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Abstract: Each nucleobase in a series of stacked dinucleoside (3'—5') monophosphates, in both acidic
and alkaline pH, shows (*H NMR) not only its own pKj, but also the pK, of the neighboring nucleobase as
a result of cross-modulation of two-coupled & systems of neighboring aglycones. This means that the
electronic character of two nearest neighbors are not like the monomeric counterparts anymore; they have
simultaneously changed, almost quantitatively, to something that is a hybrid of the two due to two-way
transmission of charge (i.e. 3'—5' as well as 5'—3'). This change is permanent due to total modulation of
each others pseudoaromatic character by intramolecular stacking, which can be tuned by the nature of the
medium across the whole pH range. The small difference observed in the pK; of the dimer compared to
the monomer is a result of the change in microenvironment in the former. The charge transfer takes place
between two stacked nucleobases from the negatively charged end because of the attempt to minimize
the charge difference between the two neighboring pseudoaromatic aglycones. Experimental evidence
points that the charge transmission in the stacked state takes place by atom—so interaction between nearest
neighbor nucleobases in 1—6. The net result of this cross-talk between two neighboring aglycones is a
unique set of aglycones in an oligo- or polynucleotide, whose physicochemical property and the
pseudoaromatic character are completely dependent both upon the sequence makeup, and whether they
are stacked or unstacked. Thus, the physicochemical property of individual nucleobases in an oligonucleotide
is determined in a tunable manner, depending upon who the nearest neighbors are, which may have
considerable implication in the specific ligand binding ability of an aptamer, the pK, and the hydrogen
bonding ability in a microenvironment, in the use of codon triplets in the protein biosynthesis or in the

triplet usage by the anticodon—codon interaction.

Introduction

The chemical nature and the exact sequence of the nucleobas

in nucleic acids plays a key role in both hydrogen bonding
and stacking,leading to replication, transcription, and transla-
tion;23 it is also a key element that responds to any environ-
mental changes by protonation, deprotonation, metalation, or
binding to any other ligand in intra- and intermolecular
interactions'®

Stacking and hydrogen bonding are two of the most important
noncovalent interactions that stabilize and contribute in the self-
assembly process of DNA and RNA:212.13Although much is
known about the hydrogen bonding interactions, very little is
understood regarding the nature of stacking interactidis.
Direct experimental evidencé? leading to the measurement
of thermodynamics, supporting the stacking interactions show
that the unpaired terminal nucleotides (dangling ends of GC
and AU base pairs) increase the stability (b0.5-1.1 kcal
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mol~1)78 of ribo- and 2-deoxyoligonucleotide double helix
through same strand nearest neighbor stacking interactitin.

(4) (a) Thibaudeau, C.; Plavec, J.; Chattopadhyayd, ©rg. Chem.1996

61, 266. (b) The anomeric and the gauche effects are two competing stereo-
electronic forces that drive the north (N) (@2o-C3-endg=south (S)
(C2-endo-C3-exg pseudorotational equilibrium in nucleosides. The
quantitation of the energetics of pD dependent=NS pseudorotational
equilibria of the pentofuranose moiety i@ oxyribonucleosides (@A,
2'-dG, 2-dC, T, 2-dU, 2-FdU), I-imidazolyl-2-deoxy-D-ribofuranose,

and ribonucleosides (A, G, C, U, riboT, FU) shows (Thibaudeau, C.; Plavec,
J.; Chattopadhyaya, J. Org. Chem1996 61, 266) that the strength of

the anomeric effect of the constituent heterocyclic moiety at 81
dependent upon the unig@eomatic natureof the nucleobase, which is
tuned by the pD of the medium. The force that drives the protortitepro-
tonation equilibrium of the heterocyclic nucleobases in nucleosides is
transmitted through the anomeric effect to drive the two-state=Ns
pseudorotational equilibrium of the constituent furanose: (i) The enhanced
strength AAH®p—)) of the anomeric effect in the protonated (P) nucleoside
compared to the neutral (N) form is experimentally evidenced by the
increased preference of sugar for N-type conformation and of the nucleobase
in the pseudoaxial orientation in the former AAH®(p_ny = 3.2 kJ mot?

for dA, 4.9 kJ mot* for dG, 0.7 kJ mot? for dC, 2. 3 kJ mot? for dimb,

4.2 kJ motl? for A, 8.7 kJ mott for G, and 2. 9 kJ mott for C. (i) In
contrast, the S-type sugar conformer, which places the nucleobase in
pseudoequatorial orientation, is considerably more preferred in the alkaline
medium owing to the weakening of the anomeric effect in the N
deprotonated (D) guanine anc®-Neprotonated uracil, 5-fluorouracil, or
thymine moieties compared to the neutral counterpartdyi°n-py of

2.1 kJ mot? for dG, 0.7 kJ mot* for dU, 0.5 kJ mot? for T, 0.3 kJ mot?

for FdU, 4.3 kJ mot* for G,1.7kJ mot* for U, 1.5kJ mot* for T, and

1.5 kJ mot? for FU. This has allowed us to independently measure the
pKa of constituent heterocyclic nucleobases by the quantitation of the pD-
dependent energetics of the two-statesN\s pseudorotational equilibrium.

