that in the neutral state
8 as well as other o_Ilgo RNA4 _7 constitute an electronically [Adne0y > Adopr oy, decrease oRAGK g0 from 2 to 8, Tables S1
coupled heterocyclic system right across the pH range; 6.7 and S2 in the Supporting Information]. It, therefore, shows that the

i ; i i i stabilizing offset stacking through electrostatic atemw and ion-dipole
12.1. The SpECIfIC generatlon of a smgle guanylate ion in the interactions increases most in the hexameric-RNA, which means that the

stacking in hexamer opposes the anion(&r/dipole(In?~) interaction
(18) Leninger, A. L.; Nelson, D. L.; Cox, M. MPrinciples of Biochemistry (causing destacking) more efficiently than in the dimeric-, trimeric-,
2nd ed.; Worth Publishers Inc.: New York, 1993. tetrameric-, or pentameric-RNA.
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ing effect up to the third nucleobase along the ssRNA chain, from the marker protons show the subsequent electrostatic

and then the effect diminishes considerably.
(3) The magnitude of the chemical shift change in any of the

modulation AAGg, ~ —0.9 to 7.1 kJ motl), depending

upon the sequence context as well as the number of phosphates

aromatic protons in either of the two coupled nucleobases differs (Chain length) of the oligo-RNA chain. ThaG;,, is always

in a variable manner depending upon the geometry of stacking,

larger AAG?

oka > 0) in all residues of oligo-RNA than the

electron density around the heteroatom, as well as the sequenc&onomeric GpEt 1a) (Table 1) with the exception of GpA

context, which is evident from the relative chemical shift

(2a)d as well as B of ApG (2b) and CpG 8b). This means

Changes of the aromatic marker protons as well as from their that these additional electrostatic contributions originate from

comparison with the monomeric units. Thus, the physicochem-

the specific chemical nature of the pseudoaromatic nucleobases

ical character (i.e., the cross-modulation of pseudoaromaticity) ©f the immediate neighbors due to the change of the local

of an individual nucleobase in an oligonucleotide is determined

electronic microenvironment, in addition to the charge of the

in a tunable manner, depending upon both the geometry and9-guanylate ion, thereby suggesting, for example, that the

the strength of the nearest-neighbor interaction.

(4) The pH titration studies with the GBAAZpA3pA*pC (8)
showed that thelg, of N1-H of 9-guaninyl from its owrdyH8G
(PKa29.76+ 0.01),0H8A! (pK, 9.65+ 0.01), anddH2A? (pKy
9.804 0.01) of the pAlp moiety, J0H8A? (pK, 9.95 & 0.01)
anddH2A? (pK, 10.54 0.07) of the pA%p moiety,0H2A* (pK,
9.66+ 0.01) of pPA“p moiety, anddHB6C (pK, 10.18+ 0.03) of
the terminal ©-3' moiety. Thus, the I§; of 5'-Gp residue from
its own 0H8G varies only slightly (from 9.76- 0.02 to 9.8&
0.01) in the oligo-RNA$—8, which should be compared with
the (K4 of 9.25+ 0.01 for GpEt La), pK, of 9.17 + 0.02 for
GpA (2a), pK, of 9.56 £ 0.01 for GpC 8a), pKa of 9.45 +
0.02 for CpG 8b), and K, of 9.57 + 0.01 for B-EtpG 3b).
The variation of Kzs for 5-Gp residue fromother aromatic
marker protons in the hexamer is, however, more pronounce
(from 9.65+ 0.02 to 10.5+ 0.12) (Table 1). This variation of
PKas (ApKa £ 0.9) in the hexamer represent@da Gy, of ca.

5.1 kJ mot?, which has been attributed to the variable strength
of electrostatic interactioA%ebetween the electron densities of

the involved atoms in the offset stacked nucleobases as well a

with that of the phosphates.

(5) The net result of obtainingkas of a single ionization
point from all marker protons of each nucleotide residue is that

it allows us to experimentally examine the microscopic change
of the electronic environment around each constituent nucleo-
base along the RNA chain in a stepwise manner with consider-
able accuracy without having to make any assumptions. Specific

isotope labeling at various sites (i.e., nonuniform labeling) may
help in solving the resonance overlapping problems while
measuring the pH-dependent chemical shifts of larger biologi-
cally active oligo-RNA (depending upon its stability in the pH
range to be studied) in understanding the RNA strueture
function, in general.

(6) The AGp, for 9-guaninyl from different marker protons
varies (Table 1) from 55.6- 0.1 to 56.0& 0.1 kJ mof? for
G pApA (4),%¢56.44 0.1 kJ mot! for G"pApC (5),*¢55.3+
0.1 to 56.24+ 0.1 kJ mof? for G"pApApC ), 54.7+ 0.2 to
57.54 0.2 kJ mof?! for G"pApApApC (7), and 55.14 0.1 to
59.9+ 0.7 kJ mof? for G-pApApApApC @). These values
should be compared with th&G;,, of 52.8+ 0.1 kJ mot™* for

G pEt (1),*452.44 0.1 kJ mot? for of G™pA (2),*d and 53.9
+ 0.1 kJ mof?! for CpG~ (3b). The differences INAGk,
measuredab.th from 9-guaninyl in2—8 with respect to the
monomeric GpEt 1a) or 5-EtpG (le) (i.e., AAGy,) is a
measure of the relative stability of the 9-guanylate ion in the

pseudoaromatic character of all 9-adeninyl groups in the
hexamer is not the same.

