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Experimental Section

(A) pH-dependent 3'P NMR measurement

The pH dependant *'P chemical shifts for the trimeric ssDNA and ssRNA compounds 1 — 4 as
well as heptameric ssDNA and ssRNA compounds 5 — 8 were performed in Bruker DRX-500 and
DRX-600 spectrometers. The NMR samples for compounds 1 — 8 (Figure 1 in the text) were prepared
in D,0 solution (concentration of 1 mM in order to rule out any chemical shift change owing to self-
association) with using O=P(OMe); (& = 0.0 ppm) as an external standard for *'P chemical shifts. All
pH-dependent NMR measurements have been performed at 298 K. The pH values shown in pH-
dependent *'P chemical shift plots in the Figure 2 in the text and Figures S1 — S3 already includes the
correction for the deuterium effect from pH meter reading [pH = pD - 0.4]. The pH meter is equipped
with a calomel microelectrode (in order to measure the pH inside the NMR tube) calibrated with
standard buffer solutions (in H,O) of pH 7 and 10. The pD of the sample has been adjusted by simple
addition of micro liter volumes of NaOD solutions (0.01M, 0.1M and 0.5M). The assignments for all
compounds 1 — 8 [see ref 8a] at 298 K have been performed by using *'P decoupled 'H COSY, 'H
TOCSY, *'P - 'H correlation spectroscopy and 'H NOESY. For each FID of *'P decoupled 'H DQF-
COSY and TOCSY spectra, 64 scans were recorded with delay of 2s and the data were zero-filled to 4
X 1 K in the t; and t; directions, then Fourier transformed, phase adjusted and baseline corrected in
both dimensions using polynomial function. *'P-"H Correlation spectroscopy was performed in the
absolute magnitude mode using 64 scans with delay of 2s and then were zero-filled to 1 X 1 K data
points in the t; and t, directions, then Fourier transformed, phase adjusted and baseline corrected in
both dimensions using polynomial functions. The 'H NOESY spectra were also recorded at 278 K for

the compounds 1 — 4 [ref 8a] or at 283 K for the compounds 5 — 8 [ref 8a] in the neutral pH. All
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NOESY spectra for 1 — 8 were recorded in 500 and 600 MHz spectrometer with mixing time (T,,) of
800 ms. For each FID of 'H NOESY 64 scans were recorded with delay of 2s and the data were zero-
filled to 4 X 1 K in the t; and t, directions, then Fourier transformed, phase adjusted and baseline
corrected in both dimensions using polynomial function. All *'P spectra have been recorded using 128

K data points and 128 scans.

(B) Accuracy of 5*'P Chemical shifts in compounds 1 -8
The error in §°'P can come from the following three sources:

(1) The error from the digital resolution of the NMR spectrometer at 600 MHz: When the
chemical shift of *'P resonance is determined by a peak picking software, error comes from digital
resolution. This issue has been tested by measuring the >'P chemical shift of the model compounds
(d/r) EtpApEt (9a/9b), (d/r) EtpCpEt (10a/10b) and (d/r) EtpGpEt (11a/11b) three times each both in
the neutral and alkaline pH (12.5). The Maximum variation of chemical shift from three experiments
at the same pH was 0.001 ppm. Table S4 shows the *'P chemical shifts of these compounds (9 — 11).

(2) The error from the line broadening of *'P resonance: Unlike 'H resonance *'P peaks have
more line broadening. This is because in a 600 MHz spectrometer the frequency for 'H is 600 MHz
but the frequency for *'P is 243 MHz. Similarly in a 500 MHz spectrometer the frequency of 'H is 500
MHz but the frequency for 3P is 202 MHz. Hence there is less resolution for *'P peaks compared to
that of 'H. To estimate the line broadening error we have estimated the line broadening of the
phosphorus peaks both at the neutral and alkaline pH for the bisphosphate model compounds (d/r)
EtpApEt (9a/9b), (d/r) EtpCpEt (10a/10b) and (d/r) EtpGpEt (11a/11b) as well as the heptamers (5 —
8). The line broadening (in ppm) values have been tabulated in Table S5. From the Table it is evident

that the line broadening in case of monomers is not more than 0.02 ppm, and in heptamer it is not
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more than 0.06 ppm at a particular pH. The line broadening changes with pH in going to a higher pH
from the neutral both in cases of mononucleotide bisphosphates and heptamers. The maximum change
in line broadening is 0.03 ppm in case of (p; of Sb) and the line broadening becomes less at the higher
pH. Thus the maximum error from *'P line broadening can be 0.06 ppm.

(3) The error from the salt effect: In order to achieve the alkaline pH (from 6.6 to 12.5), NaOD
has been added in a step-wise manner (30-40 pH points) to the sample solution. As a control study the
chemical shift of phosphorus has been measured in the neutral and alkaline pH for model compounds
(r/d)EtpApEt (9a/9b), (r/d)EtpCpEt (10a/10b), and (r/d) EtpGpEt (11a/11b). The nucleobases A and C
in (9a/9b) and (10a/10b) do not have any deprotonation site. Hence the change in chemical shift of *'P
from pH 6.6 to 12.5 in these compounds should be entirely due to the salt effect as the pH changes to
alkaline. The chemical shift values both in the neutral and alkaline pH for the compounds 9 — 11 are
given in Table S4. The maximun change in *'P chemical shift is 0.061 ppm for p, of Etp;Ap,Et (9b)
over the total pH range of 6.6-12.5. Thus we have taken Etp;Ap,Et (9b) as a model compound and
performed a blank titration on it over the same pH range (6.6 — 12.5), which is exactly similar to the
pH range of the compounds (1 — 8) in our study. The &°'P for the pH dependant titration plots of
trimeric ssSDNAs/ssRNAs (1 — 4) and heptameric ssDNAs/ssRNAs (5 — 8) have been prepared by
subtracting the average value of & 'P for p; and p, in Etp,Ap;Et (9b) from the *'P chemical shift of the
trimers and the heptamer at a particular pH. This difference in *'P chemical shift has been plotted as a
function of pH to obtain the pK, from the inflection point of each titration plots. Thus, Etp; Ap,Et (9b)
has been chosen as a model compound as adenosine has no deprotonation site over the pH range (6.6 —
12.5) in which the titration studies have been performed, so that the change in chemical shift can be
attributed to salt effect. At the same time this had the maximum change in chemical shift value (0.061

ppm) in the pH range (6.6 — 12.5). So this is the maximum error that can come from the salt effect. In
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our compounds the (d/r) trimers (1 — 4) and (d/r) heptamers (5 — 8), each internucleotidic phosphate in
the sequence can be at the same time 3' to one nucleobase and 5' to the next nucleobase. As a result
while subtracting the &*'P of EtpAp.Et (9b) from that of concerned trimer and heptamer °'P
resonances, average of 3'(p;) and 5'(p2) phosphorus chemical shifts has been used. Thus by taking into
account all the above three sources of error, the pK, of 9-guaninyl from &'P chemical shift (pK,,) has
only been calculated when the change in chemical shift of a particular *'P resonance, over the total pH

range (6.6 — 12.5), is more than 0.10 ppm in order to avoid erroneous interpretation of our results.

(C) The pH Titration using *'P markers in compounds 1 — 8

(1) Accuracy of pK,: The pK, values for the ionization at N’ center of G (obtained from SH8G
marker protons of the 9-guaninyl residue) have been obtained in our earlier work by the Hill plot
analysis of the pH-dependent 'H chemical shifts measured by both 500 and 600 MHz NMR (see ref
8a). The pK, values reported here are obtained by the pH dependant chemical shift of *'P markers,
which are neighboring to the 9-guaninyl ionization site in the pH range 6.6 — 12.5 for compounds 1 —
8. The error in the *'P chemical shift at 298K is discussed in the preceding section. The error in pK,
determination from *'P markers is +0.1 to +0.9 in case of trimeric compounds 1 — 4 and 0.0 to £0.13
in heptameric ssDNAs/ssRNAs 5§ — 8. All individual errors of respective pK, values are shown in
Table 1 in text and S1. These accurate pK, values allow us to safely attribute the observed pK,
differences larger than +0.13 as significant differences owing to differential electronic environment
around the phosphates. The pH measurements were performed twice inside the NMR tube, both before
and after each NMR titration point (30 — 40 pH points within the pH range of 6.6 to 12.5 for each
compound), and the pH readings were found to vary only £0.025, hence no buffer was used for our

study.
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(2) The pH range studied: The pH titration studies for d(Ap;Gp,A) (1a) (pH 6.61 — 12.45);
d(Ap:Gp2C) (2a) (pH 6.73 — 12.15); d(Cp1Gp2A) (3a) (pH 6.94 — 12.11); d(CpGp2C) (4a) (pH 7.21 —
11.31); d(Cp1Ap2Ap;GpsApsApsC) (Sa) (pH 7.09 — 12.5); d(Cp1Ap2ApsGpsCpsApeC) (6a) (pH 6.91 —
12.58); d(Cp1Ap2CpsGpsApsApsC) (7a) (pH 7.48 — 12.5); and for d(Cp;Ap.Cp3;GpsCpsApsC) (8a)
(pH 7.43 — 12.33); consist of ~30 — 40 data points (Figure S1 — S3). Similarly the pH titration studies
for r(Ap1Gp2A) (1b) (pH 6.79 — 11.8); r(Ap1Gp2C) (2b) (pH 7.05 — 11.95); r(Cp1Gp2A) (3b) (pH 6.72
- 12.02); r(CpiGp2C) (4b) (pH 7.2 — 12.16); r(CpiAp2Ap3;GpsApsApsC) (5b) (pH 7.0 — 12.49);
1(Cp1Ap2ApsGpsCpsApsC) (6b) (pH 7.23 — 12.50); 1(Cp1Ap2Cp3GpsApsApsC) (7b) (pH 6.96 —
12.75); and for r(Cp;Ap>Cp3GpsCpsApsC) (8b) (pH 6.75 — 12.47); consist of ~30 — 40 data points
(Figure S1 — S3). The corresponding Hill plots for 1a — 4a and Sa — 8a as well as 1b — 4b and 5b — 8b
are given in Figures S6 — S7 and the pK,s shown in Table 1 in text and S1 have been calculated from

non-linear curve-fitting analyses and Hill plot analyses (see section D for details).

(D) pK, Determination

The pH-dependent [over the range of pH 6.6 — 12.5, with an interval of pH 0.2 — 0.3] &'Pforl -
8 show a sigmoidal behavior [Figure 2 in the text and Figures S1 — S3] for the deprotonation of 9-
guaninyl moiety in trimeric and heptameric ssDNAs (1a — 8a) and ssRNAs (1b — 8b). In some *'P
resonances of ssSRNA sequences (p2 and p4 of 6b and p4 of 7b) the pH-dependent &'P plots do not
reach a distinct plateau at the end of deprotonation of 9-guaninyl. In other *'P resonances of
heptameric ssRNA sequences a plateau is reached for the deprotonation of 9-guaninyl but §'P shift at
even higher pH values show deviation from the plateau. This observation is a result of the influence of
ionization of vicinal 2'-OH group in ssRNAs on the phosphorus chemical shifts, which start before the

complete deprotonation of 9-guaninyl in cases where plateau is not reached and after the complete
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deprotonation of 9-guaninyl in cases where the plateau is reached. For sequence Sb the pH titration
was done in the pH range 7 — 12.49. The influence of ionization of vicinal 2'-OH group on &P was
found for pH values 12.4 — 12.49 in p,, for pH values 12.25 — 12.49 in p; and for p4 there was no such
influence till pH 12.49. For sequence 6b the pH titration was done in the pH range 7 — 12.5. The
influence of ionization of vicinal 2'-OH group on 8°'P was found for pH values 12.37 — 12.5 in p;, for
pH values 12.12 — 12.5 in ps3, and for pH values 12.12 — 12.5 in p4. For sequence 7b the pH titration
was done in the pH range 6.69 — 12.75. The influence of ionization of vicinal 2'-OH group on &’'P was
found for pH values 12.6 — 12.75 in p,, for pH values 12.6 — 12.75 in p3, and for pH values 12.5 —
12.75 in p4. For sequence 8b the pH titration was done in the pH range 6.75 — 12.47. The influence of
ionization of vicinal 2'-OH group on &°'P was found for pH value 12.47 in p,, for ps there was no such
influence till pH 12.47 and for pH values 12.14 — 12.47 in ps. 8°'P data points were not considered for
pK, determination in these pH values. These points are marked as (A) in Figure 2 and Figure SI. In
an effort to understand if the §'P can be affected by the ionization of neighboring 2'-OH group, a
model compound (8¢) where the 9-guaninyl ionization was blocked by methylation of N' of G, was
titrated on a pH range of 8 — 12.5. It was observed that the *'P markers in 8¢ showed no significant
chemical shift change (Figure S1) below pH 11.6 which could be solely attributed to the influence of
2'-OH ionization on &'P at pH value in and above 11.6.