10.1021/ja026831h CCC: $22.00 © 2002 American Chemical Society
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Chart 1. Dinucleoside (3'—5') Monphosphates Used in This Study: ApG (1), GpA (2), ApU (3), UpA (4), UpC (5), CpU (6), and Their
Monomeric Counterparts [ApEt (7), GpEt (8), UpEt (9), and CpEt (10)]

NH,
XN y) NH
Pon Y LY
QA H | | NH,
— —

O
2 % |< OH
o O-CH,-CH, NH2 NH
H OH _ | N U=|
C= N/L | o
(1):By= A B, = G (7) :B1= A 0
(2):B1= G By = A ® :8=6 » -
(3):By= A; B, = U (9) :By=U
@4):By=U; B, = A (10):8,= C
(5):By=U; B, = C
(6):By=C; B, = U
has also been shown that tHe & 5-tethered chromophote!! that, through the introduction of electron-releasing or electron-

stabilizes DNA-DNA or DNA—RNA duplexes due to inter-  donating substituent§,one can affect the stacking interactions.
or/and intrastrand stacking interactions. One of the distinctive First unequivocal experimental evidence is presented here by
features of stacking interactions has been so far the NMR showing that the neighboring aglycones, when stacked, consti-
observed magnetic anisotropy effects, which have allowed ustute a coupled system, mutually modulating the chemical nature
to qualitatively estimate the effect of the nearest neighbof! and reactivities.
Determination of basebase association constants by temper-  Our observation on the transmission of the pseudoaromatic
ature and/or concentration dependency stdéi@g3have also character of one base to the next neighbor is based on the
been used in past to understand the stacking interactions. Incomparative studies of dinucleosidé~(%') monophosphates
some nonbiological aromatic systeiigf it has been shown  1—6 (Chart 1) with 3-ethylphoshates of adenosine, guanosine,
: : — uridine, and cytiding—10, which are the simplest monomeric

) ﬁc/:‘rﬁ‘g%"j\;_Pg%m’m%%gg'gg“ggigj C-léesi, A; Chattopadhyaya,  m5qels mimicking that of a dimer, in which the stacking is
(6) For review see: Thibaudeau, C.; ChattopadhyayeStdreoelectronic  absent. It is systematically demonstrated here that when the

Effects in Nucleosides and Nucleotides and Their Structural Implica- partial charge of a neutral nucleobase is specifically altered by

tions Department of Bioorganic Chemistry, Uppsala University Press

(jyfoti@boc.tl#.se): Uppsala, Sweden, 1999; ISBN 91-506-1351-0, and either protonation or deprotonation as a result of a change of
reterences therein.

(7) Burkard, M. E.; Kierzek, R.; Turner, D. H.. Mol. Biol. 1999 290, 967, the pH O_f the medium (Figur_es—B and Figures S$1S3in the
(8) %%%ﬁ];erzfoncses‘ Itjheerr%I?.N ; Santalucia, J.,Nucleic Acid Res200Q 28 Supportlng Informatlon), this Change’ in terms of hé&*
1o, o= PEYTEL B T ’ corresponding to thekp?*2°(AGgy ) of the nucleobase (Table
(9) Ossipov, D.; Zamaaratski, E.; Chattopadhyay&lutleosides Nucleotides 1), is transmitted to the nearest neighbor in the ground state

1998 17 9—11), 1613. . . .
(10) Maltaseva(, T. \)/ Agback, P.; Repkova, M. N.; Venyaminova, A. G.; almost quantitatively, thereby modulating the pseudoaromatic

o 2 oy i Zanftova, V. F.; Chattapachyaya N.cleic character of a stacked neighbor in a sequence-dependent manner.
(11) Ossipov, D.: Pradeepkumar, P. I.; Holmer, M.; Chattopadhyayia,Alm. The net result of this charge transfer/electrost&tits*3is a
Chem. 5062001 123 3551, change of the electronic character of the aglycone, which in

(12) Hunter, C. AJ. Mol. Biol. 1993 230, 1025, and references therein. i i o
(13) The importance of stacking has been identified in DNA polymerase activity turn produces a corresponding shiftAg° of the pseudorota-
and in efficiency of DNA synthesis. For review: Kool, E. Annu. Re. ; i f i B
Biophys. Biomol. Struc2001 30, 1. and references therein. t|ona! .eqU|I|br|um qf the cons'utuent sugar ccl)nformajuon ina
(14) The interaction of the aromatic rings depends on the stacking geometry: specific manner (Figure 4AC), which is consistent with our
(i) edge-to-face stacked, (ii) offset stacked, and (iii) face-to-face stacked. f f ; : f 3
The offset stacked arrangement minimizeselectron repulsion and earlier studies in monomeric nucleosides and nucleofitles.
maximizes the interactions in theframework. For review: Hunter, C.
A.; Lawson, K. R.; Perkins, J.; Urch, C. J. Chem. Soc., Perkin Trans. 2 . .
2001, 651. Results and Discussion
(15) Jennings, W. B.; Farrell, B. M.; Malone, J. &cc. Chem. Re2001, 34, .
6) %%5. ' ! evid Howed that th e of off e The dimersl—6 are chosen such that onbne of the two
e experimental evidence showed that the magnitude of offset stacke ; :
interactions can be dictated by the geometry of the stacked components, nucleobases in the molecule can be EXCIUSNer pmtonated or

which, in turn, is influenced by the nature of ring substituents. Rashkin, deprotonated at a given pH in order to show the effect of

M. Waters, M. LJ. Am. Chem. So@002 124 1860, andrefs 1, 2.and 540 ration of the electronic character of one aglycon on the other.