Implications

(1) The pH titration study offers an in depth understanding
of the nature of the electrostatic mediated self-assembly process
by simple intramolecular stacking interactions and the confor-
mational dynamics in the single-stranded RNA, which are
normally very difficult to quantitate by state-of-the-art NMR
spectroscopy.

(2) The generation of a new anioflor cationid®9 center
in the ssRNA destabilizes the stacked state in a distance-
dependent manner, which can be thermodynamically described
using our pH titration procedure. The fact that thi, pof

¢9-guaninyl can be observed from the marker protons of other

neighboring residues in the hexamer shows that all residues in
the hexamer are stacked (excepi3p), although stacking
geometry cannot be elucidated, mainly because of inadequate
NMR data. Since the A% residue in the hexamer did not

Jespond to the titration; it shows that it is outside the stacking

zone of the neighbors, perhaps bulged out and solvated. Thus,
pH titration study with NMR in conjunction with structure
elucidation by NMR/ab initio or X-ray and subsequent Poisson
Boltzmann calculatiothof the surface potential distribution may
allow us to map the electrostatic effect in a sSSRNA, in gerféral.
This may help us to understand why the sequence context is so
important for biological recognition, interaction, and function
of RNA in general.

(3) The sequence-dependent modulation of the pseudoaro-
matic character of the nucleobases in an oligo-RNA would
change the ligand binding properties both by weak interactions
(electrostatic, hydrophobic, van der Waals) as well as by
hydrogen bonding interactions as found in the aptamers. We,
however, envision that the spread of these electrostatic interac-
tions along the RNA chain would depend on whether the
neighboring nucleobases are electronically coupled owing to
offset stacking or not (ONOFF switch).

(4) This sequence-stacking based cross-modulation of the
pseudoaromatic character to the nearest neighbor at the ground
state is likely to be more pronounced in the helical double-
stranded RNAs than in the ssSRNA because of the restricted
flexibility of the former.

Experimental Section

(A) pH-DependentH NMR Measurement. All NMR experiments
were performed in Bruker DRX-500 and DRX-600 spectrometers. The

stacked vs destacked state (Table 1) 0W|ng to the variable NMR Samp|es for Compounds—s (Figure 1) were prepared inzD

efficiency of the electrostatic interactions (fronil.1 to 3.6 kJ

mol~1). On the other hand, th&G;,, measured for 9-guaniny!
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solution (concentration of 1 mM in order to rule out any chemical shift
change owing to self-association) witlass = 0.015 ppm as internal
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standard. All pH-dependent NMR measurements have been performedbar plot of %North-type pseudorotamer population (errof-@P6) at

at 298 K. The pH values [with the correction of deuterium effect] the N and D states as well as their differences{DN). The free
correspond to the reading on a pH meter equipped with a calomel energies AG°nortnisoutnzesky In kJ mol!] have been calculated using
microelectrode (in order to measure the pH inside the NMR tube) Gibb’s equation:AG®nortvsouthzesky= —RT In K, whereK = (Xort/
calibrated with standard buffer solutions (in®) of pH 7 and 10. The Xsouth); Xnorth @Nd Xsoun @re the mole fraction of North-type and South-
pD of the sample has been adjusted by simple addition of microliter type pseudorotamer, respectively. Hence, the negaA®®ortsouth(zesk)
volumes of NaOD solutions (0.5, 0.1, and 0.01 M). The assignments implies relatively more North-type conformational population, so more
for all compounds have been performed on the basis of selective homo-stabilization due to stackifg3>4(see Table S3 in Supporting Informa-
(*H) and heteronucleafP) decoupling experiments f@a as well as tion for 3J;:» values).

using*H NOESY,*H COSY, *P decoupledH COSY, TOCSY, and (E) Calculations of the Dimerization and/or Oligomerization
*P—*H correlation spectroscopy fé—8 at 298 and 283 K at neutral  ghjft, Dimerization and/or oligomerization shif are calculated for
pH (see Supporting Information). AtH spectra have been recorded  the individual nucleotide residues in a dimer (d) and/or oligomer (O)
using 128 K data points and 64 scans. All NOESY spectrasfes with respect to the monomeric (M) counterpartsdf—q and/or
(see the Supporting Information for details) were recorded in & 600 Ag, ., o as well asAdpw-q) and/or Adyw-o), respectively] at the
MHz spectrometer with a mixing timer§) of 800 ms. For each FID neutral (N) and deprotonated (D) statés.

