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ABSTRACT: Secondary structure plays critical roles in nucleic acid function. Mismatches in DNA can lead to
mutation and disease, and some mismatches involve a protonated base. Among protonated mismatches,
Aþ

3C wobble pairs form near physiological pH and have relatively minor effects on helix geometry, making
them especially important in biology. Herein, we investigate effects of helix position, temperature, and ionic
strength on pKa shifting in Aþ

3C wobble pairs in DNA. We observe that pKa shifting is favored by internal
Aþ

3C wobbles, which have low cooperativities of folding and make large contributions to stability, and
disfavored by external Aþ

3C wobbles, which have high folding cooperativities but make small contributions
to stability. An inverse relationship between pKa shifting and temperature is also found, which supports a
model in which protonation is enthalpically favored overall and entropically correlated with cooperativity of
folding. We also observe greater pKa shifts as the ionic strength decreases, consistent with anticooperativity
between proton binding and counterion-condensed monovalent cation. Under the most favorable tempera-
ture and ionic strength conditions tested, a pKa of 8.0 is observed for the Aþ

3Cwobble pair, which represents
an especially large shift (∼4.5 pKa units) from the unperturbed pKa value of adenosine. This study suggests
that protonated Aþ

3Cwobble pairs exist inDNAunder biologically relevant conditions, where they can drive
conformational changes and affect replication and transcription fidelity.

In RNA and DNA, the nucleobases typically exist as neutral
species at biological pH. The pKa values for the imino nitrogens
are ∼3.5 and 4.2 for single-stranded A and C, respectively, and
∼9.3 for single-stranded G and U/T (1, 2). Nevertheless, proto-
nated bases play important roles in biology (3-6), with pKa

values shifted toward neutrality (7-11). Understanding the
driving forces behind pKa shifting would therefore provide
insight into numerous biological phenomena and provide a
means of predicting behavior in uncharacterized systems.

On one hand, ionization of imino functionalities interferes
with Watson-Crick base pairing and is therefore typically
disfavored, resulting in pKa values shifted further from neutral-
ity (12). On the other hand, ionization of functional groups
promotes certain non-Watson-Crick base pairs, resulting in pKa

values shifted toward neutrality. For instance, protonation of C
at N3 promotes C 3C

þ mismatch formation (13), while proton-
ation of A at N1 promotes GA (GN7-AN1þ) pairing (14). In
both instances, it is the gain of hydrogen bonding, stacking, and
electrostatic interactions upon protonation that drives folded-
state pKa values toward or away from 7 (15, 16).

Some bases require complex tertiary structures to protonate,
and in these cases, electrostatic focusing often plays an important
role (4, 16, 17). Examples of protonated tertiary bases include
cytosines and adenines that play structural and catalytic roles in
ribozymes and viral RNAs (8, 11, 18-24). In catalytic RNAs,
bases with pKa values of neutrality can optimally facilitate
general acid-base catalysis, while bases with pKa values of >7

are possible oxyanion holes. Such catalytic functions parallel
roles of histidine and lysine/arginine in protein enzymes, effec-
tively increasing the functional diversity of RNA.

Certain protonated bases require just a simple helical context
to form, making them amenable to model studies. The most
common protonated base pair of this type is the Aþ

3C wobble,
which is isosteric with a GTwobble and has a pKa shifted toward
7 (Figure 1). Protonated Aþ

3C wobbles are common in RNA,
where they play structural and functional roles (4, 7, 25, 26). For
example, N1 adenine pKa values shifted toward neutrality have
been reported for Aþ

3C wobbles in the lead-dependent RNA
enzyme (12, 25), the U6 loop of the splicesome (9), and tobacco
ringspot virus (7). Similarly, a pKa near 7 has been identified in or
near the peptidyl transferase center in 23S rRNA (27) and likely
arises fromanAþ

3Cwobble, although assignment to a particular
nucleobase has been challenging (28).

Protonated Aþ
3C wobbles also occur in DNA where they can

be mutagenic and carcinogenic (29, 30). For example, Aþ
3C

wobbles created during repair of oxidative DNA damage can be
incorrectly converted to aGC base pair (rather than an AT pair),
thereby “immortalizing” a mutation (29). In addition, the highly
carcinogenic aflatoxin B1-DNA adduct often causes an Aþ

3C
wobble to be incorporated upstream of the modification, an
event that causes a GC-to-AT mutation (30).