(17) Altona, C. inStructure and Conformation of Nucleic Acids and Protein- \We have also chosen the isomeric dimer pairs, such as ApU
Nucleic Acid InteractiosSundaralingam, M., Rao, S. T., Eds.; University

Park Press: Baltimore, MD, 1975; p 613. (3)/UpA (4), ApG (1)/GpA (2), or UpC 6)/CpU (6), to show

(18) Lee, C.-H.; Ezra, F. S.; Kondo, N. S; Sarma, R. H.; Danyluk, S. the sequence-specific effect in two possible isomeric aglycone
Biochemistryl976 15, 3627. L .
(19) Topal, M. D.; Warshaw, M. MBiopolymers1976 15, 1775. combination, as well as to show the strength of charge transfer/

(20) Kolondny, N. H.; Neville, A. C.; Coleman, D. L.; Zamecnik, P. C. ick.14,43; - ifi i i
Blopolymerslo77 16, 259, electrostatic® in a sequence-specific manner, i.e. pufrine

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

(22) Schmidt, A.; Kindermann, M. K.; Vainotalo, P.; Nieger, 81.0rg. Chem. (24) Perrin, D. D.; Dempsey, B.; Serjeant, E. X, Prediction for Organic
200Q 64, 9499. Acids and Base<Chapman and Hall: New York, 1981.
(23) Chan, S. I.; Nelson, J. H. Am. Chem. Sod 969 91, 168. (25) Sharp, K. A.; Honig, BAnnu. Re. Biophys. Chem199Q 19, 301.

J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002 13723



ARTICLES Acharya et al.

8.50
8.55 - (A) 8.45 | (B)
pK, = 2.95 (0.02) 8.40 pK, = 2.95 (0.02)
% 8.50 - é 035
S 8451 %S 8.30 |
8.40 - 8.25 |
8.35 : : : : : . 8.20
1 2 3 4 5 6 7 1 2 3 4 5 6 7
pH pH
7 86 5.85
' (€) 5.80 (D)
784 pK, =2.98 (0.02 pK, = 2.95 (0.02)
2 7.82 3 575
L 780 & 5.70
7.78 5.65
7.76
5.60
1 2 3 4 5 6 7 1 2 3 4 5 6 7
pH pH
8.360 (E) g.2288 | (F)
« 8355 PK, =9.35(0.02) < 82272 PK, = 9.33 (0.02)
© o
30:8.350 s 8.2256
8.345 8.2240
8.340 8.2224
8.335
7 8 9 10 1 7 8 9 10 11
pH pH
7.80 5.660
7.77 (G) 5655 | (H)
774 pK, = 9.36 (0.02) pK, = 9.42 (0.02)
o - 5.650
© 7.71 o
© 768 L 5645
7.65 5640 |
7.62 5.635
7 8 9 10 11 7 8 9 10 11
pH pH

Figure 1. (A—D) pH-dependentH chemical shift of aromatic protons (H8A, H2A, H6U, H5U) of ApU within the pH values of 1<3pH < 6.99.
Chemical shift variations at 36 different pH values (18%H < 6.99) have been measured in an interval of-@2 pH units to obtain the sigmoidal
curves. [K; values obtained from Hill plot (see the Experimental Section for details) of H8A, H2A, H6U and H5U are shown in respective graghs. (E
pH-dependentH chemical shift of aromatic protons (H8A, H2A, H6U, H5U) of ApU within the pH values of 6:98H < 10.96. Chemical shift variations

at 39 different pH values (6.99 pH < 10.96) have been measured in an interval of@2 pH units to obtain the sigmoidal curves in all casés, \mlues

(with corresponding error in the parenthesis) obtained from Hill plot of H8A, H2A, H6U and H5U are shown in the respective graphs. Similar graphs for
rest of the compounds are shown in Figure S1 in the Supporting Information.

pyrimidine @ and4), purine—purine (L and2), and pyrimidine- curves, Figure 2 for corresponding Hill plots, and Figure 3 for
pyrimidine 6 and6). The plots of pH-dependent chemical shift the fraction of protonation/deprotonation at different pH for ApU
of aromatic protons of the aglycones of dimérs6 demonstrate (3) as a model example, and see Figures—S2 in the
typical titration curves, showing how the effect of protonation Supporting Information for similar graphs corresponding to rest
or deprotonation of a specific nucleobase is transmitted to alter of the compound4—10].

the electronic property of the neighboring aglycone: Table 1  Thus, the pH-dependent titration of Ap3)(in the acidic
summarizes the results of pH-dependent titration givikgand range (pH 1.57.0) gave the K, (Figure 2A-D) of N of

the correspondingAG; for 110 [Figure 1 for fitration adenine-9-yl (A) not only by the sigmoidal shift (Figure A

13724 J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002
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Figure 2. Hill plot analyses performed by plotting pH as a function of l@ag{(— Ap/p)/Apip) to calculate K, and Hill slope (see the Experimental Section

for details). The total change in chemical shift between neutral and protonated or deprotonated state is dAndfgzhgs Panels AD show the Hill plots

for OH8A, dH2A, 6H6U, dH5U of ApU in the 1.35< pH < 6.99.Ar for H8A (1.35< pH =< 6.99)= 0.216 ppmA~ for H2A (1.35=< pH < 6.99)= 0.242

ppm. At for H6U (1.35< pH < 6.99)= 0.089 ppmA~ for H5U (1.35=< pH =< 6.99)= 0.159 ppm. The values of correlation coefficigitpK, obtained

from each Hill plot analysis, and the Hill slope 8H8A, dH2A, 60H6U, anddH5U are shown in the respective graphs. The errorkqfand Hill slope are

given in the parentheses. PanelsHE show the Hill plots foro0H8A, dH2A, 6H6U, 6H5U of ApU in the 6.99< pH =< 10.96.Ay for H8A (6.99 < pH =<
10.96)= 0.021 ppmA~ for H2A (6.99 < pH =< 10.96)= 0.007 ppmAr for H6U (6.99< pH =< 10.96)= 0.126 ppmAr for H5U (6.99< pH =< 10.96)