The pK, determination in compounds 1 -8 is based on non-linear curve fitting and the Hill plot
analysis. The Hill plot analysis was done using equation: pH = log ((1-at)/a) + pK,, where o represents
fraction of the protonated species. The value of o is calculated from the change of chemical shift
relative to the deprotonated (D) state at a given pH (Ap = Op — Oqps, for deprotonation, where dops is the
experimental chemical shift at a particular pH and Jp is the chemical shift at the deprotonated state),

divided by the total change in chemical shift between neutral (N) and deprotonated (D) state (Ar). So
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the Henderson-Hasselbalch type equation can then be written as pH = log ((Ar - Ap)/Ap) + pK,. The
pKa, is calculated from the linear regression analysis of the Hill plot [Figure S6 — S7] .

The end point plateau at higher pH (dp) used in the Hill plot analysis, could not be measured
clearly for the phosphate markers affected by 2'-OH ionization (p2 and p4 of 6b and p4 of 7b). Going
to a pH value beyond 12.5 would also increase larger error due to salt effect. In an effort to treat all
data uniformly, the *'P chemical shift at a higher pH than pH 12.5 was determined in compounds 1 — 8
using the modified Henderson equation Oups = O + 1/K, (8 — Oobs)an+ Where Jy, is the chemical shift at
higher pH (pH > 12.5); 9, is the chemical shift at low pH; and J,ps is the chemical shift at observed pH.
The above equation gives a straight line with a slope 1/K, and &, value at the intercept (Figures S4 —
S5). Value of intercept (0,) has been used in the Hill plot analysis as chemical shift at deprotonated
state (Op).

As the 2'-OH ionization effect on & 'P did not start before pH 11.6 in 8¢ it would be
advantageous to determine the end point plateau at higher pH and perform Hill plot analysis with &'P
data points in the pH values between 10 — 11.6, to avoid effect of 2'-OH ionization on the pK, data in
case of ssRNAs. In the end point plateau determination at higher pH and Hill plot analysis data points
are taken from the slope of the sigmoidal curve. Thus for ssRNAs where data points beyond 11.6 was
used for end point plateau determination at higher pH and Hill plot analysis another set was done with
data points in the pH between 10 — 11.6. The pK, values were determined in three different ways in
trimeric ssSDNA and ssRNA (1 — 4) as well as heptameric ssDNAs and ssSRNAs(S - 8). In some 3lp
resonances (p4 of Sb, p2, p4 of 6b, and p2 of 8b) in case of ssSRNAs it has been determined in five
different ways. The five different ways of determining pK, include (i) pK," obtained from non-linear
curve fitting of pH vs. experimental 8°'P plot. (ii) pK," obtained from non-linear curve fitting of pH

vs. experimental 8°'P including the calculated 8*'P at deprotonated state using &°'P values between pH
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10 - 11.6 in the calculation of the chemical shift at deprotonated state. To determine the pH value of
the calculated chemical shift, the pK, value obtained from the Hill plot analysis a 3'P resonance is
taken and the pH value at the starting of the sigmoidal curve is deducted from it. This difference in pH
is added to the pK, value obtained from Hill plot analysis and the pH value of the calculated chemical
shift is determined. (iii) pK,~ obtained from Hill plot analysis using 8°'P values between pH 10 - 11.6
in the calculation of the chemical shift at deprotonated state as well as Hill plot analysis. (iv) pK,' is
obtained from non-linear curve fitting of pH vs. experimental &’'P including the calculated &'P at
deprotonated state using & 'P values between pH 10 - 11.9 in the calculation of the &'P at
deprotonated state and (v) pKaa is obtained from Hill plot analysis using &°'P at deprotonated state
using &°'P values between pH 10 - 11.9 in the calculation of the &'P at deprotonated state as well as
Hill plot analysis. The final pK, value obtained for any *'P marker was an average of the different

ways of pK, determination discussed in (i) to (v) above.

(E) Alkaline Hydrolysis of the Heptameric ssSRNAs

To the lyophilized solid oligonucleotides (5 od at Ay¢9) in an Eppendorf tube aqueous sodium hydroxide
(100 pL, 0.03 N, pH 12.5) was added. It was allowed to stand at room temperature (20°C) until the last
time point was taken at 48 h. Aliquots of 10 JL each containing 0.5 od were taken out at suitable time
intervals and immediately quenched with aqueous acetic acid (10 YL, 0.03N) to pH ~7. This was then

stored at -20°C until Hplc analysed.

(F) Hplc separation of the Hydrolysis products at different time intervals
(1) The aliquots of the reaction were injected in RP-Hplc on a chromasil 100 C18 column (250 x 8 mm,

5 Mm particle size). A mixture of acetonitrile in 0.1M triethylammonium acetate (TEAA) buffer was
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used as eluent (buffer A: 5% CH3;CN in 0.1M TEAA, buffer B: 50% CH3;CN in 0.1M TEAA, pH 6.95).
A linear gradient, starting with 0% B buffer + 100% A buffer to 25% B buffer + 75% A buffer in 40
minutes, with a constant flow rate of 1.5 ml min™ was used.

(2) As the Maldi Tof mass-spectral analysis showed that all peaks separated by the above standard RP-
Hplc system did not always give pure component, we used the Pharmacia-LKB Biotechnolgy's
SMART™ RP-Hplc micro-purification system (Column: Jupiter Sum C18 RP column, 150 mm x 2 mm,
300A) for separation of those mixed fractions. Separations were performed at either 20° C or at 60° C.
See Section (G) for separation of each primary product as a pure component. For the exact gradient and
elution system employed were different for different mixtures, and they are documented in ESI 2, Fig
S12A and ESI 3, Fig S12B under each elution profile.

(3) Elution profiles for Oh and 1h hydrolysis, which are used for complete analysis of the primary
products formed after 1h of alkaline digestion, are given in Fig S12A in ESI 2 and Fig S 12B in ESI 3.
All elution profiles at different time points (2, 1, 2, 3, 4, 8, 15, 27 and 48h) were however used in
determining the degradation profile and the degradation rate constants for the heptamers (see both Fig

S12A (ESI 2), SI2B(ESI 3) and S15A (ESI 5) — S15G (ESI 11))

(G) Procedure for the separation of each primary product as a pure component after 1 h of
alkaline hydrolysis

Detailed Hplc and mass-spec analysis were performed after 1h of alkaline digestion for all four
heptameric ssRNAs in order to purify and characterize each of the primary products of alkaline
hydrolysis. The 0 h and 1 h Hplc profiles used for this purpose are shown in ESI 2, Fig S12 (al)-(a2) for
S5b. SMART™ Hplc profiles of the impure fractions (monitored by Maldi Tof mass-spectra) after first

RP-Hplc are given in Fig S12 (a2i) and (a2j), ESI 2. The mass spectrum after the separation of all the
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pure components after RP-Hplc and SMART™ Hplc are shown in the Fig S13 (al)-(a8), ESI 4.
Likewise, 0 h and 1 h Hplc profiles are shown in ESI 2, Fig S12 (b1)-(b2) for 6b. SMART™ Hplc
profiles of the impure fractions after first RP-Hplc are given in Fig S12 (b21) and (b2j), ESI 2. The mass
spectrum after the separation of all the pure components are shown in the Fig S13 (b1)-(b10), ESI 4. For
7b, the 0 h and 1 h Hplc profiles are shown in ESI 2, Fig S12 (c1)-(c2). The SMART™ Hplc profiles
are given in S12 (c2i) and (c2j). Mass spectrum after the separation of all the pure components are
shown in the Fig S13 (c1)-(c8), ESI 4. For 8b, the Oh and1h Hplc profiles are shown in ESI 2, Fig S12
(d1)-(d2). The SMART™ Hplc profiles are given in Fig S12 (d2i) - (d2;), ESI 2. The mass spectrum
after the separation of all the pure components are shown in the Fig S13 (d1)-(d12), ESI 4. Mass spectral
analysis is given in Table S9 in ESI 5. For 5S¢, the Oh and1h Hplc profiles are shown in ESI 3, Fig S12
(el)-(e2). The SMART™ Hplc profiles are given in Fig S12 (e2i) - (e2j), ESI 3. The mass spectrum
after the separation of all the pure components are shown in the Fig S13 (el)-(el1), ESI 4. Mass spectral
analysis is given in Table S9 in the ESI 4. For 7¢, the Oh and1h Hplc profiles are shown in ESI 3, Fig
S12 (f1)-(f2). The SMART™ Hplc profiles are given in Fig S12 (f21), ESI 3. The mass spectrum after
the separation of all the pure components are shown in the Fig S13 (f1)-(f10), ESI 4. Mass spectral
analysis is given in Table S9 in ESI 5. For 8¢, the Oh and 1h Hplc profiles are shown in ESI 3, Fig S12
(g1)-(g2). The SMART™ Hplc profiles are given in Fig S12 (g2i) - (g2;), ESI 3. The mass spectrum
after the separation of all the pure components are shown in the Fig S13 (g1)-(g8), ESI 4. Mass spectral

analysis is given in Table S9 in the ESI 5.

(H) Procedure for Maldi Tof analysis
For Maldi Tof analysis of Hplc fractions an Ultraflex Tof/Tof instrument (Bruker Daltonics, Germany)

operated in reflector mode was used. Fractions collected from the Hplc separations were dried and
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redissolved in water (10 pl). 0.5 pl of sample was mixed on the target plate with 0.5 yl of 50 mg / ml
diammonium citrate in water and 0.5 pl of 10 mg/ml of 2,4,6-Trihydroxy acetophenone in
acetonitrile/water 50/50, v/v. The mass spectrometer was externally calibrated with a peptide mixture
using alpha-cyano-4-hydroxycinnamic acid as matrix. The assigned masses are monoistopic. Mass-
spectral analyses of all fractions after 1 h digestion are shown in Figure S13 (ESI 4), whereas Tables S9

(A-G) in ESI 5 show the mass-spectral analysis of various peaks in the Supporting Information.

(I) Calculation of rate constants of the alkaline hydrolysis

The pseudo first order rate constants were determined by plotting the natural log of the fraction of the
heptamer remaining uncleaved, In (% area), at various incubation time, considering the heptamer peak
as 100% area at 0.0 h. All of the four ssRNA heptamers were contaminated by small amount of both
non-nucleot(s)idic impurities (at Rt = 6.6' and =10.5") as well as nucleotidic impurities which have been
defined for quantitation purposes (see below). Hence, all peaks formed upon degradation were
recalculated after subtracting the impurities (taking the parent heptamer peak as 100% before addition of
alkali) depending upon the retention times.

