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Abstract: The pH titration and NMR studies (pH 6.6—12.5) in the heptameric isosequential sSDNA and
ssRNA molecules, [d/r(5'-CAQ*GQ?AC-3', with variable Q%/Q?)], show that the pK, of the central G residue
within the heptameric ssDNAs (ApKa = 0.67 + 0.03) and ssRNAs (ApK, = 0.49 + 0.02) is sequence-
dependent. This variable pK, of the G clearly shows that its pseudoaromatic character, hence, its chemical
reactivity, is strongly modulated and tuned by its sequence context. In contradistinction to the ssDNAs, the
electrostatic transmission of the pK, of the G moiety to the neighboring A or C residues in the heptameric
ssRNAs (as observed by the response of the aromatic marker protons of As or Cs) is found to be uniquely
dependent upon the sequence composition. This demonstrates that the neighboring As or Cs in ssRNAs
have variable electrostatic efficiency to interact with the central G/G~, which is owing to the variable
pseudoaromatic characters (giving variable chemical reactivities) of the flanking As or Cs compared to
those of the isosequential ssDNAs. The sequence-dependent variation of pK, of the central G and the
modulation of its pK, transmission through the nearest-neighbors by variable electrostatic interaction is
owing to the electronically coupled nature of the constituent nucleobases across the single strand, which
demonstrates the unique chemical basis of the sequence context specificity of DNA or RNA in dictating
the biological interaction, recognition, and function with any specific ligand.

Introduction produced by in vitro selectiGhcprocess or in antibiotic binding

by ribosomal RNA&Y or in DNAzymé interaction with different

ligands). Many ssDNAs shd#™" their functional properties

upon binding to specific proteins. These ssDNA binding proteins
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The sequence specificity of nucleic acid funcfidhcan be
broadly classified into two types: First involves ligand recogni-
tion and interaction by specific nucleic acid sequences such as
in protein recognition by both ssDNAand ssRNA and/or
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short pyrimidine-rich (UCUUC) sequerfé®f RNA with poly- modulating the chemical character of the constituting nucleo-
pyrimidine tract binding protein (PTB),an antigen-binding frag- bases in order to negotiate the biological recognition, interaction,
menf® bound to ssDNA, heterogeneous nuclear ribonucleopro- and function. No unambiguous proof has hitherto been available
tein (hnRNP) Al recognitidti by ssDNA [d(TTAGGG) re- that allows us to understand this in a straightforward manner
peats], and binding of an AU-rich element in tHeuBtranslated or how this actually works in physicochemical terms.
region of target mRNA¢ by tandem zinc finger domain of the It is however clear for some time now that the nearest-
protein TIS11d. Stacking between aromatic amino acids and neighbor stacking interactidhplays an important role in the
nucleic acid bases (mainly enthalpic in nature) plays an impor- dangling oligonucleotides, which can actually control the duplex
tant rolé9'in the enzyme specificity with nucleic acid substrate. stability. Some more recent evidente® also suggest that the
The second category of sequence-specific interattion stacked neighboring nucleobases in oligonucleotides constitute
volves base pairing through tertiary interaction involving folding an electronically coupled system, mutually modulating each
and scaffold building with certain complementary nucleobases other's chemical nature and reactivities. Here, we present
(with metal ion as cofactors) through intra- or intermolecular unambiguous K. evidence showing that the chemical nature
interactions as in the sequence specific cleavage activity for (pseudoaromaticity) of a specific nucleobase (N) in a given DNA
group Pabior and group Il intron ribozymédeir RNase P or RNA sequence depends on the chemical nature of the nearest
RNA 8¢ HDV ribozyme&™"hammerhead ribozynféikaras well neighbors.
as in the substrate sequence specificity surrounding the cleavag . .
site for hairpin ribozym&is or in the RNA-RNA interaction Results and Discussion
and recognition (as in kissing hairpfas® or codon-anticodon We have employed here the pH titration of the aromatic
recognitior¢ in the ribosome), and unnatural allosteric ribozythe.  protons in the isosequential heptameric ssDNgs-11a) and
Various modes of stacking (offset, edge-to-face, face-to- SSRNAs gb—11b) by 1D NMR (pH 6.7-12.5) and per-
face)% ¢ stabilizing donor-acceptor interactions are electro- formed their Hill plot analysis (Figures S1 and S2 in the
static in nature beside van der Waal and dispersion fdfées, Supporting Information) for the purpose of understanding the
which are very difficult to dissect experimental§#P The sequence-dependenKpmodulation of the centraG moiety
electrostatic forces (Coulombic repulsive or attractive terms) in the following eight DNA/RNA sequences shown in Figure
however are shown to play a dominant role in dictating the 1: [d/r(5-CAQ'GQ’AC-3): Q' = Q* = A (8a/8b) or C
strength of both stackifé*<1112and hydrogen bondint. The (11d11b), Q' = A, Q? = C (9a9%), Q' = C, & = A
free energy of stabilization of both stacking and hydrogen (10&10b)]. The trimeric ssDNA/ssRNA molecules, [d/rG&)
bonding is however dependent upon the relative electronic (28/2b), d/r(AGC) (3a/3b), d/r(CGA) (4al4b), d/r(CGC)
character (partial ionic charges owing to polarization), as well (5a&/5b)], constituting the central trinucleotidyl part of the
as by the resulting relative acitbase properties of the donor ~ corresponding heptamer, have been used as internal reference
and the acceptéi®efi4 which is steered inter alia by the compounds. In the isosequential heptameric ssDNas (1)
hydrophobic character of the microenvironm&nWhile it is and ssRNAsg&b—11b), the central trimer sequences(5) are
clear that the sequence context of the single-stranded DNA andextended both at the and 3 ends by theAC residues. These
RNA plays a key role in their interaction with protein (or any SSDNA/ssRNA molecules are designed in such a way that,

other ligand as in the aptamer), it is not yet however understood @mong all the aromatic residues, only a single anionic species
how this sequence context dictates such a central role inattheN! of the G moiety in the middle of the above sequences

can be produced in the alkaline pH. Tkeis situated in the
middle of these ssDNA/ssRNA sequences (Figure 1) with 5
purine@)-G-purine@)-3' or 5-purine@)-G-pyrimidine(C)-3'
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Dev. 1999 13, 1729. (f) Symons, R. HAnnu. Re. Biochem.1992 61,
641. (g) Noller, H. F.; Hoffarth, V.; Zimniak, LSciencel992 256, 1416.
(h) Nissen, P.; Hansen, J.; Ban, N.; Moor, P. B.; SteitzS@ience200Q
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K. Nucleic Acids Res2001, 29, 1815. (j) Perrotta, A: T.; Been, M. D.
Nature 1999 350, 434. (k) Stage-Zimmermann, T. K.; Uhlenbeck, O. C.
RNA1998 4, 875. (I) Fedor, M. JJ. Mol. Biol.200Q 297, 269. (m) Ferre
D'’Amaré, A. R.; Zhou, K.; Doudna, J. ANature 1998 395 567. (n)
Nakano, S.; Chadalavada, D. M.; Bevilacqua, P.S€ience200Q 287,
1493. (0) Shan, S.; Herschlag, RNA200Q 6, 795. (p) Xiang, Q.; Qin,
P. Z.; Michels, W. J.; Freeland, K.; Pyle, A. NBiochemistry1998 37,
3839. (q) Kore, A. R.; Vaish, N. K.; Kutzke, U.; Eckstein, Rucleic Acids
Res.1998 26, 4116. (r) Ohmichi, T.; Kool, E. CNucleic Acids Re2000

28, 776. (s) DeRose, V. Them. Biol.2002 9, 961.