= 0.017 ppm. The values of correlation coefficidiitpK, obtained from each Hill plot analysis, and the Hill slope value®ld8A, 6H2A, SH6U, and

O0H5U are shown in the respective graphs. The errorkafgnd Hill slope are given in the parentheses. Similar graphs for rest of the compounds are shown

in Figure S2 in the Supporting Information.

D) of its own dH2A (pK, 2.95) anddHBA (pKa 2.95), but also
by the shift ofoH5U (pKy 2.95) anddH6U (pK, 2.98) of the

neighboring uracil-1-yl (U) moiety. Similarly, in the alkaline
range (pH 7.6-11.5), quite expectedly, the titration curves

(Figure 1E-H) of 6H5U (pKa 9.42) andoH6U (pKa 9.36) of
uracil-1-yl (U) showed the I, (Figure 2E-H) of N°—H

sigmoidal shift ofoH2A (pKa 9.33) andoH8A (pK, 9.35) of

the neighboring adenine-9-yl aglycon. Thus, adenine-9-yl moiety
uniquely shows thelf, of N3 of uracil-1-yl in the alkaline pH,

and uracil-1-yl shows theiy, of N of adenine-9-yl in the acidic

pH in ApU (3) as a result of charge transmission from one
nucleobase to the other due to their stacked geometry. This two-
deprotonation. Remarkably, this was also exhibited by the way, i.e. 3—5 as well as 53, cross-modulation of the

J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002 13725
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Figure 3. (A—D) pH-dependent fraction protonatiofy;(see Experimental Section for details) of aromatic protons (H8A, H2A, H6U, H5U) of ApU within
the pH values of 1.3% pH < 6.99. At (in ppm) is the total change in chemical shift between neutral and protonated/deprotonated giateén ppm)

is the chemical shift at neutral stat®eura(8.362) of H8A is subtracted fromd,s at each pH value of H8A and divided ktyr (0.216) to get the value of

fp. Oneutral (8.222) of H2A is subtracted fromeps at each pH values of H2A and divided iy (0.242) to get the value db. dneutral (7.767) of HEU is
subtracted fromqps at each pH values of H6U and divided by (0.089) to get the value db. dneutral (5.639) of H5U is subtracted fromips at each pH
values of H5U and divided b (0.159) to get the value df. The values of correlation coefficieRtand g, (with corresponding error in the parentheses)
obtained from Hill plot of H8A, H2A, H6U, and H5U are shown in the respective graphs. PanéissBow pH-dependent fraction deprotonatifs &ee
Experimental Section for details) of aromatic protons (H8A, H2A, H6U, H5U) of ApU within the pH values of689 < 10.96.0neutrai (8.362) of H8A

is subtracted fromdqps at each pH values of H8A and divided By (0.021) to get the value db. Oneurral (8.222) of H2A is subtracted fromops at each

pH values of H2A and divided byt (0.007) to get the value db. Oneutral (7.767) of HEU is subtracted fromps at each pH values of H6U and divided
by At (0.126 ppm) to get the value €. Oneurai(5.638) of H5U is subtracted frody,sat each pH values of H5U and divided Wy (0.017) to get the value

of fp. The values of correlation coefficieR and K, (with corresponding error in the parentheses) obtained from Hill plot of H8A, H2A, H6U, and H5U
are shown in the respective graphs. Similar graphs for rest of the compounds are shown in Figure S1 in the Supporting Information.

pseudoaromatic character of the nucleobase from one to theguanine-9-yl to adenine-9-yl in the alkaline pH (Table 1). Due
to close [X4 of guanine-9-yl (K, 1.58 for N) and adenine-9-

yl (pKa ~ 3 for NY), the titration curves in the acidic pH were
overlapping, which did not allow us to delineate their respective

transmission of pseudoaromatic character of conjugate base opKss and therefore the cross-modulation of the pseudo-

other was also observed for Up6) @nd CpU 6) at pH range

from 1.0 to 11.7.

For ApG (1) and GpA @), we could clearly observe the

13726 J. AM. CHEM. SOC. = VOL. 124, NO. 46, 2002
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Table 1. pKa of Nucleobase from Hill Plot? Analyses and Corresponding
(AG s in kJ mol™)? for Compounds 1-10

Free Energy of Protonation/Deprotonation242° at pKa

pKa and AGgy, of nucleobase
OH8G OH8A OH2A OH6C OH6U OH5C OH5U
compd pKa AG i, pKa AGja pKa AG s pKa AG i, pKa AGpy, pKa AG s pK, AGy,

ApG (1) 5 AMt 1.64 9.0 2.88 16.4 2.83 16.2 - - - - - - - -

3G 9.42 53.7 9.71 55.4 9.65 55.1 - - - - - - - -
GpA (2) 5G- 9.17 52.4 9.11 52.0 9.11 52.0 - - - - - - - -

