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Abstract: \We here show an electrostatic polar-r interaction from the first to the third aglycon, via the second
aglycon, in the ground state in two single stranded trimeric RNAs, 5'-GpA!pA2-3’ (3) and 5'-GpApC-3' (4),
as a result of intramolecular nearest neighbor offset-stacking. The experimental evidence in support of this
conclusion has been obtained by comparing the pKas of each aglycone in the two trimers with those of
guanosine 3'-ethyl phosphate, GpEt (1) and 5'-GpA-3' (2): Thus, the pK, of N*-H of guanin-9-yl of 5'-
GpA!pA2-3' (3) could be measured by pH titration (pH 7.3—11.6) of its own SH8G (pKa 9.75 £ 0.02) as
well as from dH8A! (pK, 9.72 £ 0.02) and 0H2A! (pKa 9.83 & 0.04) of the neighboring pAlp moiety and
the OH8A? (pKa 9.83 £ 0.02) of the terminal pA? moiety. Similarly, the pH titration of GpApC (4) shows the
pKa of N*-H of guanin-9-yl from its own dH8G (pK, 9.88 + 0.03) as well as from 6H8A (pK, 9.87 + 0.01)
of the neighboring pAp moiety, and 6H5/H6C (pK, 9.88 + 0.01 and 9.90 + 0.01 respectively) of the 3'-
terminal cytosin-1-yl. This intramolecular nearest neighbor electrostatic interaction in the single-stranded
RNA modulates the pseudoaromaticity of the nearest neighbors by almost total transmission of AGp,
because they constitute an extended array of offset-stacked coupled aromatic heterocycles within a
polyanionic sugar—phosphate backbone at the ground state. The enhanced basicity of Gp residue by ca.
0.6 pKa unit in the trimers compared to that of the dimer is a result of the change in the electrostatic
microenvironment owing to the nearest neighbors in the former (the nucleobases as well as the phosphates).
Thus, the AG;,, from the 5'-guanylate ion to the 3'-end aglycon via the central adenin-9-yl is 55 to 56 kJ
mol~1in each step through a distance spanning ~6.8 A in an unfolded state. As a result, the pK; of guanin-
9-yl moiety has become 9.25 + 0.02 in GpEt (1), 9.17 £ 0.02 in GpA (2), 9.75 £ 0.02 in GpApA (3), and
9.88 £ 0.03 in GpApC (4). This means that guanin-9-yl moiety of trimers 3 and 4 is more basic than in the
monomer or the dimer. The net outcome of this electrostatic cross-talk between the two neighboring
heterocycles is creation of new hybrid aglycones in an oligo or polynucleotide, whose physicochemical
property and the pseudoaromatic character are completely dependent both upon the nearest neighbors,
and whether they are stacked or unstacked. Thus, this tunable physicochemical property of an aglycon
(an array of the extended genetic code) may have considerable implication in our understanding of the
specific ligand binding ability of an aptamer, the pK, and the hydrogen bonding ability of nucleic acids in
a microenvironment, or in the triplet usage by the anticodon—codon interaction in the protein biosynthesis
in the ribosome.

Introduction are relatively well studied, the experimental data supporting the

nature of stacking interactiofis? is very limited. Recent
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studies on the thermodynamic stabilization of the same strandResults and Discussion

by nearest-neighbor interaction in DNA and R\2owing to

inter- or/and intrastrand stacking interactions by a dangling®base

or a 3- or 5-tethered chromophoféhave shed new light on

the importance of stacking in the self-assembly process of DNA

or RNA. Studie&® such as temperature and/or concentration
dependent intermolecular base-base association constants,
well as substituent effectsin various nonbiological aromatic

systems have also elucidated the role of aromatic stacking

interactions as a major force to the stability of nucleic acids.

We have recently demonstrated that a nucleobase in a

dinucleoside (3—5") monophosphate showed not only its own
pKa but also the K, of the nearest neighbor, which provided a

direct evidence of electrostatic interaction between two nearest
neighbor nucleobases in the ground state as a result of

intramolecular offset-stackinty. This electrostatic interaction

leads to almost total modulation of pseudoaromaticity by nearly

total transmission oAGy,,,**2° from one nucleobase to the
nearest neighbor (663 kJ mot?, depending upon the nucleo-
base and/or cationic or anionic state)This intramolecular

We here report that this physicochemical modulation of the
pseudoaromatic character of aglycones by the nearest-neighbor
intramolecular electrostatic interaction can propagate from the
first to the third nucleobase, via the second aglycon, in the RNA
trimers. This has been evidenced by observing tkgqd the

as

(21) (a) Nakamura, M.; Oki, MChem. Lett1976 651 (b) Ferguson, S. B.;

(22)

electrostatic interaction suggested that the chemical nature of

each aglycone in a stacked dinucleotide, unlike simple mono-
mers, constitute a electronically coupled heterocyclic system.