(9) (a) Simon, R. W.; Kleckner, NAnnu. Re. Genet1988 22, 567. (b) Eguchi,
Y.; Itoh, T.; Tomizawa, J. IAnnu. Re. Biochem1991, 60, 631. (c) Eguchi,
Y.; Tomizawa, J. |Cell 1990 60, 199. (d) Eguchi, Y.; Tomizawa, J. J.
Mol. Biol. 1991, 220, 831. (e) Jaschke, ACurr. Opin. Struct. Biol2001,

11, 321.
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Perkin Trans. 2001, 651. (c) Meyer, E. A.; Castellano, R. K.; Diederich,
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(11) We have recently showhthat the ubiquitous electrostatic interactions

otides demonstrated that th&gof a single ionized nucleobase could be
measured from the aromatic marker protons of the neighboring nucleobase
because they constitute an electronically coupteslystem via intramo-
lecular offset stacking. Acharya, S.; Acharya, P.ldési, A.; Chatto-
padhyaya, JJ. Am. Chem. So@002 124, 13722. (b) The pH-dependent
NMR studies of intramolecular offset stacking in the single-stranded tri-
ribonucleotides. Acharya, P.; Acharya, S'jdesi, A.; Chattopadhyaya, J.

J. Am. Chem. So@003 125, 2094. (c) The pH-dependent NMR titration
studies of the hexameric ssSRNAS-BAAAAC-3') with a single ionizing
nucleotide residue,'85, showed that the interplay of nearest-neighbor
electrostatic interactions across the hexameric ssRNA chain propagated all
the way up to the sixth nucleobase residue. Acharya, P.; Acharya, S.;
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(13) (a) Shan, S.-O.; Herschlag, Proc. Natl. Acad. Sci. U.S.A996 93, 14474.

(b) Chen, D. L.; McLaughlin, L. WJ. Org. Chem200Q 65, 7468. (c)
Chen, J.; McAllister, M. A.; Lee, J. K.; Houk, K. Nl. Org. Chem1998

63, 4611. (d) Schmideder, H.; Kasende, O.; Merz, H.; Rastogi, P. P.; Zundel,
G. J. Mol. Struct.1987 161, 87. (e)Annu. Re. Phys. Chenl997, 48,

511. (f) Frey, P. AMagn. Reson. Chen2001, 39, S190.

(14) Acharya, P.; Cheruku, P.; Chatterjee, S.; Acharya, S.; Chattopadhyaya, J.

J. Am. Chem. So@004 126, 2862.

(15) (a) Legault, P.; Pardi, Al. Am. Chem. S0d994 116, 8390. (b) Narlikar,

G. J.; Herschlag, DAnnu. Re. Biochem.1997 66, 19. (c) Fersht, A.
Enzyme Structure and MechaniswW. H. Freeman: New York, 1984.
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in the neutral and in the ionic states, modeling ligand binding to nucleic
acid bases, actually give a measure of the modulation of the pseudoaromatic

properties of the constituent nucleobases across the ssRNA.
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to +£0.04 except foroH6 of C3' in 9b (error £0.05). A
negligibly small salt effect on thek, shift (-0.003}8 (a total

of 12 mM NaOD was added in small portions to shift the pH
from 6.7 to 12.2 through 2030 pH points. Initial salt
concentration at pH 6.6 is zero, see Experimental Section for

H
CHy-CH,-
-CHz-CHy H
{1a): R = H (dCpEt) . _
{1b): R = OH (CpEt) (1e):R=H, B=C (EtpdC)

{1f) - R = OH, B = C (EtpC)
(1g):R=H, B=A (EtpdA)

positive control) and a very small error in the pH readings before

(1h): R = OH, B = A (EtpA)

CHg-CHy-
H
(2a R=H, Q'=a"=A dA’GA")
CHy-CHs (2b): R = OH, Q' = Q% = A, r(A’GAY)
(3a) R=H, Q'=A Q°=c,d@A°cC?
(1c):R=H, B=A/(EtpdApEt) (3b) R=0H, Q' = A @ =C, r(a’6CY)

(1d) . R = OH, B = A (EtpApEl)
(1e):R=H, B=C (EtpdCpEt)
(1f) : R = OH, B = C (EtpCpEt)
(1g): R=H, B =G (EtpdGpEt)
(1h) : R = OH, B = G (EtpGpEt)

o 4a)R=H, Q'=C Q°=A diC°GAY
(4b): R=0H, Q' = C, Q% = A, r(C°GA%)
(sa) R=H, Q'=0’=c,dcecY
(b R=0H, Q' =@ =C, r(C°GCY)

5

1-Cytosinyl (C)

Hz
EHz

9-Adeninyl (A)

nF
H
H;

3 9-Guaninyl (G)

(8ay R=H, Q'=0Q’=A
dicoa%abea’a¥cY)
by R=0H Q'=Q"=A
rncEATAgA A’ cY)
(9a) R=H, Q'=AQ°=cC
d[Cf'Af'Af'gC%yCﬁ']
(9b)y R=0H. Q'=A Q’=C
nc¥a® aaCia’c)
(10a;R=H, Q'=C.Q°=A
dic®a’ciea’a’c?)
(10b)R=0H, Q'=C,Q*=A
rCTATCi A A ™)
(11a) R=H, Q'=0’=cC
d(c’A*cigcia’c?)
(1Mb)R=0H Q'=Q?=C
dic®A’ciecia’c?)

Figure 1.

or 5-pyrimidine(C)-G-purine@)-3' or 5-pyrimidine(C)-G-
pyrimidine(C)-3' nucleobases. We reasoned that the comparison
of the physicochemical properties of these isosequential SSDNAs
and ssRNAs within the set of the trimeric or the heptameric
units by simple pH-dependettl NMR titration studies {H at

500 or 600 MHz) as well as by chemical shift comparison in
the neutral (N) and deprotonated (D) states (i.e., relative
stacking/destacking) should tell us about the sequence-dependent
electronic environment aroun@ (apparent Kaj),'” it should

also show the relative strength of the electrostatic propaga-
tion'-12of the G~ through the neighboring nucleobases (apparent
pKa2)1” across the strand of various DNA or RNA sequences.
Clearly, the efficiency of this electrostatic propagation of the
G~ will be dictated by the chemical nature of the electronically
coupled neighboring nucleobases within a sequence context. We
also argued that the comparison of the trimers with the
heptamers should shed light on how the electrostatic effect of
the G~ in the trimeric sequences is modulated when it is in-
serted in to a larger oligomer with an altered sequence context
(Figure 1).