(1) 5'-r(CAAGAAC)-3' (5b) (Figure S12 (al) for Hplc profile in the ESI 2): The heptameric peak was
97% pure before the alkali was added. A mixture of 5-r(GAAC)-3' (m/z 1246.2) and 5'-r(CAAGy, 3.
omp)-3' (m/z 1308.2) were present at Ry = 24.01' with an area of 0.5%. A mixture of 5'-r(AGAAC)-3'
(m/z 1575.3) and 5'-r(CAAGAy 3.emp)-3' (m/z 1636.3) was also present at Rt = 25.73". A 0.9% impurity
consisting of 5'-r(AAGAAC)-3' (m/z 1903.3) was present at Rt =27.59".

(2) 5'-r(CAAGCAC)-3' (6b) (Figure S12 (bl) for RP-Hplc profile in ESI 2): The heptameric peak was

94% pure before the alkali was added. An impurity of 5'-r(CAC)-3' (m/z 876.2) was present at Rt =
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19.82' with an area of 1.4%. A mixture of 5'-r(CAAzy3.p)-3' (m/z 980.1) and 5'-r(GCAC)-3' (m/z 1221.2)
was present at Ry = 24.01' with an area of 2.9%.

(3) 5'-r(CACGAAC)-3' (7b) (Figure S12 (cl) for RP-Hplc profile in ESI 2): The heptameric peak was
91.2% pure before the alkali was added. A mixture of 5'-r(CACGA;3p)-3' (m/z 1612.2) and 5'-
r(ACGAAC)-3' (m/z 1879.2) was present at R = 26.51" with an area of 2.0%.The major impurities at R
= 28.05' with an area of 4.3% were non-nucleot(s)idic impurities (m/z 1229.2, 1973.1).

(4) 5'-r(CACGCAC)-3' (8b) (Figure S12 (d1) for RP-Hplc profile in the ESI 2): The heptameric peak
was ~95% pure before the alkali was added. A mixture of 5-r(CACGy, 3omp)-3' (m/z 1283.2) and 5'-
r(CACGCy, 3.omp)-3' (m/z 1588.2) was present at Rt = 23.71' with an area of 1.4%. At Rt =25.5" with an
area of 1.5% was a non-nucleot(s)idic impurity (m/z 1949.2).

(5) 5-f(CAAGM*AAC)-3' (5¢) (Figure S12 (el) for Hplc profile in the ESI 3): The heptameric peak was
96.7% pure before the alkali was added. A 0.8% impurity containing of 5'-r((AAGV°AAC)-3' (m/z
1917.2) was present at Rt = 24.35".

(6) 5'-r(CACGMAAC)-3' (7¢c) (Figure S12 (f1) for RP-Hplc profile in the ESI 3): The heptameric peak
was 98.6% pure before the alkali was added. An impurity of 5'-r(CACGMAy: 3 omp) (m/z 1626.3) was
present at Ry = 24.77" with an area of 1.3%.

(7) 5-r(CACGMCAC)-3' (8¢) (Figure S12 (g1) for RP-Hplc profile in the ESI 3): The heptameric peak
was ~99% pure before the alkali was added. Only a non-nucleot(s)idic impurity of 1.0% was present at
Rr=24.03".

The hepatameric peak of 8b, corresponding to each time point, and the heptameric peak together with
the peak eluted after for 7¢ corresponding to each time point of alkaline degradation, were further
analyzed by SMART™ RP-Hplc micro purification system as some smaller fragments (5'-ACGCAC-3'

for 8b and 5-ACGMAAC-3', 5-GM*AAC-3', 5'-“AAC-3' for 7c) were co-eluting together with the parent
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heptamer [for the elution profiles see Fig S12 (d1)-(d2)) in ESI 2, Fig S12 (f1)-(f2;) in ESI 3, Fig S15
(d1)-(d8;) in ESI 8 and S15 (f1)-(f7) in ESI 10; for the mass after separation of the hexameric peak from
the heptamer, see ESI 4, Fig S13 (d10)-(d11) and S13 (f5)-(f8)]. A linear gradient, starting with 0% B
buffer + 100% A buffer to 20% B buffer + 80% A buffer in 40 minutes with a constant flow rate of 100
pl m™ was used for SMART™ RP-Hplc. The contents of buffer A and buffer B were the same as used in

the first round of RP-Hplec.

(J) Calculation of percent cleavage at different sites of ssRNAs by alkaline degradation

A two-step procedure was adopted to take in to account of sequence-dependent hypochromicity
contribution in the calculation of % area of each RP-Hplc /SSMART™ RP-Hplc peak at time interval of 1
hour of the alkaline digestion.

(1) The percentage areas of each of the degradation product peaks at 1 h of alkaline digestion in
the RP-Hplc elution profile of each ssSRNA were corrected according to the purity defined for each
parent heptameric ssSRNA (see Section H). Some of the single-peaks in the first round of RP-Hplc were
found to contain more than one hydrolysis products (nucleotide fragments) when analyzed by Maldi Tof
mass spectrometry. They were further analyzed by SMART"™ RP-Hplc micro purification system. Those
separated pure components/peaks were characterized again by Maldi Tof and were subsequently used in
the next step (see below) for extinction-coefficient correction to determine the actual contribution of the
different components in the % area shown in Figure 3 of the main text (see Figures S12 in ESI 2 and 3,
Fig S13 in ESI 4, and Fig S1SA(ESI 5) — Fig SISG(ESI 11)).

(2) Since the intrastrand stacking in the oligo RNA will essentially reduce the absorption of various
oligonucleotides (hypochromic effect) depending upon their chain length as well as sequence context,

we have initially defined the chain length and the sequence of each peak by Maldi Tof mass-spectral
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analysis for calculation of extinction coefficients. Then the % area of each RP-Hplc/SMART™ RP-
Hplc peak (after the first step) was further corrected by calculating the extinction coefficient at 260 nm
at 20 °C at neutral pH for the single-strand RNA using the nearest-neighbor method. Average error of
calculated extinction coefficients was shown to be around 4 %. See, for example, programs in

http://www.owczarzy.net/emethod.htm and http://scitools.idtdna.com/Analyzer/. An example of the

calculation considering the extinction co-efficients for 7b is given for clarity in ESI 5, Figure S14.

Notes:

Note 1: Earlier, it has been observed''¢ that there is a change in the *'P chemical shift value of
neighboring phosphates of NADH on going to its oxidized state NAD. The phosphorus close to the
pyridine ring of NADH undergoes 35 cps upfield shift upon oxidation. The phosphorus close to adenine
ring undergoes an upfield shift of 10 cps. These upfield shifts have been explained as a result of an
interaction between the positively charged nitrogen of pyridine ring of NAD and a phosphate next to it
upon oxidation of NADH. This phosphate in turn interacts with the other phosphate near to adenine and
thereby introducing a change in chemical shift of the second phosphorus also. We have also seen™ that
due to distant interaction between 5'-phosphate and imidazole moiety of the 9-guaninyl in EtpG (12), the
pK, of 9-guaninyl becomes more basic compared to pK, of 9-guaninyl in GspEt (13). In our present
work we have seen a situation when, upon ionization of a guanine-9-yl to guanylate ion, the deshielding
of phosphorus resonances from the adjoining phosphates take place, possibly due to the charge repulsion
interaction of the phosphate and the N1-deprotonated guanine-9-yl. This down-field 3P chemical shift

in the alkaline pH compared to those in the neutral is a well known effect, in general, in various types of

11a-h 1lab

phosphates’ “, phosphonates and aminophosphonates''®, as in our case with the phosphates of the
heptameric RNAs (Figure 2, see SI, Table S5), which also show pKj,. (see Section C in the text for a

discussion of this electrostatic charge repulsion effect).
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Note 2: The upfield or downfield pH-dependent *'P chemical shift is dictated by sum of three
contributions''®: (a) variation of electronegativity of the oxygen atoms adjacent to phosphorus

(inductive model), (b) variation of the O-P-O bond angles'"®, and (c) weaker 3lp screening for

delocalization of charge into the phosphorus dr orbitals. Variation of O-P-O bond angle is sensitive

Ila

both to nature of O-alkyl substituents ° as well as owing to the involvement of dm orbitals of

phosphorus atom''

. A deshielding with decreasing O-P-O bond angles at the phosphorus atom has
been established''*® in a large series of alkylphosphates as well as for the five- and six-membered
thioxophosphonates, phosphinates and phosphonates (8°'P of the five-membered systems are more
deshielded than that of the six-membered systems because O-P-O bond angle is smaller than that of
the latter). This >'P chemical shift change on the basis of O-P-O bond angle argument however does
not apply''® to phosphines, symmetric phosphonium ions and some phosphate containing biological

molecules''™, which are likely similar to the well-known o, P and vy substituent effects in °C shifts'"®.

Note 3: Water is a highly polar molecule that can effectively stabilize developing negative charge on
the salicylates through hydrogen bonding. On the other hand, DMSO is not capable of providing such
effective solvation. Thus, the stabilization'** of the salicylate monoanion by the H-bond from water
renders deprotonation of the carboxylic group more favorable thereby decreasing (more acidic) its pK,
value. On the other hand, the strength of an intramolecular H-bonding of salicylates in a hydrophobic
environment (such as in DMSO) increases by several orders of magnitude than in the aqueous
environment because of increase of the charge density on the donor/acceptor, which is likely to be true

12b-k

for the rate enhancement found in the enzyme's active site. Many examples of perturbed pK, of

carboxylic groups [in aspartate (Asp) and glutamate (Glu)] are found in protein owing to specific
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folding. Thus, those Asp or Glu, which are more buried inside protein in a rather hydrophobic pocket
show elevated pK, whereas those having more solvated microenvironment or having possibilities of
forming H-bond stabilization through other neighboring group'**? participation due to structural pre-
organization show lower pK,. A conserved buried Asp group inside a hydrophobic pocket of
Escherichia Coli Thioredoxin'’ in folded state show abnormally high pK, of 7.5 compared to pK, 3.9
— 4.0 for fully solvated Asp. Similarly, carboxyl group of Glu41 in the N-terminal domain of Rat T-
lymphocyte glycoprotein CD2 shows'*® unusually elevated pK, of 6.73 compared to pK, 4.3 — 4.4 for

fully solvated Glu. The crystal structure of this protein shows'*

that side chain methylene groups of
Glu41 and Glu29 are within the van der Waals contact, and the carboxyl groups are positioned such to
develop strong charge-charge repulsion, which causes the pK, elevation. On the other hand, pH
dependent NMR studies for turkey ovomucoid third domain (OMTKY3) show'?? the presence of
solvent exposed H-bonds involving side chains of Asp7, Glul9 and Asp27 having pK, of <2.6, 3.2 and
<2.3 respectively, which may explain their low pK, values. NMR measurement along with
comparative crystal studies for hen and turkey lysozymes shows'”® that except Aspl01 and Glu35,
carboxylate groups of all acidic residue form H-bonds to stabilize the charged form thereby lowering
their pK, values (varies between pK, 2.68 — 3.78). On the other hand, the hydrophobic
microenvironment and interaction between carboxyl and neighboring groups in Glu35 in hen and
turkey lysozymes'* contribute to its elevated pK, of 6.06 and the solvated nature of Aspl01 show its
non-perturbed pK, of 4.09. By combining pH titration and site-directed mutagenesis, it has been
shown'*" that low pK, (3.54) for Glul9 of Py site (P1|-Glul9) in OMTKY3 protein is due to H-bonding
between carboxylate of P;-Glu" and hydroxyl group of P,-Thr'” (intermolecular) as well as between

carboxylate of P;-Glu'" and amide of P;-Glu'’ (intramolecular) and the charge-charge interaction

between Pl-—Glu19 and P3v—Arg21. NMR and neutron diffraction studies with serine protease showed
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that buried Asp102 having perturbed pK, of <2 at the active site of chymotrypsin due to the H-bonded
network from neighboring histidine and serine acting as catalytic triad. The Asp32 (pK, <3) and

2l to be

Asp215 (pK, >5) are the catalytically active residue in pepsine, which have been shown
involved in H-bonding between themselves as found from kinetics and crystal data, like in maleic

acid'? where the two H-bonded carboxylate moieties have pK, values 1.9 and 6.2.