AR 1.68 9.6 3.22 18.4 2.94 16.8 - - - - - - - -
ApU (3) 5AHT - - 2.95 16.8 2.95 16.8 - - 2.98 17.0 - - 2.95 16.8

3U- - - 9.35 53.3 9.33 53.2 - - 9.36 53.4 - - 9.42 53.7
UpA (4) 5'U~ - - € € € -¢ - - 9.09 51.9 - - 9.09 51.9

JAHT - - 3.07 17.5 3.06 17.5 - - 3.12 17.8 - - 3.01 17.2
UpC () 5'U- - - - - - - 9.14 52.1 9.06 51.7 9.06 51.7 9.04 51.6

3Cch* - - - - - - 3.71 21.2 3.71 21.2 3.71 21.2 3.71 21.2
CpU 6) 3cH - - - - - - 3.56 20.3 3.48 19.9 3.58 20.4 3.58 20.4

5'U~ - - - - - - 9.18 52.4 9.21 52.5 9.18 52.4 9.25 52.8
ApEt (7) ARF - - 3.11 17.7 3.10 17.7 - - - - - - - -
GpEt @) G- 9.25 52.8 - - - - - - - - - - - -
UpEt (9) u- - - - - - - - - 9.44 53.9 - - 9.43 53.8
CpEt 10 cH* - - - - - - 3.84 21.8 - - 3.84 21.8 - -

a All pK, values have been calculated from hill gi#t(see experimental part for details) and the average error of the analyses bei6&rand+0.04.
ball values forAGpy, (given in columns 4, 6, 8, 10, 12, 14, and 16) have been calculated using equddifn, = 2.30RT*pK,, and the error of analyses
is betweent-0.1 and+0.2 kJ mot™. ©9H8A anddH2A of the adenine-9-yl in UpA4) did not show any titration profile (legends of Figures-&3 in the

Supporting Information) as a function of pH in alkaline range.

aromatic character of guanine-9-yl and adenine-9-yl sepa-
rately.

The pH titration of UpA ) in the acidic range (pH 15
7.0) show the K, of N* of adenine-9-yl from its owrdH2A
(pKa 3.06) anddHBA (pKa 3.07) as well as fromdH5U (pK,
3.01) anddH6U (pK, 3.12) of the neighboring uracil-1-yl.
However, in the alkaline range (pH 7Q1.5), K, of N3 of
uracil-1-yl in4 is shown by botlH5 (pK; 9.09) anddH6 (pK,
9.09) of uracil-1-yl, nevertheles§H2 anddH8 of neighboring

(NpEt) at different pHshows (Figure 4A-C) that the alteration
of the pseudoaromatic character of the nucleobase due to nearest
neighbor stacking interaction in the dimer has indeed changed
the constituent pentose-sugar conformation, as would be ex-
pected from the earlier studiés which have shown that the

N = S pseudorotational equilibrium of the sugar is indeed
steered by theH-dependent modulation of the pseudoaromatic
character of the constituent aglycoras a result of tunable
stereoelectronicdy — o* cr—no) charge transfet:® Since the

adenine-9-yl remains nonresponding (see legends of Figure S1jsugar conformation change in the dimédrs6 is found to be

in the Supporting Information), so it has been concluded that
no effective charge transfer/electrostafidé+3was taking place
because the two nucleobases are aldestackedh the alkaline

pH (Figure 4D and Table 1).

The change of sugar conformation in the dim&rss as a
result of differential electrostatics owing to the transmission of
charg@®27 between two neighboring aglycones has been ac-
curately estimated (as well as those of the monomeric coun-
terparts7—10, for comparison) through a detailed analysis of
all pH-dependent endocycli®lyy coupling constants (Figure
4A—C and Table S1 in the Supporting Information), which has
led us to calculate the pH-dependent free energy of stacking
(=0.3 kI mof! = AGg,ing= —3.6 kJ mot™), in comparison
with the monomeric counterparts, at different pH (Figure 4D
and Experimental Section). The estimated free energy of
stacking for six dimerd—6 through ourfJyy analysis (Figure
4D) at neutral pH is completely consist&hwith those obtained
by thermodynamic analysis (basedBpanalysis) of short RNA
helix with dangling base5thereby showing the validity of our
above approach for determination of the strength of stacking
across the whole pH range. Comparison of the sugar confor-
mational changes (Np) in the dimer with that of the monomer

(26) It has been assumed that the observed stabilization due to stacking by the(28)

same strand in the nearest neighbor model in DNA and RNA duplexes is
a result of charge transfer/electrostatéd+3between donor and acceptor.

It has also been suggested that the partial charges of two nearest neighbor

nucleobase plays important role in their doracceptor properti€$:*3Such
resonance-assisted stabilization will have impact in the deacceptor
properties resulting in H-bonding abiliti®sand K, perturbatior?®-3¢