(8) (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.

(9) The importance of stacking has been identified in DNA polymerase activity
and in efficiency of DNA synthesis. For review: Kool, E. Annu. Re.
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8 therein. (b) Newcomb, L. F.; Gellman, S. Bl. Am. Chem. Sod 994
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nitrogen [-0.1182 au]. Such protonation saves energy of 0.2549 au (ca

159.95 kcal mot?) in interaction with HOMO [-0.3996 au] of the indole
ring. Ishida, T.; Shibata, M.; Fuji, K.; Inoue, MBiochemistry1983 22,
3571.
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(14) The equatiom\Gyy, = 2.303RT-pK, has been used to estimate the free
energy of deprotonation of guanine-9-yl at pHoK, for compoundd—4.
See ref 20 for the details of the theoretical basis of abovementioned
equation.
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2942
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Bevilacqua, P. CScience200Q 287, 1493 and references therein. (f) Xiong,
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D. P.; Strobel, S. ARNA?2001, 7, 1454, and references therein.

(17) Schmidt, A.; Kindermann, M. K.; Vainotalo, P.; Nieger, 81.0rg. Chem.
200Q 64, 9499.

(18) (a) Chan, S. I.; Nelson, J. H. Am. Chem. Sod969 91, 168. (b) Altona,
C. In Structure and Conformation of Nucleic Acids and ProteNucleic
Acid Interactions Sundaralingam, M., Rao, S. T., Eds.; University Park
Press: Baltimore, 1975, 613. (c) Lee, C.-H.; Ezra, F. S.; Kondo, N. S;
Sarma, R. H.; Danyluk, Biochemistryl976 15, 3627. (d) Topal, M. D.;
Warshaw, M. MBiopolymersl976 15, 1775. (e) Kolondny, N. H.; Neville,
A. C.; Coleman, D. L.; Zamecnik, P. @iopolymersl1977 16, 259.

(19) Cox, R. A. ABiochem. J1966 100, 148.

(20) (a) Perrin, D. D.; Dempsey, B.; Serjeant, EpR, Prediction for Organic
Acids and BaseChapman and Hall: New York, 1981. (b) Sharp, K. A.;
Honig, B. Annu. Re. Biophys. Chem199Q 19, 301.

It has been observed in the inter- and intramolecular stacking interaction
between indole and adeninium ring when adenine base is protonated or

(23)

(24

Seward, E. M.; Diederich, F.; Sanford, E. M.; Chou, A.; Inocencio-Szweda,
P.; Knobler, C. BJ. Org. Chem1988 53, 5593. (c) Burley, S. K.; Petsko,
G. A. Sciencel985 229 23. (d) Hunter, C. A.; Singh, J.; Thornton, 1.
Mol. Biol. 1991, 218 837. (e) Beugelmans-Verrier, M.; Guilhem, J.
Tetrahedron1981, 37, 3847. (f) Royer, J.; Beugelmans-Verrier, M.;
Tetrahedron1979 35, 2369. (g) Beugelmans-Verrier, M.; Nicolas, L.;
Gaudemer, A.; Parello, JTetrahedron Lett1976 361. (h) Doughterty, D.

A.; Stauffer, D. A.Science199Q 250, 1558. (i) Stauffer, D. A.; Barrans,

R. E.; Jr.; Doughterty, D. AAngew. Chem., Int. Ed. Engl99Q 29, 915.

(j) Cheney, B. V.; Schultz, M. W.; Cheney, J.; Richards, W.JGAm.
Chem. Soc1988 110, 4195. (k) Atwood, J. L.; Hamada, F.; Robinson, K.
D.; Orr, G. W.; Vincent, R. L.Nature 1991, 349 683. (I) Cozzi, F.;
Cinquini, M.; Annuziata, R.; Dwyer, T.; Siegel, J. $. Am. Chem. Soc
1992 114, 5729. (m) Cozzi, F.; Cinquini, M.; Annuziata, R.; Siegel, J. S.
J. Am. Chem. So@993 115 5330. (n) Cozzi, F.; Annuziata, R.; Benaglia,
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The dimerization (d)/trimerization (t) shiftfor Ongc [ Aé‘ﬂ,"c = (Orsc)GpEt

— (Onsc )dimertrimer, IN ppM] have been calculated by su%tractmgeG of

GpEt @) [((6f.SG)GpEJ,3° from that of guanosine moieties in GpA&)(
(A(Sﬁme),30 GpApA (3) and GpApC 4) (Adlge), at neutral (N) and
deprotonated (D) state. Ttm%f{;G in 2—4 at neutral (N) and deprotonated