Note 4: The sugar conformations both at the neutral and the deprotonated states have been estimated for

heptameric ssDNAs and ssRNAs from their respective ZJy;,, and “J;ocoupling constants (Table S2). We

have observed that for heptameric ssDNA the sugar conformation [North (N)(C2'-exo-C3'-endo) &

South (S)(C2'-endo-C3'-ex0)]" for the sugar attached to guanine (maximum change of +9% more N-
type with pH in 8a) and the sugars attached to neighboring nucleobases (maximum change of +10%
more N-type with pH in nucleobase C3' in Sa) does not vary significantly over the pH range (6.6 —
12.5). For heptameric ssRNA on the other hand there is a significant change (maximum change is 39%
more S-type with pH in case of Sb and minimum change is 0% in 8b among heptameric ssSRNAs) in the
sugar conformation for the sugar attached to guanine as well as the sugars attached to neighboring
nucleobases of guanine (maximum change is 38% more S-type with pH in case of A3' of 5b. and
minimum change is 10% more S-type with pH in C3' of 8b and 10% more N-type with pH in A5 of 6b
among heptameric ssRNAs, Table S2). With the generation of a negative charge in the oligomers (1 — 8)
while doing the pH titration in the pH range 6.6 — 12.5 would produce repulsion between the newly
formed G and the negatively charged phosphate (pK, 1.5). Hence stretching of the oligomers is
expected on going from a neutral to alkaline pH. In C2'-endo conformation of sugar the 3' and the 5'
phosphates remain apart by 7.0A, whereas this distance decrease to 5.9A in C3'-endo sugar

conformation'*®. Thus, if there is any stretching of the backbone leading to increase in distance between
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3" and the 5' phosphates due to deprotonation of guanine it can be reflected in the respective sugar
conformation. For heptameric ssDNA, there is no appreciable change in endocyclic sugar conformation
with pH. However, in heptameric ssRNAs the sugar conformations, apart from central guanine in a
sequence, becomes more S-type in most cases with formation of G-, which in turn causes expansion of
the phosphate backbone. For sugar residue of A’ of 5b, A’ and A® of 6b, the sugar conformation
becomes more N-type with the ionization of G, causing contraction of phosphate backbone. In case of
heptameric ssRNAs, there are appreciable changes of sugar conformation (error is ~2%) for some sugar
moieties. However, in many cases (sugar residues of CS', A% and C* of 5b; CSV, c? , A and C* of 6b; ASV,
A’, A¥ and C* of 7b; A, C°, C* and A® of 8b) the sugar conformational change is marginal with
increase in pH as well. Thus while ssDNAs are marginally contracted, ssSRNAs undergoes stretching on
ionization of guanine. However, in overall, it is obvious that the role of conformational effect due to

sugar-phosphate backbone pre-organization is minimal in both heptameric ssSRNAs and ssDNAs.



€Lz Lo 6 8 L 9 €z L ol 6 8 L 9 €l zL L ol 6 8 i
991}~ 9L'L- vyl
ECINE
b zoLL- AN -
ool 9e'|
o 8kl dw 80l e
., P st . . 8 g o
FySLL- 9GL'0=8V+ v0'L- 161°0=9V (A
.. u. Feskl (10°0) GZ'0} = ")d (200) 266 = *¥d| oz~ =
0L0=9v T o) t0gLL- 000k =¥ 00}~ 000°L =¥ U
(,¥’do'd,o) (z-ag) o L vl (v°do'd.0)1 (1-ag) (v°do'd,0)p (z'eg) o
96°0- AN =
S
zl L ol 6 8 L €z L ol 6 8 L 9 zl L ol 6 8 i 9 3
§6'L- 0g'L- Sz'L- )
2
b szL- 1
b 0g'L-
L ozL- A (o]
et
i [ . v O
Lo=ev = €0z0=Qv| . ™ vzLo=gv| . =
N BRSO IS ORI TR m
(20'0) G66'6 = “Md | op'}- (10°0) 80°0L = ")d (20'0) ¥0'0L = °yd _.mv
0001 =¥ 000'L =¥ | go'y- 000'L =¥ 1=
(;v°do'd.0)p (1 e€) (;0%d9'd v} (z'az) (:0%d9'd )1 (1°ag) >
Gl 00'}- oL Nisd
m
€Lz Lo 6 8 i 9 €Lz 1L ol 6 8 L 9 €Lz L o 6 8 i 9 -
og'L- 89'L- 08°0-
I b vo'L- taL0-
tog'L- o, teLro-
F ozl i 'l
Y910 =gV ~ ee10= vl 951 ovL'0=gvf 890"
(200)900L ="3d| o). (20°0) 8004 = “nid (€0°0) 50°01 = °3d
000t =¥ 000} =¥ ¢S} 000 L =¥ ¥9°0-
(;0°dD'd V)P (zeZ) (:0%d9'd.v)p (182) (vdo'd.y) (z'aL)
oL'L- 8y'L- 09°0-
€Lz Lo 6 8 L 9 €z L ol 6 8 L 9 P A A ] 6 8 i 9
26°0- 68z ce-
t 880 t 08z | 2e-
Fveo- FSLT o -
. N~ S e
@NSM@‘ 08°0- 08L°0=Qv[ 0,2 zLlz0=¢ev <
(zo0) Y00l = nd| (¥0°0) 2&70b ="3d| (v0°0) 2£°0L = "Md| 0'¢-
000L =¥ 920 000'L =¥ §9C 000'L =¥
(v°do'dw)i (1'at) (;v°do'dw)p (zel) Zdo'd e
€ s 20 ¢ s 092 (v°do'd.v)p (Ler) 6z
:IS soangiyg

§es



zl ol 8 9 gl zl L ol 6 8 € 2 L oL 6 8 1 9
0'l- 28°0- 290'L-
] L] .
I . e % g b 090°L-
L 60 ¢ L 0g'0- * %% Bt
e o0
. % . L 950}
=7} ] 7] ] L -
L g0 5 %o sro & e Mmm.”.
- N} N r
6220= 9V ®ees | oco't-
(e00 000t v_m i ao=gv| X7 * 000 =gv| 8Y0'H
(0% v°dv'dofd vid v'd )i (z'ag) | (0% vod v dofd vod v d o) (Lag) | ® (0% vod v dodvd v'd O)p (97eg) | mvo“r.
9'0- vL0- v0'L-
e 2 L oL 6 8 L 9 zL oL ] 9 € 2 L oL 6 8 1 9
GlGL- 8z'1- SG'L-
L)
L OLg'L- — L 0g'L-
[ ] . .
t 505 Tomc _— dw FSyL-
o + 00G°L o ‘0= - 0=Qvrf oi.ed
ee o . o 602°0 = QV 061°0=2QV
.. ..... cep %0 P o (€0'0) ot = m.xm‘ bo'L- (€0'0) L) m.v_m‘ o1
¢ (0% vdydod vid v'd O)p (5eS) _ (0% v°d v do'd v d v'd O)p (ves)| (0% v°d v"do’d,v’d v d O)p (eeg) |
06v'1- 96'0- 0g'L-
€ 2z L oL 6 8 L 9 gz L ol 6 8 1 9 € 2 L oL 6 8 1 9
8G'L- 067’ }- 50'L-
wd® ®oq ®eo L 95} .. t G8C'L- L 0o L-
o ° .
L 08z'L-
R . e, o). L 560
;0 I o
F2g o . 191'0=9v[ 06°0- "
) . (z0'0) 8101 = "¥d
0% o 8900 =Qv[ 05'}- % 8000 =QV! goz'}- 000'L =¥ G580
“ (£0°d vod. v dotd v v'd O)p (z°es) (£0°d vod.y"dotd ved 3v'd O)p (1°eg) (;0%d9'd. ) (z-ap)
8v'L- 09Z'}- 080
€ 2z L oL 6 8 L 9 4 L ol 6 8 1 zl b ol 6 8 L
688°0- 0g'}- 05'}-
L]
I 088°0- p— ot ¥l
L 6/8°0-
< s
. @ L -4
o 0480 0zl g _ A
oo % L gogo- 6eL0 =9V 2600 =QV[ L¥'L-
‘e o (10°0) 2v'6 = "3d | g} |- (z00) v6="yd|
2200=QV @ "o ©® oee o L 098°0- 000, =¥ 000'L =¥ 8€'L-
(;0%d9'd,0) (1-av) % (;0%9'd.0)p (z"ev) (;0°d9'd0)p (1-ev)
5580 oLL- 5e'l-

9TS

°d,eQ

13%dy'dyg Jawobijo

dLS




Hd -< In_

zL ol 8 9 [ A A 6 8 L 9 [ A A A 6 8 L 9
[ 9,0 §50°'L-
o ° [}
t 050°L-
. C . L v20- ° P
o - 0 e’ . °S e L
L] e e
% [0 o, . L ovo'L-
teo- 2 2
252°0 = Qv nC Lozo- <P o °o [ SE0L o
(€0°0) 9¥°0L ="d | g *° . M A b 0€0°}-
™4 000} =¥ Zy0'0 = Qv 890 - €L00=8V| oo\
(¢0°dv'd0"do’d v d v'd 0) (2'a9) | (:0°d,¥°d,0"d9d.y?d d o) (L'ag| ®  (,0%.v%d.0'dotdvid v'd o) (k)|
L0 99°0- 020}
[ N A A 6 8 L 9 zL ol 8 9 zL ol 8 9
ove’L- AN 8yl
J [ seel L 8oL H L
(] .
togel-
. ° o " Fvol- bovL-
tgeel-3 i o
o _eo 0 . S L w
o % | ozes 1210 =8V} 00'}- 0yL'0=Qvr 9€'L-
.® » (€0°0) ¥9°01 = "yd (£0'0) 89°01 = "yd
. 1000=QV | g1¢°}- 000°L =¥ 96°0- 000°'L =¥ CE}-
(.3°d v°d, 079 v v'd O)p (se0) | (¢0°d¥*d,0"dDd,vd v'd )P (v'e9) ¥ (,0%,v°d.0"d9’d.v°d v'd O)p (g7e9)
0Lt 26'0- 9z'1-
zL ol 8 9 [T A A A 6 8 L 9 €Lz L 0L 6 8 L 9
95} 0.2} Pyl
po® % w00 o
L - “' oo
L egry- R Soc'L . o® R
L]
L]
t 0921 ° | a0°L-
Logh o % . 80l
. o hd . . T ]
o TA R K Leo- ©
e bLvL- . .
. 2L00=8V 100°0 = Qv 052} 0L00=8V| . _
S °d_v°d_0'dotd ved y'd - ® % (5% vid odetd vid wid - °d_vod v'dotd ved v'd qg)| 0"
° (;0°d v°d . 0"d9*d v°d v'd O)p (z'e9) vl (¢0dv°d.0"do"d vd ;v*d O)p (1"e9) — (0% v°dv"d9®d ved ;v'd ;0)1 (9°a5)
€7 1L 0L 6 8 L 9 zl ol 8 9 zL ol 8 9
8Ll AN L
bSO t oL
oLl
% @ @
° o - ‘wmo.vd ] r 60 Ed
Ly 2L10=9v 061'0 =9V,
(v0°0) ¥6°0L = "Md| |50~ (#0°0) 9504 ="Md| g
2000 =9V 000°L =¥ 000'L =¥
. . 9 Sd vrdatd v L .
(:0°,w°dyw"do’d,v'd v d;0h (g'ag) | (:0%,v",v"09"d, w0, v'd O (rag)| (:0'dsv iy dodiv'd ey d On (sl