(27) Among ApG and G pA, 3G in the former is relatively a better donor
(compareAd with those of the corresponding deprotonated monomeric
units). However, 3 in G-pA can more efficiently back-dondfehe charge

to 5G-, as evident from larger downfield shift @&fo (H8A) compared to
that ApG™ (Figures S4A1 and S4A2 in the Supporting Information). So
the efficiency of back-donation from A, depends on the forward donation
of charge from G. Hence, the charge-transfer process of Ap&more
efficient than GpA, which is also consistent with the fact that the former
is relatively more stacked among the two (compareAl#e5° in Figure
4D). Almost no change in the chemical shifts of H8A and H2A is found
in A"*pU compared to those of 'KpEt (Figures S4B1 and S4C1 in the
Supporting Information). However, relative upfield shift of HS8A and H2A
in UpAH* compared to those in"A shows that 8J (in UpAHt) is better
donor than 3J (in AH*pU). The change of the chemical shift of HEU in
ApU-~ is similar to that in UpA. (Figures S4B2 and S4C2 in the Supporting
Information). Nevertheless;®8in U~pA can back-donate the charge to U
more favourably than for'B in ApU~, which is evident from the fact that
Ap in ApU~ is more negatively charged (i.e. shielded) than irpd. So
the average charge transfer/electrostétit’s’3in ApU~ is most efficient
because it is relatively more stacked thanp (compare theAAG® in
Figure 4D). As 3CH* is better acceptor, it can attract charge froftd §
UpCH+*. However, average doneacceptor property in Up€ is less as
5'U is a poor donor. Similarly the charge donation efficiency @&f 8in
CH*pU) is better than in"®) (in UpCHt), nevertheless, acceptance property
of 5'C"* is poor. So on average the efficiency of donecceptor properties
in both UpCi* and C'*pU are poor (Figures S4D1 and S4E1 in the
Supporting Information). On the other hantlJ5in U~pC is a better donor,
but the 3C is a poor acceptor (Figures S4D2 and S4E2 in the Supporting
Information). However, )~ is relatively an efficient donor, and the
acceptor capacity of € is relatively better, which makes the most proficient
charge transfer/electrostatié$**3in CpU- compared to UpE*t, CH*puU,
and U pC, which is also consistent with the fact that Cpld the most
staked among all pyrimidirepyrimidine dimers (compare th&AG° in
Figure 4D).

The strength of stacking interactfoim terms of the duplex stabilization
(- AG"tackmg by either the 3 or the 8-dangling end in short RNA helix

is as follows! (i) strong interaction 3.3 kJ mot?; (i) intermediate <2.9

kJ mol 2, to weak interactions 1.7 kJ mott; (iii) poorly stacked (or almost
unstacked) interactions 1.3 kJ mot™. Moreaver, thesevalues are well-
correlated with free energy stabilization of stacking at helix termini in larger
RNA and are consistent with our present studies (Figure 4D) too
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Figure 4. (A—C) Bar plot of the percentage population of the N-type conformation [%N, calculated using all endédyghith the help of PSEUROT
(v5.4¥] of 3'-nucleotidyl moiety (in bold) in 3-5' dinucleoside monophosphatégA, ApG, ApU, UpA, UpC, andCpU; see Chart 1) as well as for the
corresponding monomeric nucleosideeshyl phosphateGpEt, ApEt, UpEt, andCpEt; see Chart 1) at neutral (pH 6.6), acidic (pH= 1.9) and alkaline
(pH = 10.4) state, respectively. Approximate relation %NL00(7.9— 3J;2)/6.9 is used foApG in acidic region (pH= 1.9), because PSEUROT (v5.4)
could not be performed due to unavailability of b88az and3Jz+ (see Experimental Section and Table S1 in the Supporting Information for details). Panel
D shows the free energy of stacking4G® = AGZ,qing in kJ mol?) for 1—6 at neutral (pH= 6.6), acidic (pH= 1.9), and alkaline (pH= 10.4) state.
AGg,qinghas been estimated using relatioNAG® = AGg,qying= [AGRsosi]Non — [AGRys 208 Npet, WhereNpN' andNpEt signify 3-nucleotidyl moiety

(in bold) of 3—5' dinucleoside monophosphat@gA, ApG, ApU, UpA, UpC, andCpU; see Chart 1) and nucleosidee&hyl phosphateNpEt with N =

A, G, U, and C; see Chart 1), respectively. The corresponding free energy ofthé&Nseudorotational equilibriuﬁﬁAGN,s(Z%K) (in kJ molY), has been
calculated forl—6 at acidic (pH= 1.9), neutral (pH= 6.6), and alkaline (pH= 10.4) state, using Gibb's equatlomGN,s(zggK) TIn K, whereK =
(Xn/Xs); Xn andxs are the mole fraction of N-type and S-type pseudorotamer, respectively. Hence, the nagm;y@%,()lmplles relatlvely more N-type
conformational population, so more stabilization due to stadkiffsee the Experimental Section and Table S1 in Supporting Information for details).

strictly sequence-dependerthis suggests that the observed finding is that their stacking propensity doest become nil in
modulation of the pseudoaromatic property of a specific the ionic forms at room temperature (Figure 4D); it only partly
aglycone in the dimer, in comparison with that of the monomer, decreases, and even then there are examples when the stacking
is a result of the stacking interaction with the next neighbor remains unaltered. In general, the extent 68 stacking
across the whole pH range from 1.5 to 11.5 (Figure—A. decreases in the following ordéf:Purine-purine= purine—
Hence, the shift of the stackifgdestacking equilibrium con-  pyrimidine > pyrimidine—pyrimidine > pyrimidine—purine. It
stitutes an ON-OFF switch for the transmission of the has emerged that it is the stacking interactions between adjacent
pseudoaromatic character to the nearest neighbor. This is furthebases (sequence-stacking rélahich gives rise to the stable,
evidenced byAGf,Ka (Table 1) of the constituent nucleobases single-stranded helical structure: Thus, poly(A) is mainly
of the dimers, which are different from that of the corresponding helical, whereas poly(U) is predominantly random coil at room
monomeric unit because of differential microenvironment temperature. Since we can successfully measurekheffboth
(compareAGpy_of AHTpU, 16.84 0.1 kJ mot? with that of nucleobases from either of the aglycones in the dinter8, it
AHTpEt, 17. H: 0.2 kJ moft; AGpy, of U™pC, 51.74+ 0.1 kJ shows that the aglycones in the dimeric forms constitute a