(A) Accuracy of the pH-Dependent NMR Titration Stud-
ies.The [Kj's reported (Table 1) for thM! center ofG (obtained
from 0H8G as well as from other marker protons of the
neighboring residues, Table 1 and Figure S1 in the Supporting
Information) have been obtained by the Hill plot analysis (Figure
S2 in the Supporting Information). The error (see Experimental
Section for details) in the chemical shift4s0.001 ppm at 298
K, and the corresponding error irKpdetermination is£0.01

8676 J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004

(17) (a) Intrinsic. K, of the nucleobase at a specific site in a monomer is the

one arising directly from a single ionizable group within a specific pH
range with the intrinsic electrostatic interferef¢é of the constituent '3
or/and 5-phosphates (which is already ionizedp= 1.5, but in the
absence of any nearest-neighbor, as we see inKh@pN! of G in the
monomeric Etp(d®)pEt (1g [pKa = 9.59+ 0.01}1h [pK, = 9.294+ 0.01]).

The presence of electrostatic interactionGfvith additional neighboring
electronic groupsuch as nucleobases, phosphates, and the pentose-sugar
units across the single-strandetlicleic acids causes the modulation/
perturbation of the intrinsicl, of the G (apparent Kaj), as found in the
trimeric and heptameric ssDNA24—5a and8a—118) /ssRNAs Rb—5b

and 8b—11b). This can be quantified by comparison with that of the
respective monomer unit, Etp(@)pEt (Lg/1h). Ideally, such a comparison

of the apparentlg,; of the G is best donevithin the subset of the trimers
2a—5a or the heptamer8a—11a thereby ensuring that the electrostatic
effect due to the number of phosphates and sugars remains the same within
the respective group. In our ssDNAs/ssRNAs, the marker proton from the
neighboring nucleobaseA (or C), as well as the ionic phosphates, which
are nontitrable in the pH range 6-62.5, also shows thela of G because

of the variable electrostatic interaction &/G~ with the neighboring
electronic groups [apparentKg]. Three distinct cases of variation of
apparent Ka2 (with respect to apparent<ps), within each group of the
trimers or the heptamers, have been observed in this work: (i) when
apparent a2 > apparent ., it implies an additional electrostatic energy
input from the electronic character of the neighboring nucleobase (Type 2
effect)?2¢ (i) when apparent K., < apparent K, it suggests an
electrostatic screening by the solvent; (iif) when appar&ai g apparent

pKaz it means no additional electrostatic energy input from the electronic
character of the neighboring nucleobase (Type 1 efféeffhe apparent
pKaz (Type 2 effect) of theés observed from other neighboring nucleobases
gives the relative increase of the strength of its cross-modulation by a
specific neighboring nucleobase irsaquence-context-dependerdnner.

This is because of the differential electrostatic interaction of the neighboring
nucleobases (through their variable electronic nature, pseudoaromaticity),
owing to their distinctive microenvironments (which dictate the local
dielectrics). This is consistent with the fact that th& pf the COOH group

of, for example, 4-methoxy salicylic acid decreases,(pf 3.2) in water

(e = 78) (i.e., more acidic) compared to thaK{pof 7.1) in DMSO ¢ =
48)32owing to a greater increase of H-bond strength accompanying charge
rearrangements (indicated by thE pvalues of the donor/acceptor) in a
relatively weaker dielectric medium, as in DMSO, compared to water. This
means that when appareri{$ > apparent Ka1, we have the electrostatic
energy input from the corresponding reporter nucleobase owing to its
nearest-neighbor influence and/or its location in a more hydrophobic
microenvironment. Both the apparenKq and apparent ., are site-
specific and depend on the relative difference in the microenvironments
between the ionization site (&to G~ in our case) and the position of the
neighboring nucleobases in the sequence. This can be easily a$3bgsed
the NMR giving the local thermodynamics of the variation of the strength
of tandem electrostatic interaction. (b) The ionization@ftself is its
apparent K.y, and the K, of G obtained from the neighboring nucleobases

in the proximity is its apparentiq,. Both are the result of the two-state
protonation D deprotonation equilibrium. The occurrence of appaient p

at a distal site is a result of the electrostatic relay of the appatégnt p
from the guanine ionization site. The actual transmissiorkgfip however
modulated by the microenvironment and the resulting electronic nature of
the nucleobase at the distal site. If the microenvironment around any of
the distal nucleobases in a sequence is different, then the specific local
hydrophobic environment around that nucleobase will (in comparison with
the aqueous environment) have altered charge density and, as a result, will
show different K.2's in a sequence-specific manner. Thus, for example,
threeAs or threeCs in DNA 9a or RNA 9b sequence can have, in theory,

a maximum of six different microenvironments because of nonidentical
nearest-neighbor interactions. Thus the two-state protonation D deproto-
nation equilibrium constant() for G D G~ is modulated differently by
different nucleobases #1? or AS/A3 or C5/C?3, Figure 1) at different
sites to give a set of modulated readings of the same equilibrium constants
for G~ with site @ (Ky), with site & (K5), with site A5 (K3), with site A®

(Kyg), etc., which are the apparenKp readings. Thus, each of these
modulated K,z readings of the equilibrium constants,, Ko, Ks, or Ky, is
proportional to the respective electrostatic potential eneyai each site

[E = quap/dmeqr, whereqs = G~ andg, = nucleobases, ¥or Q% or AS or

A% or C or C¥ in d/r(5-C3ASQINQ?A3C?-3' shown in Figure 1)g, =
permittivity factor]. Note that the individual charge density of each
nucleobase within the DNA/RNA sequence depends on the sequence context
with variablee, depending upon the relative nature of hydrophobicity or
hydrophilicity around respective nucelobases (see above). Kius, K,

#= Kz = K4 within the same sequence when the microenvironment around
each nucleobase is different, and this can only be assessed when there is
a single ionization point a&.

(18) (a) L, Yi.; Breaker, R. RJ. Am. Chem. S01999 121, 5364. (b) Kao, Y.