LTS

d;Q

13%dy'd)g Jawobijo




8CS

-=
) ol 8 9
00°}-
L 660
L 06°0-
<%
6910 =gV | 5800
(¥0°0) LE0L ="Md |
000} =¥y | 080"
(;0°d v¥dv"dofd 0% v'd o) (zaz) |
SL0-
b zl b ol 6 8 L
oLy'L-
. L 891
L 9oL
o . F Yoy L-
o | 29r1%
oo o F 091150
L 851
€000 = gv[ %57’}
(,0% v"d Wdo'd 0% v'd o)p (ges)| VYL
£ e st 1
4} b ol 6 8 L
0611
° ° b .
N G sk
. L 08l L
L4 LX) <)
wofee * Lo 5
o % N
b OLLL
o .
. c000=8V | go|°}-
(0% v°d v"dotd 0% v'd O)p (zes)
0911
zk 1 o 6 8 ] 9
80°}-
L p0'L-
o <%
(_J .
L0050
..". 9d
-° - 96°0-
060°0 =8V
(,0% . v°d.0"d9’d v°d v'd .0) (5°q9) 260-

€Lz 1 o 6 8 ] 9
. Qo L

Y
° QO L
[ ] L

[ ]
% 0ee L P I L
i N z080=ov|
(£0°%d vodv"dofd 0% v'd 0)1 (1'aL)

€l zl b ol 6 8 ]

(€0°0) 69°01 = "d
000'L =¥
(;0°d v¥d.v"dod 0% v'd O)p (vreL)

00€°0 =9V

® (0% vod.y'dofd 0% v'd O)p (Les)

€l cl L ol 6 8 yA
L] .. ..
° o [
® o
o°® L
° LTS
LY Ge0'0 =9V

cl

ol 8 9

692°0 =QV
(50°0) z2°04 = "1d

000"} =¥
(;0°d v°d . 0"dD’d v%d v*d O)I (°q9)

0680~
G880~
0880~
G/8°0-
0480~
G980~
0980~
G680~

'd @

0c'L-

8lLL-

d,e®

9LI-

viL-

o

A

€l zl L ol 6 8 i
SY0'L-
[ ]
° o e® [ OVOI-
oo % o0 °*° .
s b Ge0'L-
¢ 00'} %
. L .o@
° . %% o -0
o o° b 6z0'L-
[ ] ° .
° 020°0 =8V} 0z0'L-
(,0% . v°d.y"do’d 0% v'd 0)p (97eL) .
SLO'L
€l zl L ol 6 8 L
9g'L-
e CEL-
t8zL-
@
LEyo=9Qvf ¥e'b-
(90°0) ¥9°01 = "yd| .
000 =¥f 0T}~
o (0% vd.v'do®d 0% v'd 0)p (geL) ol |
€z L 0 6 8 L 9
Gl
® o
e o
. ‘ll.‘o‘ L o1
o0*® * 2,
» 0L
o~ ]
. t00'L-
LLL0=8V
(0% v°d.0"d9%d vd v'd O)i (9q9)|
S6°0-
4 ol 8 9
611"
J AN
FSOb
Sd
9/1°0 =QVI 860
(€0°0) O¥°0L = "d
000} =¥f 1670
(;0°%d v°d 0"dD’d v*d v'd 0)1 (€7a9) o

13%dy'dyg Jawobijo
de3- d,e8




6¢CS

gLz Lok 6 8 L 9
. |

° . L
° .. L

° [} (X
.. o0 CLJ L
0 ® L] .... . f...
o ®
200°0 = QVf
(;0°dv°d,0"d9®d 0% v'd O)p (g'eg)

z ol 8 9

° [ ]

1210 =gV
= (#0°0) 92°04 = "yd|
had 000 L =¥
(,0%d v°d 0"d9’d 0% v'd O)p (z'eg)
gLz Lok 6 8 L 9
- *Vem ® e b
e ‘oo
0%
Qe
Y |
..
..
€100 =9V

(£0°dov°d v do’d 0% v'd 0) (5'az)

el

€e'L-

4N

LE'L-

0g’L-

6¢'L-

Sl

0L’}

00°L-

§6°0-

viL-

b

80°L-

3

SO'L-

c0'L-

°d,Q

w

Lol g

d,Q

> A A ) 6 8 L 9
e
b LI L
[ ]
[ ] @ o® °
~ o*®
%o L
[ ]

1200=8V
(£0%dv°d.0"do’d 0% v'd O)p (vres)|
R A A A ) 6 8 L 9

. ‘
Y [
9100 =QVf
(0% v°d.0"d9®d 0% v'd 0)p (1e8)
4 ol 8 9

091°0 =8V
(90°0) 00°L} = "yd
000k =¥

(0% v°d v"dod o%d v'd O) (vazL)

A A ) 6 8 L 9
[ ]
[ ] L
o )
%o 2000 =V
(;0%d v°d.0"d9’d 5% v'd )P (9e8)
zL ol 8 9
ovlL-
('} [ ]
TN I
[o7]
<
.o
obLib- » 20L0= gV|
o~ (£0°0) 61701 = "Md
N “ < 000} = ¥
S60°L % ® (0% v°d.0"do’d 0% v'd O)p (€'es)
o A A ) 6 8 L 9
0z'L-
. [ ]
617}~ ’.‘oo‘ oo ¢ ofe L
. 9
8L’k o @ [
v *
JINEEES 4 :
[ ]
9Lt S0L°0=QVf
®Q mQ <Q mQ NQ va .
- (£0%d v d v do®d 0% v'd )1 (9-q2)
zL ol 8 9
0z'L-
gL r
o F
L3
S0'L-» G980 =QVf
(£0°0) 6L°0L = "¥d
00k 000°L = ¥f
660 (£0°dov°d v do’d 0% v'd O)i (e'az)

0S0°}-

Geo’

0c¢0o

S00°

8¢’

ve'L-

€
deI

0c'L-

9l'L-

1-

d,.Q

9

1-

1-

13%dy'dyg JowobBijo
d3- d,e8

i

LUl

80°)-

S0’

c0'L-

66°0-

°d,Q




'sydeis yoea ur umoys are (Qy) d8uer Hd oY) I0A0 JIYS [BITWIYD
ur 93ueyd [B10} Y} SB [[oM Sk U1y SAIND JBAUI[-UOU 9} paurelqo sanfea yd ‘syurod uonenn YN [erudwadxa a3 ySnoayy Surig 9AINd yoed woly
paureIqo () JUSIO1JFI09 UOTR[ALIOD ‘spunodwiod ay} JO dWeu JY [, "UOneuIuLId)dp *yd 10J pasn jJou 20Uy PUB UOIRZIUOI HO-,Z [BUIdIA d) Aq padudnfjul
dI0M SYIYS [EOTWAYD , Q dSAY, "SISA[eue Sumy-oAInd Julop o[IYM PAIOPISUOd J0U 1M (W) [0qUIAS oy} UM PaIeW $°q/ PUB €'/ ‘9L ‘v'q9 ‘€'q9
‘T99 ‘€°q¢ ‘T'qg spoued oy ur syutod eye (Q UONOLS [BIUSWILIAAXS 295) SYIYS [LIIWAYO . AU} UO UOHBZIUOL HO-, JO 199JJ 9} JO Jnsar & sem J, Q

ur a8ueyd Y[, “Io1Aeyq [eprowsts 1odoxd e moys jou pip g, @ 'sA Hd dy} se s00UBUOSAI 9SO} WOLY PAJ[NO[Ed sem onfe *yd ou inq ¢'7] — 99 d3uel

Hd oy 1040 wdd 010 < sem g, QV 21ym (°d q, ut °d pue q9 ut °d) 2ouanbas yNYSs WOs Jo s9duLU0SAI . 10 3deoxo wdd 0[( < QV oIoyMm s1oxIeW
d | 9501 I0J AJuUO pajenofed udaq dAey sanjea *yd eyl pajou aq 03 S| “IoxIeW {,  Te[nonted suo 1oy Hd |mim o3ueyd JIys [eorwayo smoys [oued yoeg
"SoAIND [eprowdis Ay} ureiqo 0} syrun Hd ¢ — 7' JO [BAISIUI UB Ul PAINSBIW Uddq dARY sanjeA Hd JUSIJJIP O — (€ Je SUOneLIBA JJIYs [eorwoy)) “jurod
uonda[yur Ay 18 tyd oy Surmoys YNYSS (qL — qs) duoweyday pue (qp — q) dLOWILY) Se [[oM sB YNSS (B8 — ©g) duwelday pue (ep — ) OLIDWLY
oY) JO SIONIRW {,  JUSIRIIIP 10J sonjeA Hd yoea Je (S[relop I0J Uondas [epuswLadxoe oos ‘sonjes Hd yoes je (8 — 1) s1owodIjo ay) Jo Ijrew sajeydsoyd
JUIRJJIP JO SYIYs d,Q oy woy (qe) 1g°dy'dig jo (¢d) snioydsoyd ¢ pue ('d) snioydsoyd ¢ o jo g, Q oFerose oyy Sunoenqgns £q 109Jjo Jfes
10J PA)2A1109) (d, Q) SYIYS [BOTWAYD {, . (UO1I9s [eruowLIodxd 99S 1099 WNLINAP J0J PO G/ 7T — 9'9 HA) juopuadop-Hd Jo 10[d "IS 21n31q

0€S



zL L ol 6 8 L zL ol 8 9 €l zL L ol 6 8 L
05'L- Gl ov'L-
bset-
- tobL-
bsrL togL-
(7]
% Lo % Lozl %% on
L op'y- O o w0 w
tozL-
(50°0) 15'6 = ")d (10°0) ¥Z°0L = "Md| gg-)- (£00) £6'6 = °)d |d|¢
o 0L =¥ o 000'L =¥ . 000’} =¥} g'}- o
(;0%d9'd,0)p (¢'ev) (;v°do'd,0) (€'ag) (v°do'd,0)p (vres) =
€ k) .
S6°0- oLt @
o
zL L ol 6 8 L zl L ol 6 8 L 9 zL L ol 6 8 L 9 3
€5°L- og'L- ST'L- o
L oS- bszl 1
t ozl
tLvL- t ozl Omo
o —
Lorle 9% TR Lol % v
T N T m
. L _eug [ MV . . eyql OHh . . e o+
(20°0) £6'6 = “d (1L0°0) 60°04 = “d (z00) 0'OL ="Md | g} -}~ ro
000'L =¥ | gg'- 000'L =¥| gor)- 000'L =¥ _LV
(;v°do'd.0)p (geg) | (;0°do'd ) (az)| (0%do'd )i (gag) | 1o
ge'L- 00'L- S0'L- Y
m
C
zl ol 8 9 zL ol 8 9 zL ol 8 9
0g'L- 0L’ 08°0-
tszu- L 59')- .
A o b 09'L- o, | oo %
0
L gii- w0 L ggy- =0 o
(20'0) 2004 ="3d| (z00) 8004 = "yd| (€0°0) 2001 = "Wd| gg'o-
000'L =y Ob'b~ 000'L =¥ 0§}~ 000L =¥
(;0%d9'd.v)p (vee) (;0%dD'd.v)p (ceg) ° (v*do'd . w)i (al)
S0'L- Sl 09°0-
zL ol 8 9 zL ol 8 9 zL ol 8 9
06°0- e8'c oge-
P b sze-
| sg0- 08T
. toze-
Logo- % % Lore %
= F 02259 v v <
= (200) 90°01 ="Md | ¢,-o- (y0'0) ze'0k ="¥d| (#0°0) €€°04 = “¥d
000'L =¥ 000'} = ¥ 99°C 000} =¥} GO~
(;vido'd.w)i (g7aL) (;v°do'dv)p (vel) (;v°do'd.v)p (¢el)
0L0- 09z 00°¢-