of NOESY, 'H DQF—COSY, 3P decoupledH DQF—COSY, and

TOCSY spectra, 64 scans were recorded with a delay of 2s and the  Acknowledgment. Generous financial support from the
data were zero-filled to 4 1 K in thet; andt; directions, then Fourier Swedish Natural Science Research Council (Vetenskapsradet),

transformed, phase adjusted, and baseline corrected in both dimensionﬁqe Stiftelsen fo Strategisk Forskning, and Philip Morris Inc
using polynomial function. The®®P—H correlation spectroscopy is gratefully acknowledged ' '

experiment was performed in the absolute magnitude mode using 64
scans with a delay of 2s and then zero-filled te 1L K data points in

thet; andt, directions, then Fourier transformed, phase adjusted, and - o . . . .
baseline corrected in both dimensions using polynomial functions. and oligomerization shift estimated frothi chemical shift at

(B) pH Titration of Aromatic Protons in 1 —8. See refs 4c and 4d the neutral (N) state a'g 298 K for ar_omatlc protons _of compounds
for details of the titration profile of GpEtL6), GpA (2a), ApG (2b), 2a, 3a and 4-8 using appropriate monomeric reference
GpAlpA (4), and GpApC §). The pH titration studies (pH 6:912.1) compounds Xa 1f, or 1g). Table S2: Dimerization and
for isomeric GpC 8a) and CpG 8b) consist of~28 data points (see  oligomerization shift estimated frodH chemical shift at the
Figure 2). Similarly, the pH titration studies for GEMpC 6) (pH deprotonated (D) state at 298 K for aromatic protons of
7.1-11.8); GpApApA®pC (7) (pH 7.1-11.7), and GpApAZpASpA*- compounds2a, 3a, and 4—8 using appropriate monomeric
PC () (pH 6.7-12.2) consist 0f~25-33 data points (see Figure 2).  reference compoundgd 1f, or 1g). Table S3: Endocycliély»>
The cor_respondmg _H|II p_Iots foBa,_ 3b, and §—8 are given in the values for compoundsa, 2a, 3a, and4—8 at 500/600 MHz.
Supporting Information (Figure S1 in Supporting Information), and the Figure S1: pH-dependent titration profile of the aromatic

Kas shown in Table 1 have been calculated from Hill plot analyses .
?Sea: Sect\?(’)nIC for details)v . e y protons for compoundéb—e, 3a, and3b (see Experimental

(C) pKa Determination. The pH-dependent [over the range of pH Section for methodolqu). Figure S2: Hill plot apalysis of the
6.7—12.2, with an interval of pH 0:20.3] *H chemical shift §, with pH-dependent chemical shifts of the aromatic protons for
error =+ 0.001 ppm) for6—8 shows a sigmoidal (having an average of compoundd.b—e, 3a, 3b, and6—8 giving the K, of nucleobase
20 different pH-dependent chemical shifts in each titration profile) (see Experimental Section for methodology). Figure S3: Panels
behavior [Figure 2]. The If, determination is based on the Hill plot A, B, and C show stack plots of the pH-depend&itNMR
analysig!>?*14using pH= log((1 — a)/a) + pKa, wherea represents  chemical shifts of aromatic protons for compouréds3 [only
a fraction of the protonated species. The value @ calculated from 10-12 pHs (including two plateaus at two extreme pHs) are
the change of chemical shift relative to the deprotonated (D) state at ashown out of totak25—30 pHs, see Experimental Section for
given pH (o = dp — dops for deprotonation, wher®ass is the  — yoiaiie1 Figure S4: Panels AB, B1—6, and C6 show NMR

experimental chemical shift at a particular pH) divided by the total .
change in chemical shift between neutral (N) and deprotonated (D) assignments for compounds-8. The 2D NMR spectra for

state (7). Thus, the HenderserHasselbalch-type equatiialccan compounds GpAA?pC (6, panels AL-5) GpApA?pA*pC (7,
then be written as pH= log((Ar — Ap)/Ap) + pKa The [K, is panels BX6), and GpApAZpA3pA“pC (8, panels CL6).
calculated from the linear regression analysis of the Hill plot [Figure Panels A1, B1, and C1 are for TOCSY. Panels A2/A3, B2/B3,
S2 in Supporting Information]. and C2/C3 are for DQFCOSY. Panels A4, B4/B5, and C4/

(D) pH-Dependent Sugar Conformation and Gibbs Free Energy C5 are for NOESY. Panels A5, B6, and C6 are $&p—1H
[AG Nortsoutn(zssic] Calculations. The conformational analyses of the  correlation spectroscopy. The connectivity and proton assign-
furanose moiety ofla, 2a 3a and4—8in the N and D states of the  ments are shown in each spectrum. See any current masthead

two-state 3endo2'-exo (North-type)== 2-endo-3-exo (South-type) 446 for ordering information and Web access instructions.
pseudorotational equilibriuth have been performed by using the

relation %North-type= 100(7.9 — 3J;2)/6.91%¢ Figure 4 shows the JA034651H

Supporting Information Available: Table S1: Dimerization
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