H.; Fitch, C. A.; Bhattacharya, S.; Sarkisian, C. J.; Lecomte, J. T. J./&arci
Moreno, B. E.Biophys. J200Q 79, 1637.
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Table 1. Comparison of pKa? of the G in ssSDNAs 2a—11a and ssRNAs 2b—11b as well as their monomeric counterparts EtpdGpEt (1g)
and EtpGpEt (1h)

Oligo-ssDNA H pKa Oligo-ssRNA H pKa
EtdGpEt (1g) HSG | 959 (x0.01) EtrGpEt (1h) HSG | 9.29(£0.01)
S s | HEA | 1004 (=0.001)
dA H8A | 1 0,“33 (10.0_23 rA H2A | 9.98(£0.01)
d(A*GA’) (2a) dG | HSG | 1024 20.01) HA’GAY) (2b) rG | H8G | 1003 @0.01)
3 H8A 10,45 (£ 0.03) 3 HB8A 9.97 (£0.01)
dA rAT | oa | 10.03 (0.02)
dA® H8A 10,08 (£0.01) s HEA | 10.08 (+0.01)
H2A 10.14 (= 0.06) I‘A H2A | 10.04 {(+0.01)
d(A’GC?) (3a) dG | HsG HA’GCY) (3b) o
3 H5C 10,05 (£0.01)
dc H6C
dcs | HSC | 991 002) 10.07 (+0.01)
H6C | 9.95(001) 10.18 (+0.01)
d(C°’GA’) (4a) dG | H8G | 1001 0.01) r(C’GA’) (4b) 10.25 (£0.01)
dAd | H2AT| 98B (00D 10.19 (x0.01)
9.42 (& 0.04) 10.20 (x0.01)
5:30 (0.01) )
d(C°GC?) (5a) 9.49 (£ 0.01) r(C°GC?) (5b)
ac | B¢ 937 (+0.01) 10.11 (£0.01)
H6C | 937 (£0.01) 10.16 (£0.01)
- 10,41 (£0.01)
| ooy [ os0oon
10058 (£0.01)
1113 (£0.01)
- B - - | 1035 (£0.01} |
dCAAGAAC) 1106000 (CA'A'GAAC) 10586000
(8a) 10.86 (£0.02) (8b)
1113 (20.02)
11.01 (£0.01) -
- 10.53 {£0.02)
dAY HZA | 1088 (£0.02) 10,46 (£0,03)
s HEA 10.67 (£0.03)
da H2A 1076 (£0.02) 10,80 (£0.04)
d(CTATA'GC'ATCY) dG HSG | 10.74 (20.02) HCATA'GC'A'CY) #or *
(9a) _dC* | HSC | 10.80(20.02) (9b) | Hec | 1031 @0.02)
dAY HEA 10.61 {£0.03) H8A | 1034 (20,03}
_ | H2A | 1083(2002)
| HSC | 10.65 (£0.03) | HSC | 1031 (20.03)
ac’ H6C 10.71 {£0.02 rC’ H6C | 10.87 (£0.08)
5 H3C 10L85 (£0.04) 5 -
d(;. | Hec 1078 (£0.03) . rC H6C 100,50 (£0.02)
5 5 HEA 10.60 (0.01}
wor- - AT | hea | tosowooy
5 H5C 10.71 (£0.04)
ooy | 9C | nec | osco0n VPR . :
dCA Cl((I'A AT dG HSG 10.79 (20.04) nCA C]'I(].I;\ ATCH rG ek W
a O '
(10a) da’ (10b) rA’ HEA | 10.56(x0.01)
Hga | 10.69(=0.04) H2A | 10.5920.01)
U x| Hsa | 1037002
wol s A e foreons)
dac? rc* - -
H5C 1041 (£ 0.01) 5
dac® HEC | 1055 (2 0.01) rC H6C | 1060 (+0,02)
5 5 HEA | 10.69 (+ 0.03)
dA H2ZA 1037 (= 0.02) rA H2ZA | 10.59 (= 0.02)
”dC"'. e ST : rc’ e R
dctA’ciee’a’cy | T | HeC | 10.25(x0.01) (CTATCGCPATCY) | HEC | 974(002)
(113) dG HSG 10.39 (= 0.01) (11b) ri, HAG 1009 (£ (0L02)
dc‘; [ HSC | 1032(+0.01) i HSC | 10.99(+ 0.03)
| He6C | 10.58(=0.01) H6C | 10,70 (= 0.04)
_dAT | HEA | 1042(2002) rA® | HBA | 1047 00D)
g H5C 10.36 (= 0.01) ¥
dac’ HEC | 1045 (002) rC H5C | 1037 (£0.01)

a All pKa values and the corresponding errors have been calculated from Hill plot analyses (Figure S2 in the Supporting Infotriatiemoptes see
ref 19 for the explanation of the negligible pH-dependent chemical shift change for H8G.

and after each NMR titration poini{0.025) were observed; It has been found that the centfalresidue in the isosequential
hence, no buffer was used for our study (see Experimental heptameric DNA and RNA molecules (Figure 1) shows a
Section). A sample concentration of 1 mM has been used to sequence-dependent variation in it&;§Table 1) owing to its
rule out any self-association. variable electrostatic interactidisvith the neighboring nucleo-
(B) Modulation of pK, of G by Electrostatic Interaction bases. It is also observed that the electrostatic effect dbthe
through ssDNA and ssRNA Strand is Sequence-Dependent.  formation is transmitted differently through the neighboring

J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004 8677



ARTICLES Acharya et al.

nucleobases across the strand depending upon the sequence
context!” The modulation of the I§, of G, as observed from

each marker proton of the neighboriAgagndC moieties (Table e = -
1, Figure 1), is a result of stepwise-8.5 A) nearest-neighbor S-d(CACG ZAC)-3' (10a) [ S-r(CACG A2C)-3' (10b)
electrostatic propagation in the electronically coupled ssDNAs | S-d(CACG CAC)-3" (11a) [ S-r(CACG CAC)-3" (11b)
or ssRNAs. The apparenKg; of G in the group of four trimeric
ssDNAs2a—5avaries from 9.49+ 0.01 to 10.24+ 0.01 (ApKal Figure 2. Propagation of the electrostatic interaction at thea®d the
= 0.75), whereas in the group of four heptameric ssDI8As 5-ends as a result @~ formation (propagation-¢) at the 3-end is shown
113 the apparentk. '’ of G varies from 10.39: 0.01 to 11.06 by pink, whereas the propagation at theefid is shown by green; compare
+ 0.01 (ApKa1 = 0.67). On the other hand, the apparekit$’ apparent fizz in Table 1).

of G in the four trimeric sSSRNA&b—5b varies from 10.03t
0.01 to 10.25+ 0.01 ApKa; = 0.22), while in a group of four
heptameric ssSRNA8b—11b the apparent lg,:17 variation is

from 10.09+ 0.02 to 10.58+ 0'0,1 (ApKal = 0.49). ,It is Chain is not Uniform Toward the 3'- and 5-Direction. The
noteworthy that all the abowpKa; within the group of trimers trimeric sequences show similar electrostatic transmission at

or group of heptamers are well above & estimation error ik the 3. and S-direction of G for both ssDNA2a—5a and