(D) states are as followsAé‘ﬂ'BG: 0.104 (N) and 0.096 (D) fo2,%° Adyge:
0.107 (N) and 0.110 (D) foB as well as 0.052 (N) and 0.063 (D) ?ér

Thus, the different\d’ge and Adles at both neutral as well as deproto-
nated states show the disparity in partial charge distribution in pseudoaro-
matic guanine-9-yl ir2—4, owing to the nearest neighbor interaction. That
GpAPpA (3) is more stacked than GpAp@)(can also be evidenced by the
fact thatoH8 of pAp in GpApA @) is more more shielded than that of
GpApC (@) by AdrsapaplAdHsapap) = (OHsa)epapc — (OHsa Japapa ] Of

0.044 ppm at the N state and 0.106 ppm in D state. That the effect of the
third base indeed stabilizes the stacking between the first and the second
base can also be evidenced by the fact tita8 of pA in GpApA @) is

more shielded than that of GpA)(by Aé‘HBA(pA) of 0.12 ppm at the N
state and 0.124 ppm in D state.

The electrostatic interaction between the partial charge distribution of a
nucleobase (depending upon its pseudoaromatic character) amectae-

tron density corresponding to the next base constitutes-ataminterac-

tion 819The deprotonation at guanin-9-yl changes partial charge distribution
of the aglycone (particularly for heteroatoms), in the ground state, which
in turn, causes a differential electrostatic interaction between the neighboring
nucleobases in deprotonated state. The pH-dependent chemical shift change
of a particular proton (H) between neutral (N) and deprotonated (D) state
[ AdK_, = ot — o8, whereAok_ corresponds to the relative shielding
(upfield shift,AéH,D > 0) or deshielding (downfield shifﬂéq, <0)as

a function of pH] are the basis for this atame interactior?®: 1% between
nearest neighbor nucleobaseslin- 4. The pH-dependent shift @H8G
(ASKES) for GpEt (1),2° GpA (2),%° GpApA (3), and GpApC 4) are as
follows: 0.149 forl; 0.141 for2; 0.152 for3 and 0.160 for4. The pH-
dependent shift 0BH8A and OH2A (ASKS and Aok respectively) of
terminal pA moieties in Gp (2)3° and GpAfA (3) are as follows: fog,3°
ASREA: —0.056 andAd2Y: —0.004 and for3, A0TPR: —0.052 and
Ad 2 —0.002. Similarly ASKE% and Aok of pAp moieties in GBpA

(3) and GRAPC (@) are as follows: for3, AOK®L: —0.055 andAdiy:
0.014 and for, A0R¥,: —0.117 andAdfZp: 0.003. Moreover, the pH-
dependent shift 06H5C anddH6C (ASK>G and AdH°S, respectively) of

pC moieties in GPAE (4) are as follows: ASK>S: —0.098 andASK®S:
—0.069.

The difference in the efficiency of the intramolecular electrostatic interaction
amongst2—4 can be quantitatively assessed by comparingARess, .,
which can be obtained by subtractings), of the GpA @) or GpApA

(3) or GpApC @) from that of the monomeric GpEtl); Thus, the
AAG .= 0.4 kJ mot? (calculated fromoH8 of guanin-9-yl as well as
from 'Other proton markers, see below) for Gp2),{° 2.8 kJ mot? for
GpApA (3) and 3.6 kJ mal* for GpApC (4)] shows that (i) almostotal
transmissiorof the free energy of deprotonation (within the experimental
error of+0.1 to+0.2 kJ mol?) to the neighboring aglycones of guanylate
anion in2—4 [adenine-9-yl of A in 2 (OH8A: AAGS = 0.5 kJ mot™);
adenine-9-yl of Alp and that of terminal A2 in 3 (OH8AL: AAGEKa =

2.7 kJ mot?, OH2AY AAGp, = 3.3 kJ mof and0HBAZ AAGp, =

3.3 kJ mof?l) as well as aﬁaenine-g-yl of Ap and further to terminal
cytosine-1-yl in4 (0HBA: AAG,, = 3.5 kJ mof?, SH5C: AAGH, =
3.9 kJ mot! and 6H6C: AA(E;Ka = 3.6 kJ motb)]. (i) the small
differences inAAG;,, found is owing to slight changes in the microen-
vironment of the dimer and as well as the electronic properties trimers
with respect to the monomer (see also ref 25).