7S SISy

1€S



zl ol 8 9 z ol 8 9 zl ol 8 9
0c'L- [ 00°L-
L ay- [ ) { ‘Ao
L gt ol G6°0
o L60- o, t 060
Fovi- & =
R L 80- w9 r 680~
(20000601 ="¥d | g (€0'0) G101 = "¥d (y0°0) 0€°0L = "¥d
000’1 =¥ 000'L =¥ | L0- 000", =¥ 080
° (;0°d v y"dotd 0% v'd 0)1 (6°a.) (£0°d v¥dy"dotd 0% v'd )1 (8°a.) (;0% v°d v"do’d 0% v'd 0)1 (2'qz)
00}~ 90~ SL0-
€l zl L ol 6 8 L 4 ol 8 9 A ol 8 9
7= 9Z'L- T
® o
[ ] | ol L -
L ey 6Lt oLl
AN b S0'L-
[=7]
AR %
Vd t 50°L- Vd r 00°L-
(€0°0)69°0L =")d | |-}~ (¥0°0) 29°0L = "nd (€0°0) 6€°01 = "nd
000’1 =¥ 000'L =¥ [ 860" 000'L =¥ 60"
(,0%d v y"dofd 0% v'd o) (ges) | (,0°%d v*d 0dofd v*d v'd 0)1 (6°q9) (0% v*d 0"do’d v’d v'd 01 (8'q9)
0L 16°0- 06°0-
zl ol 8 9 4 b ol 6 8 ] 9 zl oL 8 9
ANE : : : : : : GlL- S0'L-
b 0L FoLl- | 00'1-
o b G0L- b 66°0-
960" o o, .
< F oot 2 L 060
880~ ™ 560~ 680
(20°0) ¥1°0L = "3d (#0°0) 6801 = “yd (90°0) €5°01 = "yd
000'L =¥ | 080 000'L =¥ ogo- 000} =¥| og'o-
(0°d vd.0"do’d,v?d \v'd D)1 (2°q9) (0% v¥d " dotdvod v'd )i (6°as) (0% v¥d " dotdvd v'd )i (8-qg)
cL 0 G8'0- 5/0-
4 ol 8 9 4 ol 8 9 zl b ol 6 8 L
86°0- [ele A os'e-
oo - 08z - sze-
. o A
(80 o, LT o _
@ 5 sl
L 2270- x 9 roLe oL'e
. . e, e e . -
(roo)zyoL="d| (zo0) L1Ob ="yd| (50°0) 15°6 = "d
o e e . 000'L =¥+ 020 000'L =¥ S9°¢C 000'L =¥} goe-
(0w dydotdyvid yrd o) (ag) | (:0%do'dou (gay)| (;0%dD'd.0)p (rey)|
£9°0- 09z 00°¢-

(43

°d,eQ

Jawobijo

fd,Q

dLsg -

13%y'dig

d,e@

%d,8




€l zi b ol 6 8 zl ol 8 9
: : : : or'L- : : :
L ge'l- ‘
LOEL o, ‘
@
L gz 1-s0 .
(50°0) 95°0} = *3d (€0°0) 650} = *3d
o 000"} =¥ 0Z}- 000'L =¥}
(;0°d v°d.0"do’d 0% v'd O (6°a8) - (;0°d vd 0"do®d 0% v'd O (8'a8)
i ol 8 9 €l L b ol 6 8 zl b ol 6
: : : 05'1- : : : : og'L- : : : :
LGy
AR
% 2
Lovl- 2 5
Jo o
(v0°0) ¥6°0L =" | e, (r00) £p°01 ="y | °¢ (0'0) Z&01 = "3d
000'L =¥ < 0001 =¥ 000"} =¥
. (;0°dv°d,0"do"d 0% v*d ) (2-ag) -0 Vd;0"dod 0% v'd 0)p (g-eg) (£0dv°d;0"do"d 0% v'd O)p (L°eg)
0g'}- = e I

€es

13%dy'dig JowoBijo
d.® d,®



‘sydei3 yoed ur umoys a1e SuInly SAIND JEIUI[-UOU Jd). paurelqo sanfea *yd
oy se [[om se syutod uonenI) YN [eruowodxs oy ysnoayy Sumiry 9AINd Yoed wolj paureiqo () JUSIdIJo0d Uone[al1od ‘spunodwod ay) Jo aweu Y[,
(g uonoss [euswILIddxXe 008) SUINI SAINO JESUI[-UOU € O 0} sanjeA J, Q [eyuswliodxa oy yim Suofe papnjoul useq sey (Hd ysIy 1e J @ SUIUIULIoNp
ur9' 11 — 01 Hd ueamiaq syutod eyep Suisn) Hd Y3y je 4 Q Poe[nofes oy seIn3iy a5y U “IoyIew J,  Te[nonted auo 1oy Hd yim o3ueyd JIys [eo1woyd
smoys [oued yoey jurod uonodpyur ay3 je tyd oys Surmoys YNYSS (48 — qs) duawelday pue (qp — q[) SLWL) SB [[oM S8 YNSS (B8 — 6) ouoweidoy
pue (ep — e[) OLIDWILY oY) JO SIIEW . JUSIIIIP 10J (S[IEJOP 10§ UONRS [ejuswiadxo 29s ‘sonjes Hd yoed 1y (8 — ) SIOWOSI[O oY) JO IjIew
sojeydsoyd jud1olyIp Jo SYIYs J, Q oY1 woxy (qe) 1gedy'dig jo (¢d) snioydsoyd ¢ pue ('d) snioydsoyd ,g oy Jo g, Q o3eIoAe oy Funoenqns £q 1990
1es 10J PJOALI0D) (d, Q) SPIYS [eITWAYD (. (UONOSS [EUSUWILIAXS 35 J00JJd WNLIAINSP 10J PAIAII0D ‘G — 9°9 HA) Juspuadop-Hd Jo 10[d ‘TS 2In31g

vES



Ges

cl

ol 8

e,

(¥0°0) z6°0L = °)d
000} =¥
(0% v¥d.0"do’d 0% jv'd 0)i (11°a8)

(41

oL 8

e,

(20°0) 701 = °d
000'L =¥
(;0°dv°d.0"do’d v d v*d ;0)1 (01-a9)

cll-

ryol-

r 96°0-

r 88°0-

- 080"

cl

ol 8

L0

(90°0) 96°01 = "nd
000} =¥
(£0°%d v y"do’d w?d v*d 0) (01°as)

0c'L-

Lz

Lol

r 96°0-

880~

%d,eQ

"d, 8

€l cl L ol 6

(¥0°0) 12°0L = "3d
000} =¥

® (,0%,v°d vdotd 0% v'd O)p (LeL)

cl oL 8

(€0°0) ¥9°0L = *¥d
000} =¥
(£0°dv¥d;0"dofd v d v'd ;0)p (8°e9)

cl oL 8

(z0'0) 66°0L = “yd
000’1 =¥
(;0°dv°d v'do’dwed v'd 0)p (g'eg)

zl ol 8 9
% I
o

o

(#0°0) 59°01 = ")d |
000'L =¥
(0% vd.0"dofd vd v'd 0)1 (L1°a9)
L oL 8 9
. L
@
0 L
-
(£0°0) 89°01 = °)d
000"} =¥ [
(,0°d vd.0"dofd vd v'd O)p (2e9)
vl zL ol 8 9
%
i
N
(€0°0) #0°L1 = "d
000'L =¥ [
(;0°dv°d v do’d ved v'd 0)p (L°eg)

13%dy'dig Jawobijo
d,8 d,e8

:€S SN



‘syde1d yoea ur umoys are Uiy 9AIND JBJUI[-UOU JOJ& PAUILIqO SAN[eA
tyd oy3 se [[om se sjurod uonenn YIAN [eudwLddxa oy ysnory) Sumiy 9AIND Yord woyj paureiqo () JUS0gFo0d uone[dLIod Ay} ‘spunodwod oy
Jo owreu oy [, *((q uonoSs [eIUdWILIAAXS 995) FUIIY 9AINO ILJUI[-UOU & Op 0} senjea J, Q [epuowiiodxo oy M Suofe papnjour usaq sey (Hd ysy
18 d,Q SururuIlep ur ¢'[ [ - 0 udamiaq sanjea Hd ut syutod eyep Suisn) Hd ys1y je d, Q PAIe[NO[ed Y} SaIn31y asay) U] “IoxIeul g, Jenonred auo
10} Hd s o8ueyod Jiys [eorudyd smoys [oued yoeq jurod uonodpyur oy e tyd oy Surmoys “YNSS (q8 — qs) ouoweidoy se [[om se YNJSS (88
— &g) ouoweydoy Jo SIONIBW | JUSIOHIP 10 (S[IeIOP 10J UONIAs [ejudtuiiodxe 9os ‘onfea Hd yoea e (8 — §) sI9wos1jo ay) Jo Ixjrew sajeydsoyd
JURISJIP JO SYIYs d, Q oY) woy (q6) 1g°dy'd jo (¢d) snaoydsoyd ¢ pue (1d) snioydsoyd ,g oy jo d,Q d3erdae oy Junoenqns £q 19949 Jjes 10j

P91991109) (d Q) SYIYS [eOTWAYD . (UONIIS [BIUAWILIAAXD 995 909JJd WINLIINIP I0J Pajoaliod ‘¢ [ — 9'9 Hd) judpuadop-Hd jo 10[d "€S dInsig

9¢S



S37

Figures S4:
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Figures S4: Graphical determination of 3P chemical shift (5y) at the plateau at high pH for

© . 10" (explained in

compounds 1 — 8. The &'P is plotted against (§ — &) . aH
experimental section) to obtain the theoretical chemical shift at highest pH for *'P from the
intercept of the correlation plot. Data points between pH 10 — 11.6 have been used in this
plot for all *'P resonances. The *'P chemical shifts used here has been obtained by
subtracting the average & 'P of the 5' phosphorus (p;) and 3' phosphorus (p») of Etp;Ap,Et
(9b) from the &°'P shifts of different phosphates marker of the oligomers (1 — 8) Name of the

compounds, value of the *'P chemical shift at the highest pH and the correlation coefficient

R has been shown in the respective graphs.
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Figure S5.
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Figures S5: Graphical determination of *'P chemical shift (3,) at the plateau at high
pH for compounds 1 — 8. The &'P is plotted against (8, — 8.x,) . aH™ . 10'* (explained
in experimental section) to obtain the theoretical chemical shift at highest pH for *'P
from the intercept of the correlation plot. Data points between pH 10 — 11.9 have
been used in this plot for all *'P resonances. The *'P chemical shifts used here has
been obtained by subtracting the average &°'P of the 5' phosphorus (p;) and 3'
phosphorus (p;) of Etp;Ap,Et (9b) from the &'P shifts of different phosphates
marker of the oligomers (5 — 8) Name of the compounds, value of the *>'P chemical
shift at the highest pH and the correlation coefficient R has been shown in the

respective graphs.
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Figures S6:. The Hill plots for compounds 1 - 8 The plot of log ((Ar — A)/A) as a function
of pH gave a straight line with Hill slope as slope and pK, as intercept of the straight line.
The *'P chemical shifts used for calculating log ((Ar — A)/A) (experimental section for
details) here has been obtained by subtracting the average &°'P of the 5' phosphorus (p;)
and 3' phosphorus (p,) of Etp Ap,Et (9b) from the &'P shifts of different phosphates
marker of the oligomers (1 — 8). Data points between pH 10 — 11.6 have been used in these
plots for all *'P resonances. Name of the compounds, values for the correlation coefficient
(R), pK, obtained from Hill plot analyses and the values of Hill slope are shown in the

respective graphs.
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(5b.14) r(C”p,A’p,A’p,Gp,A’p,A*p,C*)

R=0.975

pK, = 10.77 (0.04)

Hill slope = 0.800 o
L]

05 00 05 1.0

log ((Ay - A)/A)

1.5

2.0

R =0.988
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Hill slope =0.898 o

(6b.15) r(C*p,A’p,A’p,Gp,C°p,A’p,C*) (P

0.0 0.5 1.0

log ((Ar - A)/A)

1.5

20

R =0.997
pK, =10.97 (0.02)
Hill slope = 0.958

(8b.14) r (C°p,A’p,C°p,Gp,C°p,A’p,C*) (P,)

-1.0 -05 00 05

log ((Ay - A)/A)