mol~1 with that of U pEt, 53.9+ 0 2 kJ mot™; AGp of CH*- coupled systemight across the whole pH range, +51.5 due
pU, 20.34 0.2 kJ mol! with that of C*pEt, 21. 9i 0.2 kJ to two-way transmission of charge (i.e.—%' as well as
mol™1). 5—3).27 The magnitude of the chemical shift change in any

of the aromatic protons in either of the two coupled aglycones

differs in avariable mannet’ depending upon the geometry of
The dimerization shift study~1° (Figure S5 in the Supporting  stacking!? partial charge of the heteroatom, and the sequence,

Information), as well as the sugar conformation analysis using which is evident from the relative chemical shift chang&)

all endocyclicdJyy showed (Figure 4D) that the above dimers upon protonation or deprotonatiodd =6y — Opyp, in parts

are most stacked in the neutral form [except for Cp)) Where per million; N, P, D stands for neutral, protonated, and

CpU~ is relatively more stacked than its neutral form]. Our new deprotonated states in Figure S4 in the Supporting Information].

Conclusions
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Thus, this variable\d, observed for various aromatic protons, (B) pKa Determination. The pH-dependent [over the range of pH
offers direct proof that the partial stacking (in the ionic states 0.3—7.0 (acidic range) and 7-11.6 (alkaline range), with an interval
as well as in the pyrimidinepyrimidine dimers) gives a  ©f PH 0.1-0.2] *H chemical shift §, with error+ 0.001 ppm) shows
nonuniform charge transféf/electrostatic®1443 to various a sigmoidal (having an average of 40 chemical shifts in each titration
atoms in a stacked aglycone (Figure S4 and Table S1 in theregion) behavior (Figure S1 in the Supporting Information). TKg p
Supporting Information) because of offset stackfrigvolving determination (Table 1) is based on the Hill plot anal’&@s;sing_ the
atom—zo interactiont? The net result of such physicochemical equation pH= log((1 — a)/o) + pKa, whereo represents a fraction of

- . the protonated or deprotonated species. The value isfcalculated
cross-modulation of the pseudoaromatic character of each othefom the change of chemical shift relative to the neutral (N) or

in any two neighboring aglycones is that they may influence geprotonated (D) state at a given pis(= o — Jobs fOr protonation
each other’s property in a microenvironment (such as specific andAp = dp — dons for deprotonation, wheréos is the experimental
ligand binding ability of an aptamé?, pK,3°-3> hydrogen chemical shift at a particular pH), divided by the total change in
bonding ability3® use of a degenerate codon triplets in the chemical shift between neutral and protonated (P) or deprotonated (D)
protein biosynthesi¥ triplet usage by the anticodertodon state (Ar). So the HendersorHasselbalch type equatibtt-**can then
interactior#®) in a tunable manner, depending both upon the P& written as pH=log((Ar — Aei)/Arip) + pKa The [Kais calculated
sequence, medium, and whether they are stacked or unstackeHom the linear regression analysis of the Hill plot (Figure S2 in the

. . : ) : Supporting Information). Moreover, we have also shown the pH-
in various folded states. Thus, this cross-talk produces a un|quede|oendent fraction protonatin[fo — Aw/Ar] as well as fraction

Set of aglycones Wlth novel_ phyS'COChemlcal property In an deprotonation f = Ap/A+]. The equation used for the nonlinear
oligo- or polyn_ucleotlde, which is completely d|ffe_rent from regressional analyses fsp = 1/1 + 10PH-Pa (Figure S3 in the
the corresponding monomers due to the nearest neighbor effectgypporting Information).

Itis |IkE|y that this stacking-sequence based cross-modulation (C) Free Energy of Protonation/Deprotonation. The equation
of the pseudoaromatic character by charge trafigéectrostat- AGy = 2.30RTpK,2*? shows the estimation of free energy of
icsl21443to the nearest neighbor will be more pronounced in protonation/deprotonation at pH pK, for compoundsl—10 (Table
helical double strands than in the single strands because of thel). So theApKa gives the estimation oAAGp, due to protonation/
restricted flexibility of the former, which is consistent with what  deprotonation.

is observed in the long-distance charge transpdt. (D) pH-Dependent Sugar Conformation Using PSEUROT (v5.4).
The conformational analyses of the furanose moiet}-010in acidic

(pH = 1.9), neutral (pH= 6.6), and alkaline (pH= 10.4) state have
been performed by the computer program PSEUROT (¥3uding
experimentalfJyy. It is based on the generalized Karplus equatibnas
and pseudorotatiorfafusing the pseudorotation equations for the five
membered ringv; = Wr, cosP + 4n(j — 2)/5) [0 < j < 4] and tanP