J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003 2095
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Scheme 1. Guanosine 3'-ethyl phosphate: GpEt(1);3° Di-ribonucleoside (3'—5') Monophosphate: GpA (2);3° Tri-ribonucleoside (3'—5')
Diphosphates: GpApA (3) and GpApC (4).

indeed modulated in the ground state by the pseudoaromatic
makeup of the nearest neighbor, unlike in the monomers. This
may lead us to understand the codon selection or degeneracy
in the triplet usage in the anticodon-codon interaction negotiated

guanylate anion of the'85p moiety from the 9-adeninyl
moieties of the central Ap as well as from the distant
3'-terminal pA moiety in 3-GpApA-3 (3), or from the 1-cy-

tosinyl moiety of -3’ in 5'-GpApC-3 (4). This observation

of AGj,'*?° transmission (55 to 56 kJ md) within the
aglycons of the RNA trimers is based on the comparison with
the K, of the guanylate anion of the monmeric guanosifie 3
ethyl phosphate, GpEL), and the dimer, 5GpA-3 (2) (Scheme

in the ribosomal machinery.

The pH-dependent titration of aromatic protons of G2 (
[OH8G (Ka 9.17 + 0.02) anddH8A (pK, 9.16 4 0.02)] as
well as that of thedH8G of GpEt () [Panel @A) in Figure 1

1). This has led us to observe how the change of the electronicand the corresponding Hill plot in Paned)(in Figure 2§ in

character of guanin-9-yl affect the neighboring aglyconéq p
and A in 5'-GpApA-3 (3), or pAp and [ in 5-GpApC-3

the pH range 6.910.7 are shown for comparison [PaneB (
and () for titration plots in Figure 1, and panelb)(and €)

(4). Our observation of the tandem intramolecular electrostatic for Hill plots in Figure 2f° with the titration profiles of the
interaction in simple offset-stacked trimeric RNAs shows that trimers, 3-GpApA-3 (3) and 3-GpApC-3 (4) (see below).
the pseudoaromatic characters of the constituent aglycones Thus, the pH titration studies (pH %#31.6) of 3-GpAlpA?2-
within the minimal genetic information unit (i.e. the trimer) are 3’ (3) showed the K, of N1-H of guanin-9-yl from its own

(25) The relative stacking ability as well agpK, (between the trimer and the
dimer) show that the strength of the stacking is as follo@ss 3 > 4.22.23
However, in the alkaline pH2 becomes slightly destacked, wher@znd
4 becomes slightly more stacked vissis stabilized? in the ionic form
which may contribute to the relatively high basicity of guanin-9-yI3in
and 4 compared to either ir2 (ca. 0.6 X, unit) or in their monomeric
counterpartl (ca. 0.5-0.6 pK, unit). This may also account for relatively
higher pH-dependent tunabilfof SH8G for 3 and4 compared to that in
1 and 2,%° which in turn shows the sequence dependent intramolecular
modulation of pseudoaromatic character of guanin-9-yl upon the deproto-
nation. The pH-dependent chemical shift ch@Agd OH2A (A0Ly) in
GpA (2) and GpApC 4) are almost invariant, nevertheless in AJpA?

(3), AOK?% of pAlp shows a detectable upfield shift over the pH range.
Thus, the different pH-dependent tunibility 8H8 anddH2 of adenin-9-
ylin pA and pAp, indicates the sequence-dependency owing to differential
modulation of the pseudoaromatic character of adenine-934-ihby the
effect of the nearest-neighbor.

(26)
shift change,AcSH,D 23 from the neighbors show the different intramo-

lecular spatial orientation of the nucleobases with respect to each other:

Thus, in GAPA (3), the pAp is most probably experiencing a “T-shaped”
2ninteraction with the 9-guanylate base, whereas pA is “offset-staéked”
to pAp to experience the differential electrostatic interaction from the 5
terminal guanylate to minimize the Coulombic repulsion inAA (3). In
contrast, the Ap in GPApC (@) is “offset stacked” such that imidazole
part of pAp is within the influence ofr-electron system of the guanylate
anion, whereas the G8C6 double bond of @ is also “offset stacked”
with respect to pp.

(27) For review: Patel, D. J.; Suri, A. Rev. Mol. Biotechnol.200Q 74, 39.

(28) For review: Ramakrishnan, \Cell 2002 69, 557.

(29) Leninger, A. L.; Nelson, D. L.; Cox, M. MPrinciples of Biochemistry
Second Edition; Worth Publishers Inc.: New York, 1993.