1.0

1.5

Figures S7: The Hill plots for compounds 1 - 8 The plot of log (At — A)/A) as a

function of pH gave a straight line with Hill slope as slope and pK, as intercept of the

straight line. The *'P chemical shifts used for calculating log ((At — A)/A) (experimental

section for details) here has been obtained by subtracting the average &°'P of the 5'

phosphorus (p;) and 3' phosphorus (p») of Etp;Ap,Et (9b) from the &°'P shifts of
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different phosphates marker of the oligomers (1 — 8). Data points between pH 10 —11.9
have been used in these plots for all *'P resonances. Name of the compounds, values
for the correlation coefficient (R), pK, obtained from Hill plot analyses and the values

of Hill slope are shown in the respective graphs.
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(A) The pH-dependent 3P Chemical shift (in D,0) of d(ApiGp>A) (1a) at 298 K

d(ApiGp,A)

FH

,._._ﬂ'"' i 11.85
|I Il 11.45
_,,JL_‘__._A 11.11
” ! 10.79

|||| | 9.92

3.45
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(B) The pH-dependent 3P Chemical shift (in D,0) of d(Ap1Gp,C) (2a) at 298 K

d(ApiGp2C)
FH

p2 pl
\ 12.15
\ ‘ 11.75
11.42
} \ 10.87
/ { 10.30

2.77
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(C) The pH-dependent 3'P Chemical shift (in D,0) of d(Cp1Gp2A) (3a) at 298 K

d(ApiGp2C)
pH

1z.11

11.34
10.93
10.32

9.84

2.16
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(D) The pH-dependent *'P Chemical shift (in D,O) of d(Cp;Gp,C) (4a) at 298 K

d(Cp1Gp2C)

rE

" n 11.31

n, " 11.31

i . 11.31

11.31
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(E) The pH-dependent *'P Chemical shift (in D,O) of r(Ap;Gp,A) (1b) at 298 K

1(Ap1Gp2A)
FPH
p2 pl
i A 11.83

A A us
M 30
| S 0 oL

2.57




S51

(F) The pH-dependent 3P Chemical shift (in D,0) of r(Ap1Gp2C) (2b) at 298 K
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(G) The pH-dependent *'P Chemical shift (in D,0) of r(Cp1Gp,A) (3b) at 298 K

1(CpiGp2A)
PH

B N Gt
O R Wt
A A 103
AN u.m

A w3
9.69

A 9.20

8.84

fon 8.59

= 8.02

7.53

pl, P2 7.06
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(H) The pH-dependent *'P Chemical shift (in D,O) of r(Cp;Gp-C) (4b) at 298 K

1(Cp1Gp>C)

PH

p2 1
S St .
M
M e
U WL
_,"LA_.WM

2.59
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(I) The pH-dependent >'P Chemical shift (in D,0O) of d(CpiAp,ApsGpsApsApeC) (5a)
at 298 K

d(Cp1Ap2Ap;GpsApsApsC)

PH

AR RR BB ws
NN N N 1233
. N, N N AN - 1
N A Y, N NS AN N
I | W N N NS
N A A 10.7

AL AA. 10.31
N AN M 5.4
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(J ) The pH-dependent *'P Chemical shift (in D,0) of d(Cp;Ap,ApsGpsCpsApsC) (6a) at
298 K

d(Cp1Ap2Ap3GpsCpsApeC)

pH

pd pé Pl p3p5 p2
w 12.58
12.24
————m
W
M NN A e
NN NN N 232
Y AW, 8.96
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(K) The pH-dependent *'P Chemical shift (in D,0) of d(Cp;Ap.CpsGpsApsApsC) (7a)

at 298 K
d(Cp1Ap2CpsGpsApsApeC)
2 + p3 pH
P6 pd plp P p5
A AN A e

PN NN A 122
NN 11.8
NN o

11.17%

M . N 10.92

2.58
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(L) The pH-dependent *'P Chemical shift (in D,O) of d(Cp;Ap,CpsGpsCpsApsC) (8a)
at 298 K

d(Cp1Ap2CpsGpsCpsApsC)

6 pl + p3 H
Pzp p4 p5 P

_//\_/\AM
M‘\wﬁ/\_,lﬁﬁ

Y AN A A N

95.95
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(M) The pH-dependent *'P Chemical shift (in D,0) of r(Cp;Ap>ApsGpsApsApsC) (5b)
at 298 K

1(Cp1Ap2ApsGpsApsApeC)

pX py PY P4 p6 PH

p5
Wwww
SIS NN A 1z
WM
SN NN AL 11,30
N A N A 109
NN A AL A 10083

Mj&

9.67

P6 p5
pl px PY p4
o~ B 70
""" IR L
-1.7 -1.8 -1.9 -2.0 -2.1 -2.2 ppm

pX and pY are either p2 or p3, but could not be assigned exactly due to unavailability of 'H—*'P cross
peaks. See the footnote in Table 1.
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(N) The pH-dependent *'P Chemical shift (in D,0) of r(Cpi1Ap2ApsGpsCpsApsC) (6b)
at 298 K

1(Cp1Ap2ApsGp4CpsApeC)

p3 pl p4p2 p5 p6 'DH

12.54

DV VY

11.6

10.99
10.28
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(O) The pH-dependent *'P Chemical shift (in D,0) of r(Cpi1Ap.CpsGpsApsApsC) (7b)

at298 K

1(Cp1Ap2Cp3GpsApsApeC)

PH
p3 P2 Pl p4+p5 b6

12.75

12.5

11.95

11.55

11.14

10.72
10.35
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(P) The pH-dependent *'P Chemical shift (in D,O) of r(Cp; Ap,CpsGpsCpsApsC) (8b) at 298 K

1(Cp1Ap2Cp3GpsCpsApsC)

1403 p5+p2
pl+p o4 o6
12.47

12.2

O AL ees

9.50
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Figure S8. Panels (A) — (P) show stack plots of the pH-dependent *'P NMR chemical
shifts (8°'P) in D,O for isosequential ssDNAs (1a — 8a) and ssRNA (1b — 8b) at 298 K. It
i1s noteworthy that peaks show artificial differences in line-widths because of different
expansions of chemical shifts scale. It is only 10 — 12 pHs (including two plateaus at two
extreme pHs) are shown out of total ~30 — 40 pHs (used for the titration plots) in panel (A)
for d(AGA) (1a), panel (B) for d(AGC) (2a), panel (C) for d(CGA) (3a), panel (D) for
d(CGC) (4a), panel (E) for r(AGA) (1b), panel (F) for r(AGC) (2b), panel (G) for r(CGA)
(3b), panel (H) for r(CGC) (4b), panel (I) for d(CAAGAAC) (5a), panel (J) for
d(CAAGCAC) (6a), panel (K) for d(CACGAAC) (7a), panel (L) for d(CACGCAC) (8a),
(M) for r(CAAGAAC) (5b), panel (N) for r(CAAGCAC) (6b), panel (O) for
r(CACGAAC) (7b), panel (P) for (CACGCAC) (8b). All NMR measurements have been
performed in 500 MHz and/or 600 MHz spectrometers. The pH values are corrected with
the deuterium effect. The assignments for all compounds have been performed on the basis
of 'H NOESY, 'H COSY, *'P decoupled '"H COSY, TOCSY and *'P - 'H correlation
spectroscopy at 298 K and also 'H NOESY at 283 K in the neutral pH'*.
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(A) The pH-dependent 'H Chemical shift of aromatic (8.25-7.35 ppm) and anomeric (6.2-
5.7 ppm) region (in D,0) of d(C°p; A’ p2A’p3GpsA’psA*peC?) (5a) at 298

NN T

ki §

i
H -
. s P ; . 5 %o D
12 ﬂ " '2 n " UQ‘S:__ ﬂ " E} ﬂﬂ < = kel
e Sle & 20 = < |y o |2
2= == 9 ¢ ::'z E = Jm =2 |[= =
N .y ﬂ_ﬁiJl 7.09 fl . .
T I T I T I T T |
8.2 8.0 7.8 7.6 ppm 6.2 6.1 6.0 5.9 5.8 ppm

(B) The pH-dependent 'H Chemical shift of aromatic (8.4-7.3 ppm) and anomeric (6.35-5.6 ppm)
region (in D,0) of d(C”p1 A’ p,A’psGpsCpsA®psCY) (6a) at 298 K

PH

J U || L‘ Il 12 58 Jﬂ.L;t‘l_Mulfuiﬂj_lf.lM:l\u'L___JUl

5 9 = i

é g%ﬁ g 09 O il ., © 00 g
u 2|8 g g - 0 3::‘3"‘:5 o A
| = NER

T T T I I T
.4 8.2 8.0 7.8 7.6 pEm 6.2 6.0 5.8 ppm
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(C) The pH-dependent 'H Chemical shift of aromatic (8.5-7.3 ppm) and anomeric (6.32-5.4 ppm)
region (in D,0) of d(C”p1 A’ p,C psGpsA’psA’psCY) (7a) at 298 K.

PpH

_LLL_JLJLJLJLM s dond L1 o

- 29 = in g .
- ~ un " = nomM
2 2 '2 %8 8 U n R0 1hY%a 0 0 9

@ 3 = = o < LS, uoe@ .5 v
L A ;
N 7.48 AU, W
T T T T T 1
8.4 8.2 8.[] ?.8 7.6 ppm 6.2 6.0 5.8 5.6 ppm

(D) The pH-dependent 'H Chemical shift of aromatic (8.4-7.4 ppm) and anomeric (6.35-5.65
ppm) region (in D,0) of d(C’pi A p2CpsGpsCpsA®psC?) (8a) at 298 K.

pH
JL_J “ ] | 1[” 12.45 J'LWJ‘LJJ‘M! lFuL_,M
23 33§ gy mx D son  Bge
g 8 = g § BEz S50 B iRsmid
o E T T eesam o B s L
8.4 8.2 8.0 7.8 7.6 ppm 6.2 6.0 5.8 ppm
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(E) The pH-dependent 'H Chemical shift of aromatic (8.3-7.5 ppm) and anomeric (5.87

5.53 ppm) region (in D,0) of r(C’p; A’ p2A’p3GpsA’°psA*psC?) (5b) at 298 K.
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(F) The pH-dependent 'H Chemical shift of aromatic (8.35-7.55 ppm) and anomeric (6.05-5.45
ppm) region (in D,0) of r(C°pi A’ p2A’p3GpsCpsA’psC?) (6b) at 298 K.
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(G) The pH-dependent "H Chemical shift of aromatic (8.4-7.45 ppm) and anomeric (6-5.53 ppm)
region (in D,0) of ((C° 1A’ p2C psGpsA’psA*psC?) (7b) at 298 K.
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(H) The pH-dependent '"H Chemical shift of aromatic (8.4-7.5 ppm) and anomeric (6.05-5.52
ppm) region (in D,0) of r(C°pi A’ p2C psGpsC psA’psC?) (8b) at 298 K.
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Figure S9. Panels (A) — (H) show stack plots of the pH-dependent 'H NMR chemical shifts (8'H)
in D,O for isosequential ssDNAs (5a — 8a) and ssRNA (5b — 8b) at 298 K. The aromatic as well as
anomeric regions both at the neutral and the alkaline pHs for (5 - 8) show that there is a small
amount of decomposition only in case of heptameric ssSRNAs (Sb — 8b) at the alkaline pHs. The
decomposition is not more than 2%-3% at the highest alkaline pH has been confirmed by
integrating the aromatic and anomeric signals for the heptameric ssRNAs and the products formed.
In case of heptameric ssDNAs (5a — 8a) as there is no scope of decomposmon only the neutral and
the alkahne pHs are shown. Panel (A) is for d(C’p;A’ pzA p3Qp4A psA’ p6C ) (Sa) panel (B) for
d(C°p A pzA ngp4C p5A3 Ps C3) (6a) panel (C) for d(C° plA p2C p3Q)4A psA’ p6C ) (7a) panel
(D) for d(C’ plA po szp4C psA p6C3) (83) (E) for r(C’piA’ pzA pst4A psA’ p6C ) (5b)
panel (F) for r(C’p, A’ pz p3Q)4C p5A p6C ) (6b) panel (G) for r(C’ 1A’ p2Cp3GpsA’psA* psC?)
(7b), panel (H) for r(C’p1A°p2C psGpaCpsA*psC’) (8b). All NMR measurements have been
performed in 600 MHz spectrometers. The pH values are corrected w1th the deuterlum effect. The
a551gnments for all compounds have been performed on the basis of "H NOESY, 'H COSY, *'P
decoupled 'H COSY, TOCSY and *'P - 'H correlation spectroscopy at 298 K and also 'H NOESY
at 283 K in the neutral pH*.
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Table S2. The endocyclic >*Jur (in Hz) from "H NMR at 298 K for the respective
pentofuranose moiety in each nucleotidic unit in 5a — 8a and 5b — 8b in both the neutral