(see Experimental Section for details)#0.01 t0+0.04. Thus,  gsrNA2b—5b. In contradistinction, the transmission of elec-

the apparent if,1'” variation of theG observed within the set  yqgtatics interaction (manifested in appareRL 2 obtained

of the trimeric or the heptameric sSDNAs/ssRNAs is a measure from the neighbors) o in 3- and 3-directions in heptameric

of how different/variable is its pseudoaromatic character within sspNAs/ssRNAs is different depending upon the sequence

each group as a result of variation of the respective sequencezontext in the deoxy versus ribo series, which is evident from

context, in which the modulation by the phosphate charges or/ the pH-dependent chemical shift change [evident frodpy—p),

and the pentose sugar units within each group of trimers or Figure S3 in the Supporting Information] of the marker protons

heptamers remains the same. On the other hand, when the&rom the neighboring nucleobases. The distance up to which

apparent K1 variation of theG in ssDNA trimers are compared  the effect of electrostatics d&~ is transmitted through the

with the corresponding ssDNA heptamers and, similarly, the neighboring nucleobases (as evident by observation of apparent

ssRNA trimers with the corresponding ssRNA heptamers (in pK,,) is shown in Figure 2.

both sets of comparisons the trimeric sequence has been placed In the trimeric sSSDNALa—5a and ssSRNALb—5b as well

in the middle of the heptamer sequence), one can clearly observeas in the heptameric ssDNA8a—11a and ssRNAS8D, the

the effect of different microenvironments owing to their apparent Ka2s of G observed from the marker protons of the

respective nearest-neighbors depending upon the chain lengthpeighboring nucleobases in both the and 3-ends remain

phosphate charges or/and the pentose sugar units, as well aalmost the same as the apparelitjobserved from thé H8G

the sequence-context owing to variable stacking. itself (Table 1). This is because the pseudoaromatic characters
The cross-modulation of appareri of G in the neighbor- ~ Of A or C in the above sequences have been similarly modulated

ing nucleobases, owing to tandem nearest-neighbor electrostati®y the electrostatic interaction of 1@ (apparent Kaz Type

interactions, is also evident from the variation of the apparent 1 effect);” which means that the pseudoaromatic characters of

K27 obtained from each marker proton of its neighboring AS @ndCs at both 3 and 3-ends are uniform.
nucleobase moietiesy and C in trimers 2a—5a and 2b—5b In contradistinction, thek,’s of G in the heptameric sSRNAs

and heptamer8a—11aand8b—11b. The apparentlg. (Type 9b, 10b, and lll?, as measured from the neighboring nucleo-
1 effect}’ is the most predominant type of electrostatic bases at both '3 and 5-e7nds, are further modulatgd (ap-
interactions among the coupled nucleobases in all trimeric parent {Kay Typle73 2 effect) from'th.at of the |, of G itself
ssDNAs and ssRNAs and heptameric ssDNA sequences. (apparent Kap).*’ Thus, the variation of the iy of G as
. measured from the marker protonsAé (apparent a2, Type
In contradistinction, both Type 1 and Type 2 efféctsere 2 effect}” shows the modulation of the pseudoaromatic character
observed in the apparenKp, for the heptameric sSRNAs ¢ Aqin (CPASASGC3ATC?)-3' (9b), r(CSA5CSGA3A3CH)-
8b—11b, depending upon their respective sequence context g (10b), and r(GASCSGC3A3C?)-3 (11b). A3 (10.34 +
(Table 1). Heptameric sSRNA sequence’-CRAGAAC-3') 0.03 from H8A), A (10.46=+ 0.03 from H2A), and A (10.80
(8b) (G flanked by 5-A and 3-A) showed comparatively poorer 1 g 04 from H8A) in9b; A3 (10.37+ 0.02 from H8A, 10.17
(ApKaz2= 0.23) cross-modulation offy of G by the neighboring + 0.03 from H2A), A (10.56 &+ 0.01 from H8A, 10.59+
nucleobases [i.eapparent Kz, (Type 1 effect)], while the 0,01 from H2A), and A (10.60+ 0.01 from H8A, 10.50+
sequences r(SCAAGCAC-3) (9b) (ApKa2 0.56,G is flanked .02 from H2A) in10b; and A¥ (10.47 + 0.01 from H8A),
by 5-A and 3-C), r(5-CACGAAC-3') (10b) (ApKaz = 0.43, and A (10.69+ 0.03 from H8A, 10.59+ 0.02 from H2A)

5"d(CAAG 2AC)-3' (8a) | S-r(CAAG A2C)-3' (8b)
S-d(CAAG CAC)-3' (9a) || S-H(CAAG CAC)-3' (9b)

of G are pyrimidines, whereas it is minimum when the
neighboring nucleobases & are purines.
(C) Electrostatics Modulation Through ssDNA and ssRNA

G is flanked by 5C and 3-A), and r(3-CACGCAC-3) (11b) in 11b.

(ApKaz2= 1.25,G is flanked by 5C and 3-C) show the cross- This is due to the different partial ionic charges within the
modulation of Ky [i.e., ApKaz whereApKaz = { (PKa1 0f G)from same nucleobase as well as owing to the differences in their
6H8G in ssDNA or ssRNA — { (PKa20f G)from marker protons (HsamzamsciHec)  intrinsic pseudoaromatic characters depending upon their
of ssDNA or ssRNA |,17 owing to the variation of the apparenkyp nonidentical microenronmentsd’. This also means that the
(Type 2 effect)’” as a result of sequence-dependent nearest- pseudoaromatic characters of A& A% = A5 in 9b, A3 = A3 =
neighbor effectThis means that the pKperturbatiort” within A% in 10k and & = A% in 11bare nonuniformThe pseudoaro-

the sequence is maximum when the neighboring nucleobasesnatic characters ofs have also been assessed by comparing
8678 J. AM. CHEM. SOC. m VOL. 126, NO. 28, 2004
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Figure 3. (A) Plot of ApKa [ApKa = (pKa 0f G)irom dH8G in ssbNA or ssRNA— (PKa Of G)irom dH8G in EtpdGpEt or EtpepEi@s a function dH8G (Table S3 in the
Supporting Information) for the heptameric ssDNg&-11aand ssRNAS8b and11b, which shows a correlation coefficient of 0.9, based on linear regression
analysis. (B) Plot of the oligomerization shift (i.e., the chemical shift difference between the monomer and oligomers, Table S1 and Figure S4 in the
Supporting Information) as a function &fpK, in the neutral state for the heptameric ssDNBes-11aand ssRNAS3b and11b. For ssRNAs9b and10b,

9-guaninyl did not show any apparer€f but showed apparent{a. (see ref 17). The plot of oligomerization shift vershisk, shows a straight line, which

shows a correlation coefficiei of 0.85, based on linear regression analysis.