(30) Acharya, S.; Acharya, P.;"Fesi, A.; Chattopadhyaya, J. Am. Chem.
Soc 2002 124, 13 722.
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OHBG (Ka 9.75 + 0.02) [PaneldD—G for titration plots in
Figure 1, and Panels—g for Hill plots in Figure 2], as well as
from OH8A! (pK, 9.72+ 0.02) anddH2A! (pK, 9.83+4 0.04)
of the neighboring Alp moiety [Panels= and G for titration
plots in Figure 1, and Panelsandg for Hill plots in Figure 2]
and thedH8A?Z (pK, 9.83 £ 0.02) of the terminal A2 moiety
[Panel E for titration plot in Figure 1, and pane&) for Hill
plot in Figure 2]. It is noteworthy thatH2AZ of the terminal
pA2 moiety do not respond in the pH titratih This means
that both the imidazole and the pyrimidine parts of the middle
pAlp moiety are experiencing the electrostatic interaétitrom
the neighboring guanylate anion at tHeehid. The electrostatic

Such pH-dependent atom specific response (evident from specific chemical interaction from the middle A'p to the imidazole part of'3

terminal pA2 moiety is mediated by the offset-stacking, whereas
the pyrimidine part of the A2 moiety do not participate in any
such interactiod?26which is reminiscent of that of GpAJ.30:3!
Similarly, the pH titration of GpApC4) [PanelsH—K for
titration plots in Figure 1, and Panelts—k for Hill plots in

(31) SincedH2A of neighboring adenine-9-yl in GpA2)° does not respond
over the above pH range clearly shows that the transmission of the
chargé?1723from the guanylate ion takes place exclusively to the imidazole
part of the neighboring adenine-9-yl, in preference to the pyrimidine®part.
We attribute this electrostatic interaction to offset stacking georfetry
via atomsro mechanisn¥;l°which means that the imidazole edge of adenin-
9-yl is within the stacking interaction of 9-guaninyl face.
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Figure 1. PanelsA—K show the pH dependefiti chemical shift of aromatic protonsH8G of GpEt ) [PanelA],2° GpA (2) [PanelB],3° GpApA (3)
[PanelD] and that of GpApC 4) [PanelH]; 6H8A of GpA (2) [panelC],%° pA of GpApA (3) [PanelE], pAp of GpApA (3) [PanelF] and that of GpApC
(4) [Panell]; 0H2A of pAp of GpApA @) [PanelG]; 60H5C andoH6C of GpApC @) [Panels] andK, respectively] within the pH values of 6Z pH <
11.6. Chemical shift variations at average 25 different pH values£6pH < 11.6) have been measured in an interval of@23 pH units to obtain the
sigmoidal curves. I, values have been calculated [see the Experimental Section for details] from the corresponding Hill plots [see Figure 2].
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Figure 2. Panela shows the Hill plots fo®H8G of GpEt (1). At (7.0 < pH < 11.0)= 0.149 ppm and the plot of loglg — A)/A) vs pH gave a straight
line with a Hill slope= 0.95 @ = 0.05) and K, = 9.25 @ = 0.02)30 Panelb shows the Hill plots foWH8G of GpA (2). At (6.9 < pH < 10.7)= 0.141
ppm and the plot of logf{t — A)/A) vs pH gave a straight line with a Hill slope 1.00 ¢ = 0.04). Panet shows the Hill plots fowH8A of GpA (2).
At (6.9 < pH < 10.7)= 0.056 ppm and the plot of log4k — A)/A) vs pH gave a straight line with a Hill slope 0.96 @ = 0.03)3° Paneld shows the
Hill plots for 6H8G of GpApA (3). At (7.3 < pH =< 11.6)= 0.152 ppm and the plot of log4f — A)/A) vs pH gave a straight line with a Hill slope
1.00 @ = 0.04). Panek shows the Hill plots fodH8A of pAp in GpApA @). At (7.3 < pH =< 11.6)= 0.055 ppm and the plot of log{g — A)/A) vs pH
gave a straight line with a Hill slope 0.96 @ = 0.04). Panef shows the Hill plots foWH8A of pA in GpApA (3). At (7.3 < pH =< 11.6)= 0.052 ppm
and the plot of log (At — A)/A) vs pH gave a straight line with a Hill slope 1.14 (@ = 0.08). Panef shows the Hill plots fodH2A of GpApA (3). At
(7.3 =< pH =< 11.6)= 0.014 ppm and the plot of logA4f — A)/A) vs pH gave a straight line with a Hill slope 1.14 @ = 0.08). As H2A of A moiety
in 2 and3 showed negligible changeas a function of pH, the Hill plot analyses have not been performed. Rahews the Hill plots fodH8G of GpApC
(4). At (6.7 < pH =< 11.6)= 0.240 ppm and the plot of log4f — A)/A) vs pH gave a straight line with a Hill slope 1.10 @ = 0.07). Panel shows
the Hill plots for SH8A of GpApC @). At (6.7 < pH < 11.6)= 0.117 ppm and the plot of log{§¢ — A)/A) vs pH gave a straight line with a Hill slope
= 0.96 @ = 0.03). As H2A showed negligible charfas a function of pH, the Hill plot analysis has not been performed. Paeld k show the Hill
plots for 0H5C anddH6C of GpARC (3), respectively At for H5C (6.7< pH < 11.6)= 0.059 ppm and the plot of logl¢ — A)/A) vs pH gave a straight
line with a Hill slope= 0.97 (@ = 0.03).Ar for H6C (6.7 < pH < 11.6)= 0.098 ppm and the plot of logig — A)/A) vs pH gave a straight line with a
Hill slope = 0.96 @ = 0.04).