(N) and the deprotonated (D) states. *

>%Jy in the neutral (N) and deprotonated (D)

Oligo-ssDNA/ssRNA states
A AT G AT AT
d(C pIA A DGpaA psATpeCY) N 142 154 153 140 150 142 134
(5a) D 142 150 148 140 150 137 1238
r(CpiATpA'psGpsApsA¥ psC?) N 2.9 3.2 3.7 33 25 22 27
Gy D 31 2.8 26 60 38 48 26
d(CPpiA P APsGpsClpsA¥psC?) N 142 NA NA 145 143 137 132
(6a) D 142 NA NA 145 145 139 132
r(CpiA P A'psGpsClpsA¥psC?) N 25 2.5 2.8 3.4 3.5 25 31
6y D 29 1.6 21 47 35 27 30
d(CTp1AT p,CopsGpsApsATpC?) N 139 142 144 149 151 147 134
(7ay D 141 142 144 147 148 143" 13.6°
r(CpiATp,CopsGpsApsA*psC?) N 1.3 2.7 4.2 2.9 26 23 25
m D 25 26 56 40 30 21 29
d(C pIATPCopsGpaCopsA¥peC?) N 139 142 143 145 144 138 132
(8a) D NA 141 143 140 NA 138 132
r(C* piA” p2CpsGpsClpsA? psC?) N 1.6 2.3 2.9 43 3.1 25 28
(8b) D 25 24 29 43 35 26 35

* All spectra are taken in 600 MHz spectrometer. The error in measurement of *J;. is + 0.1 Hz.
* Coupling constant measured in 1D rows from the DQF-COSY {31P} spectrum at 298 K, 4K by 1K complex
datapoints, zerofilled to 32K in the f2 dimension. The error in measurement of szl'z' is+0.6-0.9 Hz
N.A are written for the cases where the coupling constants could not be determined due to overlapping of signals
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Table S3. The percentage of North-type sugar population was estimated with the relation %N
= 100*(1 -(ZJur - 9.8) / 5.9), using the E3JH1v from 'H NMR at 298 K for the respective
pentofuranose moiety in each nucleotydic units of heptameric ssDNA (Sa — 8a). The
percentage of North-type sugar population was also estimated with the relation %N = 100*(7.9
- 3va) / 6.9, using the 3,]1,2. from 'H NMR at 298 K for the respective pentofuranose moiety in
each nucleotydic units of heptameric ssRNA (Sb — 8b).

%N in the neutral (N) and deprotonated (D)

Oligo-ssDNA/ssRNA states

AT AYCT G A AT c¥

dC pATPA'PGPAPATPCY) N 25 5 7 v 12 ¥
(5a) D 25 12 15 29 12 34 49

r(C pA P A’ pGpaA’psA’peC?) N 72 68 61 67 78 83 TS
(5b) D 70 74 77 28 59 45 77

d(C pIA P APGPClpsATpC) N 25 NA NA 20 4 4 &
(6a) D 25 NA NA 20 20 31 42

r(C pA P A’ PsGpsCopsA’peCY) N 78 78 74 65 o4 T8 70
(6b) D 72 91 84 46 64 75 71
d(CS’P1A5’P2C5P3§P4AP5A3’P6C3’) __________ N _________ 31 25 22 14 10 1739
(7a) D 27 25 22 17 15 24 36

HC PATPCpGPATpsA P CY) N %6 5 4 2 T 8L
(7b) D 78 77 33 57 71 84 72
d(CpA° P CpsGpaCopsA’peC’) N 31 25 24 20 2 32 42
(8a) D NA 27 24 29 NA 32 4

r(C’p A’ pCpsGpaClpsA’pC) N 91 81 72 52 70 78 74
(8b) D 78 80 72 52 64 77 64

*All spectra are taken in 600 MHz spectrometer. The error in measurement of *J;» is + 0.1 Hz with %N error of
2%

" Coupling constant measured in 1D rows from the DQF-COSY {31P} spectrum at 298 K, 4K by 1K complex
datapoints, zerofilled to 32K in the f2 dimension. The error in measurement of Z3J1v2v is £ 0.6 — 0.9 Hz with %S
error of 12 - 18%

N.A are written for the cases where the coupling constants could not be determined due to overlapping of signals
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Table S4. The °'P chemical shifts (8°'P) in ppm for the monomeric
bisphosphate model compounds (9 — 11) at neutral pH (~7.25) and alkaline
pH (~12.5). At each pH values chemical shift has been determined at three
different experiments to estimate the error in digital resolution.

&'P at pH ~7.25 &'PatpH ~12.5
Compounds
p1 P2 p1 p2
(inppm) | (inppm) | (inppm) (in ppm)

Etp;dAp,Et -0.921 -1.546 -0.907 -1.535
(92) -0.921 -1.546 -0.906 -1.534
-0.921 -1.546 -0.907 -1.534
Etp;dCp,Et -0.888 -1.595 -0.862 -1.578
(10a) -0.888 -1.594 -0.861 -1.578
-0.887 -1.594 -0.861 -1.578
Etp,dGp,Et -0.903 -1.520 -0.871 -1.505
(11a) -0.903 -1.521 -0.871 -1.505
-0.902 -1.520 -0.871 -1.506
Etp,Ap,Et -0.946 -1.205 -0.924 -1.144
(9b) -0.946 -1.205 -0.924 -1.144
-0.946 -1.205 -0.924 -1.144
Etp,Cp,Et -0.970 -1.278 -0.946 -1.223
(10b) -0.969 -1.277 -0.946 -1.221
-0.969 -1.277 -0.946 -1.221
Etp,Gp,Et -0.939 -1.186 -0.935 -1.140
(11b) -0.938 -1.186 -0.934 -1.140
-0.938 -1.185 -0.934 -1.140
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Table S5. The line broadening values for *'P chemical shifts (8°'P) in ppm for
the monomeric bisphosphate model compounds (9 — 11) as well as heptameric
ssDNAs/ssRNAs (5 — 8) at neutral pH (~7.25) and alkaline pH (~12.5) pH.

Line Broadening for §*'P in ppm
Compounds
pi P2 P3 P4 pPs Ps
Etp,dAp,Et N|00I] 001 | - N -
(9a) D | 0.01 | 0.01 _ _ _ _
Etp:dCpEt N|001]001| - N
(10a) D | 0.01 | 0.01 - - - -
Etp:dGpEt N _ — [
(11a) D - [ R R
EtpiAp:Et N[00l ] 001 | - -
(Ob) D| 001|001 | - - -1 -
Etp,Cp:Et N|00I] 001 | - N -
(10b) D|0.02]002| - - - -
EtpGp:Et N|001]001| - I R B
(11b) D | 001|001 | - - - -
d(Cp1Ap2AP;GpaApsApeC) | N | 0.02 | — — 1002] — |oo01
(Sa) D|001| - — lo002] = oot
d(Cp1Ap-ApsGpaCpsApsC) | N | 0.02 | 0.03 | 0.03 | 0.02 | 0.02 | 0.02
(62) Dl002]002| - ool | — |oo0l |
d(Cp1Ap-CpsGpaApsApsC) | N| 0.03 | 0.03 | — | 0.02 | 0.02 | 0.02
(7a) D|002]002| — |0.02]002] 001 |
d(Cp1Ap-CpsGpaCpsApeC) | N | 0.03 | — | 0.04 | — | 0.03 | 0.03
(8a) D003 — | 003 [003]003| — |
1(Cp1Ap2ApsGpsApsApsC) | N'| 0.05 | — - - - -
(Sb) D[ 0.03]003] 003 003003002
1(Cp1AP2APsGpaCpsApsC) | N | 0.06 | — - R I B
(6b) D[0.03]003] 003 [003] — | _
1(Cp1Ap2Cp3GpsApsApsC) | N | 0.04 | 0.06 — - — —
(7b) D|003] 004 004 | — | = | _
1(Cp1Ap2CpsGpsCpsApsC) | N | 0.05 | — - - - -
(8b) D[0.02]002] 002 [002]002] 002
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Table S6: *'P chemical shifts [§°'p, in ppm] at the neutral (N) and the deprotonated (D) states at
298 K for ssDNA trimers 1a — 4a, ssDNA heptamers 5a — 8a as well as ssSRNA trimers 1b — 4b,
ssSRNA heptamers 5b — 8b.

3P Chemical Shift [6*'p] at neutral (N) and deprotonated (D)

Compounds states at 298 K
P1 P2 Ps3 P4 Ps Ps
d(Ap;Gp,A) N -4.2730 -3.8670
______________ (a) D 40460 -3.6720
r(Ap,Gp,A) N -1.9140 -1.8060 -
(1b) D -1.7730 -1.6510 -
d(Ap,Gp;C) N -2.9640 -2.8350
(2a) D -2.4070 -2.1790
""""" rApGp,C) N 22650  -22990
(2b) D -2.0950 -2.0440
d(Cp,Gp,A) N -2.5270 -2.3970
(3a) D -2.4070 -2.1790
H(CpGpaA) N 21630 21820
(3b) D -1.9920 -2.1820
d(Cp,Gp,C) N -2.5010 -2.2900
(42) D -2.4020 -2.1430
H(CpGp:C) N -18920 20630
(4b) D -1.8870 -1.8690
d(CpiAp,ApsGpiApsApsC) N -2.3100 -2.5930 -2.5530 22410 -2.5280 -2.0890
(5a) D -2.2760 -2.4840 -2.3220 -1.9910  -2.5040 -2.0510
r(Cp1AP2AP;GpsAPsApPcC) N -1.8000 -1.9740 -2.0380 2160 -2.1800 -2.1590
(5b) D -1.8250 -1.7320 -1.8370 F19540  -2.1680 -2.0990
d(Cp1AP>ApP;GpsCpsApC) N -2.2960 -2.5610 -2.4770 21320 -2.3620 -2.0800
(62) D -2.2590 -2.4530 -2.3010 -1.9750  -2.3250 -2.0310
r(Cp1AP2AP;Gp.CpsApcC) N -1.7560 -2.0820 -2.1460 22340 -2.0820 -2.1460
(6b) D -1.7530 -1.8120 -1.9470 9470  -2.0070 -2.0500
d(CpiAp,CpsGpiApsApsC) N -2.2200 -2.2200 -2.3490 23980  -2.4950 2.0730
(7a) D -2.1430 -2.1770 -2.1770 2.0570  -2.4560 -2.0120
r(Cp:1AP2CpsGpsApsApeC) N -1.8980 -1.9860 -2.0840 22030 -2.1440 -2.1440
(7b) D -1.8540 -1.7760 -1.6770 20026  -2.0290 -1.9940
d(Cp1AP>CPsGpsCpsApC) N -2.2060 -2.1630 -2.3050 2.1390  -2.3600 -2.0580
(8a) D -2.1800 -2.0010 -2.1800 21240 -2.3200 -2.0180
H(CpiAP1CP:GPsCpsApeC) N -2.1310 -2.4990 -2.2640 23010  -2.3530 2.417
(8b) D -2.1170 -2.3460 -2.0800 22060 -2.2800 -2.3460
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