= (v4 + v1 - v3 - v)/3.07%,, wherey; is the endocyclic torsion). It

Experimental Section

(A) pH-DependentH NMR Measurement. All NMR experiments
were performed in a Bruker DRX-500 spectrometer operating at
500.1326 MHz for proton observation. The NMR sample for com-
poundsl—10 (Chart 1) were prepared in,D solution (concentration

of 1 mM in order to rule out any chemical shift change owing to self- calculates the best it of the five conformational parametBrs¥y,

associatioff) with doss = 0.015 ppm as internal standard. All pH- for both N- and S-type pseudorotomers and the mole fractions of N
dependent NMR measurements have been performed at 298 K. The(XN) or S () conformers] to the three experimenédl,y [viz. iz,

pH values [pH= pD — Q.4 for the correction of'deuterigm effect] 33,3, and3Jys]. The calculated mole fractions of N or S (xs)
corresponds to the reading on a pH meter equipped with a calomel conformers were used to calculate the free energy ofsNS

mi(_:roelectro_de (in order to measure the_ pH inside the NMR tube) pseudorotational equilibriumAGy s e, in kI mol?) using Gibb's
calibrated with standard buffer solutions (in®) of pH 4, 7, and 10. €qUAtIONAGY s o0 = —RTIN K, whereK = (xy/xs). See Table S3 in

The pD of the sample has been adjusted by simple addition of microliter ¢ Supporting Information for details of the PSEUROT (v5.4) estimated
volumes of RSO, and NaOD solutions (0.5, 0.1, and 0.01 M). The o500 10,

assignments for all compounds have been performed on the basis o (E) pH-Dependent Free Energy of Stacking.Free energy of
selective homo-!H) and heteronuclea?’P) decoupling experiments. stacking AAG® = AGS,..,.. in kJ mol?) for 1—6 ét neutral (pH=
All spectra have been recorded using 64 K data points and 64 scansg 6), acidic (pH= 1 gs)tac';';fd alkaline (pH= 10.4) state have been
1 ; .6), .9), .
for 'H and 128 K data points and 128 scans"ﬁﬁ. . calculated using relationAAG® = AG?, .. = [AGS, Jnon —
H-dependentJuy (0.1 Hz) has been precisely estimated (Table Stacking A
pr-dep Jhe (0.1 e | precisely _ [AG}s(zsexjnses WhereNpN' andNpEt signify 3-nucleotidyl moiety
S1 in the Supporting Information) by the simulation of the experimental (in bold) of 3-5' dinucleoside monophospha®A, ApG, ApU, UpA
spectra us_ing using the_ DAISY program pack_age (supplied by Bruker UpC, andCpU; see Chart 1) and nucleosideethy! phosphateNpEt
spectro§p|n). See s_ectlon E for furthe_r details of PSEUROT (¥5.4) with N = A, G, U, and C: see Chart 1), respectively. See part E of the
calculations using simulated endocycli. Experimental Section and Tables S1 and S2 in the Supporting
Information for details of calculation AAGfsggky
(F) Calculations of the Dimerization Shift. The dimerization
shift'”=1% (Onpet — Onpnr, iN ppm) have been calculated by subtracting
chemical shift of the aromatic protons of nucleosideyl phosphate

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

(30) IF]egauIt, P.; Pardi, AJ. Am. Chem. S0d 997 119 6621 and references
therein.

(31) Ravindranathan, S.; Butcher, S. E.; FeigoBidchemistry200Q 39, 16026.

(32) Drohat, A. C.; Stivers, J. Biochemistry200Q 39, 11865.

(33) Nakano, S.; Chadalavada, D. M.; Bevilacqua, PS€ence200Q 287,
1493, and references therein.

(34) Xiong, L.; Polacek, N.; Sander, P.; &ger, E. C.; Mankin, ARNA2001,
7, 1365.

(35) Ryder, S. P.; Oyelere, A. K.; Padilla, J. L.; Klostermeier, D.; Millar, D. P.;
Strobel, S. ARNA2001, 7, 1454, and references therein.

(36) Narlikar, G. J.; Herschlag, DAnnu. Re. Biochem.1997, 66, 19, and
references therein.

(42) Felemez, M.; Bernard, P.; Schlewer, G.; Spiess, Bm. Chem. So200Q
122 3156.

(43) It has been observed in the inter- and intramolecular stacking interaction
between indole and adeninium ring that when adenine base by protonation
or methylation (at N) takes up adeninium form, the LUMO energy of
adenine $0.1367 au] is significantly lowered by quarternization of
protonated nitrogen-{0.1182 au]. Such protonation saves energy of

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

(38) Leninger, A. L.; Nelson, D. L.; Cox, M. MPrinciples of Biochemistry
2nd ed.; Worth Publishers Inc.: New York, 1993.

(39) For review: Grinstaff, M. WAngew. Chem., Int. EA.999 38, 3629.

(40) For review: Giese, BAcc. Chem. Re200Q 33, 631.

(41) Guerra, C. F.; Bickelhaupt, F. M\ingew. Chem., Int. EA.999 38, 2942.

+0.2549 au (ca. 159.95 kcal m@) in interaction with HOMO {-0.3996

au] of the indole ring. It has been found that in these stacked pairs, the
indole ring more strongly interacts with the pyrimidine rather than imidazole
part of the adeninium ring. Ishida, T.; Shibata, M.; Fuji, K.; Inoue, M.
Biochemistry1983 22, 3571.

(44) Xu, D.; Norlund, T. M.Biophys. J.200Q 78, 1042.
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(Onper), 710, from that of 3-nucleotidyl unit of 3—5' dinucleoside over the pH-rangeAd, in comparison with monomers—10,

monophosphate{pn ), 1-6, at neutral (pH= 6.6), acidic (pH= 1.9), showing a direct evidence for atemro interaction between

and alkaline (pH= 10.4) state (see Figure S5 in the Supporting the nearest neighbor necleobases and bar plots showing dimer-

Information). ization shift of the aromatic protons and Tables-SB listing,
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