Figure 2] in the alkaline range (pH 6-11.6) shows the K, GpAIpA? (3) [compareAdfiss 2 Adgapap 2 andAdy p ]

of N1-H of guanin-9-yl from its owndH8G (K, 9.88+ 0.03) because the central pA moiety is rather poorly offset-
and from 0H8A (pK, 9.87 & 0.01) of the neighboring Ap stacke@25 in the former (becauséH2A does not respond to
moiety (but not from itsoH2A), as well as fromdH5C and the deprotonation of neighboring guanin-9-yl) compared to the
OH6C (pK; 9.88+ 0.01 and 9.9G+ 0.01 respectively) of the  latter. An estimation of the dimerization and trimerization 2hift
3'-terminal cytosin-1-yl [Paneld andK for titration plots in for 60H8G andoHB8A at neutral and deprotonated states allows
Figure 1, and Panelsandk for Hill plots in Figure 2]. This us to compare the extent of offset-stacking, which suggests that
tandem electrostatic interaction from thegblanylate ionto the  the strength of stacking in neutfélversus deprotonated is
3'-end aglycon through the central 9-adeninyl moietjich is sequence-depende®tz® Thus, the stacking is comparable in
~6.8 A between the two terminal aglycons in the unfolded)state GpApA (3) both in the neutral and deprotonated states, whereas
in the ground state suggests that the terminal pApC stacking init is slightly favored in the deprotonated state for GpApg. (
GpApC @) is weakef?>23 compared to pApA? stacking in This means that the intramolecular electrostatic interaction is
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quite uniersal both in neutral, deprotonated as well as in any CT effects, and demonstrates the dominance of polar-
protonated forrf to cross-modulate the pseudoaromatic char- effece!2bn over the CT effects. The polar-effect by through-
acter of nucleobases in nucleic acids by the nearest neighbor space Coulombic interactiéh has earlier been invoked, for
interaction. example, in the molecular complexation of a series of disub-
This study shows that thekgs of guanine-9-yl moiety change ~ Stituted naphthaleng8with an electron-rich host, which showed
owing to the nearest neighbor electrostatic interaction with both strongest binding with dicyano and weakest with the dimethoxy
the nucleobases as well as with the phosphate(s), which are agubstituents. The manifestation of pofaeffect has also been
follows: 9.25+ 0.02 inGpEt (1),3°9.17+ 0.02 inGpA (2),2° attributed to explain the interaction between ions and aféhes
9.754 0.02 inGpApA (3), 9.88+ 0.03 inGpApC (). Thus, (such as carboxylate ion/aréie? and trimethylammonium ion/
it shows that guanine-9-yl moiety of trimegsand4 are more arene interactio&") as well as amine/arene interactiétisn
basic than the monomer or dimer. proteins and hydrogen bonding of water to cycloph&t€ghe

Thus, theAG, 1420 ohtained from H8G for guanin-9-yl is geometrical requirement for this is that the two nearest neighbors
55.6+ 0.1 kJ mot for G-pApA (3), and 56.4+ 0.2 kJ mot should have an optimal edge-to-face or center-to-edge (parallel

for G-pApC (@). These should be compared with th&2, , of offset) arrangement, such that they can have i_nteracti.ons between
52.8+ 0.1 kJ mot? for G pEt (1)® and 52.4+ 0.1 kJ mot their respectiver and/oro framework (atomzo interaction)-30

for of G-pA (2).30 Thus AAG, for the trimers 8 and4) is In the classic case of charge-dipole interactions such as an
largeP425than that of dimerZ) because of enhanced stackhg  ionic salt, sodium chloride, dissolving in water involves the
as well as owing to the influence of phosph#ewhich Coulombic interactions between a positively charged sodium
effectively increase the intramolecular nearest neighbor elec-ion and 6 water molecules as well as the corresponding
trostatic interactions. It is noteworthy that theS,, obtained ~ interactions between a negatively charged chloride ion and 6

from either H8A/H2A of the middle residue or HS8A/H2A or  Other water molecules. In the case of the sodium ion, the positive
H5/H6C of the 3terminal residue within any single RNA trimer ~ charge attracts the negative end of each water molecule’s dipole.
is very close to what is obtained from that of H8G of tHe 5 The negative Charge of the chloride ion attracts the pOSitiVe end
terminal residue (55 to 56 kJ md), which suggests that the ~ 0f the O-H bond dipole. In our case, guanylate anion as a
intramolecular electrostatic interaction of theghianylate ion ~ charge donor for a potential charge-dipole interactions should
to the aglycon at the’&nd via the central adenin-9-yl is very  interact with ther-deficient pyrimidine system (marker proton
close to 100% at the ground stafe. H2) of the next 9-adeninyl nucleobaseot with thez-excessive