the [K3's of G as measured from the neighboring marker protons with the middle 5purine(A)-G-purine(A)-3 sequences (as in
of Cs (apparent a2, Type 2 effect):® C¥(10.31+ 0.03 from the heptamer8a and8b) are most stacked, and those having a
H5C, 10.87+ 0.08 from H6C), € (10.314 0.02 from H6C), middle 3-pyrimidine(C)G-pyrimidine(C)-3 sequences (as in
C® (10.534 0.02 from H6C) in9b; C5 (10.50+ 0.02 from the heptamer&laandl1lb) are least stacked, which are evident
H6C) in 10b; and G (10.374 0.01 from H5C), € (10.994+ from the upfield chemical shifts at the N-state (Table S3 in the
0.03 from H5C, 10.70k 0.04 from H6C), € (10.60+ 0.02 Supporting Information) as well as from higher oligomerization
from H6C), and € (9.78 & 0.02 in H5C, 9.744 0.02 from shifts (Tables S1, S2 and Figure S4 in the Supporting Informa-
H6C) in 11b. Thus, this also shows that the pseudoaromatic tion) for the former compared to those of the other sequences.
characters of € = C%= C¥ in 9band C = C®¥ = C%= C®in However, in the case of trimeric ssDNA and ssRNA sequences,
11bare electronically nonuniform. such correlations could not be obtained, as their structures are
(E) Correlation of ApK, of G in the Heptameric ssDNAs ~ presumably more random than those of the heptamers.
and ssRNAs with Their RespectivedH8G as well as with
the Oligomerization Shift. The apparentif,; of G as observed
in heptameric ssDNA8a—11aand ssRNASb and11b (Table (A) pH-Dependent'H NMR Measurement. All NMR experiments
1) is always more basic by ca. 6:2.3 units compared to the ~ Were performed in Bruker DRX-500 and DRX-600 spectrometers. The
pKa of G in their monomeric counterpats EtpdGpEt and NMR samples for compounds-5 and8—11 (Figure 1) were prepared
EtpGpEt, respectively. This oligomerization-promoted modula- " D20 solution (concentration of 1 mM in order to rule out any
tion of PKar of G is due to the different phosphate charges in chemical shift change owing to self-association) witss = 0.015

the oli dto th I diff i Ippm as internal standard (D$S2,2-dimethyl-2-silapentane-5-sulfonate
€ oligomers compared to the monomer as well as differential ;) salt). All pH-dependent NMR measurements have been

nearest neighbor interactions, thereby changing the overall performed at 298 K. The pH values shown in pH-dependent chemical
microenvironment. However, comparing such modulationkaf p  shift plots in the Figure S1 in the Supporting Information already include
of G [i.e., ApKq, WwhereApKa = {(pKa Of G)irom sH8G in ssDNA or the correction for the deuterium effect from pH meter reading fpH
ssRNA — { (PKa Of G)from sHeG in EtpdGpEt or Etpepi] @S a function pD — 0.4]2%2The pH meter is equipped with a calomel microelectrode
of either (i) the chemical shift oG (Figure 3A) or (ii) the

i i7ati i i ithi i (19) In case of ssRNA trime3b and hexamer8b and10b, there is almost no
oligomerization shift (Figure 3B), within the series of our change INHBG with onization 0fG (Adw o = 0.01 ppm. Figure S3 in

heptameric ssDNA and ssRNA sequences (in which the number  the Supporting Information). In the case8if, SH8G is deshielded4dn_p

; —0.085 ppm, Figure S3 in the Supporting Information) with ionization of
of phosphate charges remain the same) at the neutral .pH, shows G. This can be due to three reasons: (a) Thpt®sphate orientation with
the effect of the sequence context promoted modulation of the respect tdG is such that it causes repulsion between the negative charge

s : ; ; ; ; of the phosphate and that of thesystem of the imidazole moiety @,
intrinsic differences in their respective chemical environments. causing deshielding ofH8G, and, consequently, would not allow the

Experimental Section

Thus, both the plot oApK, as a functiodyH8G and that of the ot_)?]er\ﬁa_tio% of forrjrflation_ o% (k;) Change(inh;hﬁ cherlgical shift r?_f EB

. g . . - . - with pH is the manifestation €&~ formation (which would cause shielding
oligomerization shift (Figure S4 in the Supporting Information) of OHBG). (c) The destacking (i.e., the deshielding%f8G) of guanine
as a function oApK, show a correlation with a high correlation gargetheh nearest-nﬁlghbors It?] beﬁagﬁwfgor?wapf;ﬂ- In ca,sestywh]g:rt%

- . . . shows no change with pH, the effect of the proximity of the
Coeff'?'ent (0.-9 a}nd 0-85: respectively). The. Chemmal shift and phosphate and the destacking are of equal strength but opposite in nature
the oligomerization shift oG (0H8) are manifestations of the to the chemical shift change of H8G owing@ formation, and therefore

. mutually compensating each other’s effect. S0 formation is not
strength of stacking aG as well as the sugaphosphate observable from the H8G chemical shift (as9h and 10b). In the case
backbone conformatidfaroundG in the heptameric SSDNAs wheredH8G is deshielded as a function of pH, the chemical shift change

. . due to destacking is more predominant than that du& téormation. This
and ssRNAs (see, for exampl&i8G in 9b and 10b did not means that the actual ionization of a specific nucleobase as the pH changes
show any pH-dependent chemical shift chailﬁgmcause of may not observable by its own marker proton, H&®_p ~ 0, depending

. . . . L upon its nature of nearest-neighbor interaction), but by the pH-dependent
competing destacking and relative phosphate orientation-vis-a chemical shift change of the neighboring marker protons(s). This problem
vis G~ formation).Such high correlation reeals that the pK can be circumvented by pH-dependent shifts by eith@r or °N-labeled

X X . . e oligonucleotideg5a.21
perturbation ApK,) of G in any oligomer increases with its  (20) (a) Fgéce, R. K, hJames,dE. @nal. Chemls?]u 46, 2049. (b) Acharya,
H H H H H H _neai S.; Fddesi, A.; Chattopadhyaya, J. Org. Chem2003 68, 1906.
increasing stacking interaction W|th_ the n_earest neighbdrs. 21) (3) Legault, P Pardi. AJ. Am. Chem. Soc1996 119, 621. (b)
is also clear from the above correlation (Figure 3) that the ones Ravindranathan, S.; Butcher, S. E.; FeigoBidchemistry200Q 39, 16026
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(in order to measure the pH inside the NMR tube) calibrated with
standard buffer solutions (inJ®) of pH 7 and 10. The pD of the sample
has been adjusted by simple addition of microliter volumes of NaOD
solutions (0.01 M, 0.1 M, and 0.5 M). The assignments for all
compounds [Figure S7 in the Supporting Information] at 298 K have
been performed by usintH NOESY, 3P decoupledH COSY, H
TOCSY, and®*P—!H correlation spectroscopy for compouriiss and
8—11. TheH NOESY spectra were also recorded at 278 K for the
compound2—5 [Figure S7 in the Supporting Information] or at 283
K for the compound8—11[Figure S7 in the Supporting Information]

in the neutral pH. AIfH spectra have been recorded using 128 K data
points and 64 scans. All NOESY spectra 5 and 8—11 were
recorded on 500 and 600 MHz spectrometers with a mixing timg (

of 800 ms. For each FID of NOESY¥!P decoupledH DQF—COSY
and TOCSY spectra, 64 scans were recorded with a dél@yscand

the data were zero-filled to 4 1 K in the & and t directions, then

profile, however, shows a clear plateau at the high pH; i.e., the last
three pH points (pH 12.17, 12.33, and 12.5) indicate (Figure S1 in the
Supporting Information) constant or almost negligibled(~ 0.002
ppm) chemical shift change. This therefore indicates the negligible effect
of 2'-OH ionization and salt effect at 12.5 fd0b on the chemical
shift change of its aromatic marker protons. We can therefore safely
attribute anyAdn-py > 0.012 ppm to the effect of the nearest-neighbor
interactions. A less than 0.0Kpshift change was observed for a total
20 mM NacCF® concentration. We therefore observe negligibly small
salt effect as we gradually increase the pH from pH 6.7 (ne€ D
without any NaOD) to £16 mM NaOD at pH 12.2) on theka shift
(£0.003)%80