» imidazole part (marker proton H8). In fact, what we observe is

pKa

anion as well as from the nearest neighbors in sSRNA, showsthe pH-dependent sigmoidal behavior causing deshielding of

that any two nearest neighbors in these trimers are most probabliy1€ H8 proton of imidazole part instead of H2 of the pyrimidine
interacting by polars effect2iab+n where the attractive Cou- part, which rules out the involvement of any charge-dipole

lombic term dominates the electrostatic interacfi&ifin the interaction, but aniore repulsion.
neutral state either by edge-to-fater center-to-edge (parallel
offset)0.11e.2Ingrrangement. However, upon formation of the
9-guanylate anion, the H8, H5, or H6 of both the central pAp  Because we can successfully measure tegb guanine-9-
and the terminal pA/pC in GpApA3j and GpApC §) becomes yl from either of the aglycones in the RNA timeBsand4, it
deshieldedf compared to the neutral state, which again shows shows that the aglycones in the trimeric RNAs constitute a
that the stabilizing polare effect in the neutral state becomes coupled heterocyclic systeright across the pH range, 6.7 to
destabilized in the deprotonated state because of the Coulombicl1.5 owing to both 3-5' and 3—3 two-way cross-modula-
repulsive anionz interaction (hence destacking). We do not see tion®® by electrostatic interaction. This may be the reason a
any charge transfer (CT) band in the UV spectra neither for the trimeric RNA sequence constitutes a single codon signal in
neutral or for the deprotonated trimeric RNA, which rules out recognition and function in the protein synthesis machinery. The
magnitude of the chemical shift change in any of the aromatic

(32) FTeRIeA K, of Nfl I<|)f guargne-glbyl( g;nzoiety (iJnog)arg)us Eg())rzgmer agdog;igo- protons in either of the two coupled aglycones differs in a
are as follows: GpEt .25+ 0.02), GpA .17 + 0.02), : : :
GPADA (3) (9.75:+ 0.02) GpADC (4) (9.88 0.02), 3-GPAPADC-5 (9.76_ uarleble manner depending upon the geometry of stacking,
+ 0.(|)1),hand ::,re%pApApc-e (9.83+ ?.01) (lérzﬂpngrblls.ged 'realljlt)d_Thls partial charge of the heteroatom as well as the sequence

simply shows that the microenvironment aroun esidue in the dimer . . .

2 is very comparable to that of the mononigmwhereas it is considerably (compare GpApA and GpApC), which is evident from relative
different from the group consisting of trimef® and 4, tetramer and chemical shift chang%(éH ).25

pentamerWe have also compared th&pof N1 of guanine-9-yl moiety . N-D . . . o

in the bis-anionic guanosine-gonophosphate (9.3% 0.01) with gua- The intramolecular electrostatic polarinteraction AGpy,)
nosine-3-ethyl phosphate GpEtl) (9.25 + 0.02). This shows that the ~ 0. ;

bisanionic 3monophosphate in&MP is slightly more electron-donating _from the 3 guanin-9 yl (OI’ guany_late |on) to the-8nd a_glyco_n

(+1 effect), hence the constituent guanine-9-y! is slightly more basic than in GpApA (3) or GpApC @), which are 6.8 A apart, is quite

the monoanionic ‘3ethyl phosphate in GpEtl] because of combined [P ; _
electrostatic ane-| effects. When the 'Sbis-anionic phosphate and guanine- ublqur[ous in neutral (prOtona_‘ted or dEprOtonated) state to ‘?ross
t9){|h re%’ldg&spare at thetlsamelside h%fl thfef peint?sse rit?g afl:’lﬁ compared modulate the pseudoaromatic character by the nearest neighbor
o the 3- , one notices also effect of 5-phosphate is causing a : . - : .

more increasé of the basicity of the N1 of guanine aglycon-Byl5 K. interaction. This is quite similar to the polareffect found

unit (ref 2, ppflgétl%S)-EtTgi?gosb;ir\éaéi%n isdalgo Ei%?gtzegti \A(l)itgzt)h%p between ions and ared¥ " such as carboxylate-arene
comparison o PGpEt- . . an p . . . . . 1 . . . .
is thus clear that the position of the phosphate moietp(%) as well as interactiond!® 9 and trimethylammonium ion-arene inter-

the number of the phosphate charge (phosphomonoester versus phosphodigctions2th:i

ester) in the pentose-sugar ring has a distinctive effect on Khepthe

constituent aglycone (in the same nucleotide). However, we have seenvery ~ The AGp, obtained from either H8A/H2A of the middle

little increase of K, (ca 0.1 (K, unit on the terminal guanin-9-yl in Gp in i 17 ; ;
our case) upon an?ncrease ofathe total number of phosphates in the moleculere_sufiue or HSA/HZA or H5/H6C O_f the'3erminal reS|due
as a result of chain elongation. within any single compound3(or 4) is very close to what is

The fact that we observe theG;, . both from the guanylate

Conclusions
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obtained from that of H8G of the' Berminal residue (55 to 56
kJ mol1), which suggests that the modulation of the intra-
molecular electrostatic interactionGgy,) from the 3-guany-
late ion to the aglycon at thé-8nd (C or A) via the central
adenin-9-yl is very close to 100% at the ground state.

A clear outcome of this study is that th&pof guanine-9-yl
moiety changes from monomer/dimer to trimer owing to
electrostatic intreraction with the neighbbgsucleobases as well
as phosphates), which are as follows: 9:25.02 in GpEt
(1),299.17 £ 0.02 inGpA (2),%° 9.75 £ 0.02 in GpApA (3),
and 9.88+ 0.03 in GpApC (@). It shows that guanine-9-yl
moiety of trimers3 and4 are more basic than the monomer or
dimer.

AGpy, is the free-energy of deprotonatiérat pH = pKa.
Because thelf, is a measure of the ground-state stability of
the anionic or the cationic form of the product, we can estimate
the electrostatic free-energy of stabilizafibat the K, by the
term, AGp, 4% . Thus, the strength of the electrostatic
polarst effect via intramolecular offset-stacking interaction in
the ground statés here equialent to AG;,, (Type 1 effect)
When this offset-stacking interactions between two coupled
nearest neighbors (as evident by, , transmission, Type 1

effect) have furthermore contributed to the increase/decrease

to their acid/base characterKy), we attribute this enhanced

stabilization/destabilization to the electrostatic effect, modulated

both by the number of phosphate grotfzs well as by stacked/
unstacked nucleobases in an oligomeric nucleic adigipd 2

effect). Thus, in the dimer, we see predominantly Type 1 effect,

whereas in the trimef8 we see Type 2 effet

Experimental Section

(A) pH-DependnetH NMR Measurement. All NMR experiments
were performed in Bruker DRX-500 and DRX-600 spectrometers. The
NMR sample for compound8 and 4 (Scheme 1) were prepared in
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D0 solution (concentration of 1 mM in order to rule out any chemical
shift change owing to self-associati§hwith dpss = 0.015 ppm as
internal standard; chemical shifts and their differences are givén in
(ppm) andAd (ppm), respectively. All pH-dependent NMR measure-
ments have been performed at 298 K. The pH values§ppD — 0.4

for the correction of deuterium effect] corresponds to the reading on a
pH meter equipped with a calomel microelectrode (to measure the pH
inside the NMR tube) calibrated with standard buffer solutions goH

of pH 4, 7 and 10. The pD of the sample has been adjusted by simple
addition of microliter volumes of B8O, and NaOD solutions (0.5M,
0.1M, and 0.01M). The assignments for all compounds have been
performed on the basis of selective homi)(and heteronuclea?'p)
decoupling experiments. All spectra have been recorded using 64 K
data points and 64 scans ft.

(B) pKa Determination. The pH-dependent [over the range of pH
6.7—-11.7, with an interval of pH 0:20.3] *H chemical shift §, with
error += 0.001 ppm) shows a sigmoidal (having average 20 different
pH-dependent chemical shifts in each titration profile) behavior [Panels
A—K in Figure 1]. The Ka determination is based on the Hill plot
analysi$'® using equation: pH= log((1 — o)/a) + pKa wherea
represents fraction of the protonated species. The valaésofalculated
from the change of chemical shift relative to the deprotonated (D) state
at a given pH Ap = dp — Oops. fOr deprotonation, wherégys is the
experimental chemical shift at a particular pH), divided by the total
change in chemical shift between neutral (N) and deprotonated (D)
state Ar). So the HendersenHasselbalch type equati®tan then be
written as pH= log((At — Ap)/Ap) + pKa The Kis calculated from
the linear regression analysis of the Hill plot [Panetsk in Figure
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