(c) pH Range Studied.The pH titration studies for d(AGA)2@)
(pH 6.61-12.45); d(AGC) 8a) (pH 6.73-12.15); d(CGA) 4a) (pH
6.94-12.11); d(CGC)%a) (pH 7.21-11.31); d(CAAGAAC) 8a) (pH
7.09-12.5); d(CAAGCAC) Pa) (pH 6.91-12.58); d(CACGAAC)

Fourier transformed, phase adjusted, and baseline corrected in both(10a) (pH 7.48-12.5); and d(CACGCAC) 118 (pH 7.43-12.33)

dimensions using polynomial functiordP—'H Correlation spectros-

consist of ~25—33 data points (see Figure S1 in the Supporting

copy was performed in the absolute magnitude mode using 64 scansinformation). Similarly the pH titration studies for r(AGARK) (pH

with a delay of 2 s, and then the spectra were zero-filled to 1 K

data points in theytand & directions, then Fourier transformed, phase
adjusted, and baseline corrected in both dimensions using polynomial
functions.

(B) pH Titration of Aromatic Protons in 2 —5 and 8-11. (a)
Accuracy of pK.. The [KJ's reported here for thé\' center of G
(obtained fromoH8G as well as from other marker protons of the
neighboring residues) have been obtained by the Hill plot analysis of
the pH-dependertiH chemical shifts measured by both 500 and 600
MHz NMR spectrometers using an identical condition (Figure S1 in
the Supporting Information). The error in the chemical shit:&001
ppm at 298 K, which represents digital resolution on the same sample
with DSS as the internal reference. The error for subsequent NMR
measurements on the same sample was also witiif001 ppm at
298 K. The error in K, determination is+0.01 to+0.04 except for
OH6 of C3' in 9b (error £0.04). All individual errors of respective
pKa values are shown in parentheses in Table 1. These acclate p
values allow us to safely attribute the observéd gifferences larger
than +0.05, respectively, for various nucleobase residues to the
differential intramolecular electrostatic interactions experienced by

6.79-11.8); r(AGC) @b) (pH 7.05-11.95); r(CGA) éb) (pH
6.72-12.02); r(CGC) §b) (pH 7.2-12.16); r(CAAGAAC) @8b) (pH
7.0—12.14); r(CAAGCAC) 0b) (pH 7.23-12.05); (CACGAAC) (L0b)

(pH 6.96-12.5); and r(CACGCAC)11b) (pH 6.75-11.72) consist of
~25-33 data points (Figure S1). The corresponding Hill plots for
2a—5a and8a—1laas well as2b—5b and8b—11b are given in the
Supporting Information (Figure S2 in the Supporting Information), and
the Ky's shown in Table 1 have been calculated from Hill plot analyses
(see section C for details).

(C) pKa Determination. The pH-dependent [over the range of pH
6.6—-12.5, with an interval of pH 0:20.3] *H chemical shift¥c (9,
with error40.001 ppm) for2—5 and8—11 show a sigmoidal behavior
[Figure S1 in the Supporting Information]. Th&pdetermination is
based on the Hill plot analys&!52using equation pH= log((1 —
a)/a) + pKa Whereo represents the fraction of the protonated species.
The value ofa is calculated from the change of chemical shift relative
to the deprotonated (D) state at a given phb (= Op — Oobsa fOr
deprotonation, wheréqssq is the experimental chemical shift at a
particular pH), divided by the total change in chemical shift between
the neutral (N) and deprotonated (D) state’)( So the Hendersoen

different pseudoaromatic nucleobases along the ssDNA chain. A sampleHasselbach type equation can then be written assabig((Ar — Ap)/

concentration of 1 mM has been used for all NMR experiments in order
to rule out any chemical shift change owing to self-association, although
no chemical shift change was observed up to 20 mM with the

Ap) + pKa The K, is calculated from the linear regression analysis
of the Hill plot [Figure S2 in the Supporting Information].
(D) Calculations of Oligomerization Shift. Oligomerization shifts

monomeric phosphates. The pH measurements were performed WicgFigure S4 as well as Tables S1 and S2 in the Supporting Information)
inside the NMR tube, both before and after each NMR titration point  are calculated for the individual nucleotide residues in an oligo-ssDNA

(30—40 pH points within the pH range of 6.7 to 12.3 for each
compound), and the pH readings were found to vary atfy025; hence
no buffer was used for our study.

(b) Positive Control for the Determination of Salt Effect Induced
Chemical Shift. Our pH-dependent positive control studies (782
pH = 11.9) with r(ApA), having no ionization site at the 9-adeninyl
base in this pH range, but an ionizableH group showed negligible
Adn-p) for SH8A anddH2A (0.002-0.004 ppm). However, increasing
the pH further up to 12.2, the range 4 -p) becomes 0.0040.012
ppm without showing any plateau (indicating continued ionization of
2'-OH in such high alkaline pH; ¥, of 2'-OH vicinal to the inter-
nucleotidic phosphodiester in r(ApA) is 12%9. This chemical shift
change of the aromatic protons of 9-adeninyl as thexganion is
formed because of the change of the electron-withdrawing character
of the 2-substitutent, i.e.,’20H versus 2oxyanion! Considering the
pH titration for all ssRNAs, we find the maximum pH reached is 12.5
for 10b. The pH-dependent chemical shift of those aromatic marker
protons OH8AS, OH2AS, 6H2A3) of 10b, having observed titration

(22) (a) Kumler, W. D.; Eiler, J. JJ. Am. Chem. Sod943 65, 2355. (b)
Cozzone, P. J.; Jardetzky, Biochemistryl976 15, 4853. (c) Chamberlin,
S.; Merino, E. J.; Weeks, K. MPNAS2002 99, 14688.
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(Opna) 2a—5a and8a—11awith respect to the monomeric¢-deoxy-
3'-ethylphophates (dNpEt or EtpdNpEt or EtpdN) [i.e., the difference
of chemical shift: AdnpevepanpetEpdN- opnay, IN ppmM, at 298 K] at

the neutral (N) and deprotonated (D) states. Similarly, oligomerization
shifts are calculated for the individual nucleotide residues in an oligo-
SSRNA Orna) 2b—5b and 8b—11b with respect to the monomeric

ribo 3-ethylphophates (NpEt or EtpNpEt or EtpN) [i.e., the difference

of chemical shift: Aé(NpEIIEIprEUEle— ORNA)» in ppm, at 298 K] at the
neutral (N) and deprotonated (D) states. See Figure S4 as well as Tables
S1 and S2 in the Supporting Information for details.

Conclusions and Implications

(1) The net result of this cross-talk, between two neighboring
aglycones, is the creation of a unique set of aglycones in an
oligo- or polynucleotide, whose physicochemical property and
the pseudoaromatic character are completely dependent upon
both the sequence makeup and whether they are stacked or
unstacked. Thus the actual physicochemical integritij\ah
d/r(5-C5ASQINQ?A3C?-3)) is dictated by the variable pseudo-
aromatic character of both neighboring @nd @ [Q?



pKa Perturbation of Nucleobases ARTICLES

Q?= A (8a/8h) or C (11a11b), Q' = A, Q? = C (9a/9b), Q* Supporting Information Available: (Figure S1) Plot of
= C, @ = A (10d10b), Figure 1]. The properties of Q  pH-dependent (6:612.5) 'H chemical shifts §H) for dif-
and @ are further tuned by the pseudoaromatic nature of ferent aromatic protons of the trimerizg—5a) and heptameric
the flanking 3C5A% and 3-A®C® nucleotides in d/r(5 (8a—11a8) ssDNA as well as trimeric2b—5b) and hepta-
CYASQINQ?A3CE-3). It is noteworthy that the respective  meric @b—11b) sSRNA. (Figure S2) The Hill plots for ssDNA
apparent .2 values ofG observed from the marker protons 2a—5a and 8a—11a as well as ssRNAR2b—5b and 8b—11bh.
of 5-C5A% and 3-A%C® nucleotides are also found to be (Figure S3) The difference of chemical shiftsfn-p), in ppm]
different, which means that the electronic characters of A of all identical aromatic marker protons of the neighboring
residues or C residues are nonuniforn® (& A% and G = nucleobases in the isosequential ssDNPA{5a and8a—114)
C®). This suggests that the pseudoaromatic characteN of and ssRNA 2b—5b and8b—11b) at the neutral (N) and the
(where N= G) in all our heptameric DNA and RNA se-  deprotonated (D) states. (Figure S4) The oligomerization shifts
quences (Figure 1) can have at leash@mbers of variations,  at the neutral state and at the deprotonated state. Oligomerization
depending upon the tunable chemical nature of the neighboringshifts are calculated for the individual nucleotide residues in
Qltand & an oligo-ssDNA trimer@a—5aand heptamer8a—11aas well
(2) Recent studies have shown that the strength of a hydrogenas in oligo-ssRNA trimer&b—5b and heptamer8b—11b with
bond (A—H-B) between a donor (A) and acceptor (B) can be respect the appropriate monomeric reference compounds. (Figure
assessed on the basis ¢t gifference ApK,) between the two S5) The pairwise subtraction of the chemical shifi@doxy-ribo),
heteroatoms involved in the hydrogen bdf#® Thus, those  in ppm] of all identical aromatic marker protons of the
donor-acceptor which have stronger hydrogen bonds are thosenucleobases in the isosequential ssDI2a{5a) and Ba—114)
which have relatively similar g, values (“g<a match”) 3214 and isosequential sSSRNAIf—5b) and 8b—11b) at the neutral
as in the case of a very strong hydrogen bond (wiigy, = (N) and the deprotonated (D) states. (Figure S6) The stack plots
0, AH°H-bond) = —24.9 kJ mot?)3d between 2,4,6-trichlo-  of the pH-dependentH NMR chemical shifts (in BO) of
rophenol (Ka 5.99) and butylamine retinal Schiff baseK{p  the aromatic protons for isosequential ssDN2a+{5a and
5.99). Our recent studies have confirmed thi® show that 8a—114) and ssRNA 2b—5b and8b—11b) at 298 K. (Figure
the reason for the stronger base pairing in RNANA duplexes S7) The NMR assignments are shown for ssDN2Zs<5a
than in the DNA-DNA duplexes is actually based on this and 8a—11a) and ssRNA 2b—5b and 8b—11b) using H
fundamental fact that the donor and acceptor nucleobases inNOESY (both at 298 K and at 283 or 278 K), DQF-COSY and
the monomeric components of a RNARNA duplex have more  TOCSY (at 298 K) as well a¥P—1H correlation spectroscopy
similar pKa values ApKa = 5.53) than those in the DNA 5t the N-state. The connectivity and proton assignments are
counterparts ApKa = 6.29). This means that the unique shown for each spectrum. (Table S1) The oligomerization shift
electronic characters of the donor and acceptor allow the estimated frontH chemical shift at the neutral (N) state at 298
H-bonded proton in RNARNA duplexes to be shared more K for aromatic protons for ssDNRa—5aand8a—11aas well
equally than those in DNADNA duplexes. Studies have also g5 ssRNA2b—5b and8b—11b using appropriate monomeric
showrt**the preferential strengthening of base pairing in triplex reference compounds. (Table S2) The oligomerization shift
formation when the participating modified nucleobase (2- estimated frontH chemical shift at the deprotonated (D) state
aminopyrimidine) having increasetp(6.8) relative to dC (4.3) gt 298 K for aromatic protons of for ssDNRa—5a and
to give better fa matching, which gives more effective pro-  ga—11aas well as ssSRN&Rb—5b and8b—11b using appropri-
tonation at the physiological pH, leading to improved hydrogen ate monomeric reference compounds. (Table !5B8¢hemical
bonding capability. shifts [0y, in ppm] at the neutral (N) and the deprotonated (D)
It is therefore very likely that the perturbation oKpof a states at 298 K for monomeric compountia—1qg, sSDNA
particular nucleobase due to sequence-dependent nearest-neighimers 2a—5a, sSDNA heptamer8a—11aas well as sSRNA
bor electrostatic effect, as found in this work, should modulate {rimers 2b—5b, sSRNA heptamer8b—11b. (Table S4)H
the base pairing strength with the complimentary strand, which chemical shift differencesdaoexy-ribo: in PpM] at the neutral
is also likely to influence the fidelity of any interaction or (N) and the deprotonated (D) states at 298 K between the
recognition involving base pairing like replication, transcription, monomeric 2deoxy analoguedd, 1j, 1p, 1f, 1h, 1I, 1nand
translation, and triplex formation, depending upon the sequencemgnomeric ribo analogueks, 1k, 1q, 1g, 1i, 1m 1o, respec-
context of DNA or RNA. tively, as well as between the ssDN&s—5a, 8a—11a and
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