In this study, effects of helix position, temperature, and ionic
strength on the folded-state pKa of an Aþ

3C wobble are studied.
Results are interpreted in terms of a thermodynamic framework
that couples protonation and DNA folding. Thermodynamic
driving forces revealed herein lead to pKa values at and beyond
physiological pH, with implications for biological function.
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MATERIALS AND METHODS

Preparation of DNA. The standard DNA hairpin used in
this study has an Aþ

3C wobble located in an internal helical
context, a phosphorothioate at G17, and is termed WT1,2

(Figure 1C). To modulate the position of the Aþ
3C wobble in

the helix while maintaining nearest neighbors, we deleted term-
inal base pairs in a stepwise manner up until the mismatch at the
base of the helix, which resulted in three sequences: -1, -2, and
-3 (Figure 1C). These four constructs provide a platform for
studying the relationship between pKa shifting and helical context
for an Aþ

3C wobble in double-stranded DNA (dsDNA).
To favor a single cationic counterion species to the phosphate

backbone, syntheticDNAoligonucleotides (IDTDNA,Coralville,
IA) were subjected to salt exchange followed by desalting using the
following two-step procedure: (1) dialysis against 100 mM KCl
for 6 h and (2) dialysis against sterile deionized water for 12-16 h
(the dialysis method is described in the next paragraph). Measure-
ments by atomic absorption confirmed that this length of time was

sufficient for both steps to come to equilibrium (see the Supporting
Information). After dialysis and prior to each experiment, addi-
tionalKþwas added froma concentrated stock solution to provide
the desired final free Kþ concentration. Dialysis was found to be
important because samples prepared in KCl without the first step
of dialysis against 100 mM KCl exhibited smaller (∼0.5 unit) pKa

shifts; moreover, analysis by MALDI-TOF mass spectrometry
revealed that samples dialyzed without the first step had a mixture
of Naþ and Kþ counterions present, while those dialyzed with this
two-step procedure had Kþ counterions only (data not shown).

All dialysis steps were conducted in an eight-well microdialysis
system (Gibco-BRLLife Technologies, Rockville, MD) attached
to a peristaltic pump set at a flow rate of ∼15 mL/min; thus, in
the course of a 6 h dialysis run, ∼5.5 L of buffer flowed against
the sample. The final DNA concentration for NMR studies was
0.6-1.7 mM in 10% 2H2O (added after dialysis). Because it
would interfere with pH titrations, no buffer was present during
dialysis. The pH of theDNA sample before and after each step of
dialysis was found to be∼5.5. Cation counterion quantities were
determined by atomic absorption.
Atomic Absorption. Analysis of cationic species was con-

ducted on aVarian 220 FS atomic absorption spectrophotometer
using a Varian potassium hollow cathode lamp to detect Kþ

(at 766.5 nm) ions. Calibration of the instrument was performed
prior to analysis using KCl standards prepared by serial dilution
(see the Supporting Information). Lamp output was monitored
to ensure stability and maximized signal following a minimal
30 min warm-up.
NMR Titrations. The oligonucleotide concentrations were

0.6-1.7 mM in 90% H2O and 10% D2O. To favor hairpin
formation, oligonucleotides were renatured before each experi-
ment by being incubated at 90 �C for 2 min, followed by being
cooled to room temperature on the bench for 15 min. Standard
conditions are defined herein as 100 mM KCl and 10 �C. Salt
concentrations of greater than∼750mMwere not tested because
of NMR experimental constraints, although a pKa value at 1 M
salt could be obtained by extrapolation.

Proton-decoupled 31P NMRwas used to monitor a phosphor-
othioate-labeled position (G17 herein), as described pre-
viously (31). pH titrations were conducted in the NMR tube,
and the pH of the solution was measured using an ISFET micro
pH probe (IQ Scientific Instruments) at the temperature of the
titration. We previously reported that ion-dependent effects for
this probe result in errors in measurement of pH for certain
solutions (32). The effects of potassium ions on pHmeter readings
were therefore examined. A series of dilute HCl solutions at
known concentrations between 10-2 and 10-4Mwere prepared in
100 mMKCl, as was a series of dilute NaOH solutions at known
concentrations between 10-2 and 10-3 M. Observed meter read-
ings were compared to solution pH values, which were calculated
using the relationship pH=-log aHþ =-log cHþ - log fHþ, with
-log fHþ determined from the Debye-H€uckel equation, as pre-
viously discussed (32). No significant differences between meter
readings and solution pH values were observed for KCl; as such,
meter readings are used synonymously with pH herein. 31P NMR
titrations were conducted on a Bruker Avance III 500 MHz
spectrometer, utilizing a 5 mm broadband observe probe, as well
as a Bruker Avance 360 MHz spectrometer with a 5 mm quadra-
nuclear probe. Titration data were sigmoidal and fit well to eq 1

δ ¼ δP þ Δδ

1þ 10nðpKa -pHÞ ð1Þ

FIGURE 1: Wobble base pairs in dsDNA. (A) Aþ
3C wobble base

pair. ProtonationofN1of adenine (red) is required for formation. (B)
G 3T wobble base pair. The base pairs in panels A and B have a
common wobble geometry in which both nucleosides are anti and
have two hydrogen bonds and the pyrimidine 4-position is in the
major groove. (C) Full-length (WT) DNA hairpin with the three
constructs (-1, -2, and -3) resulting from terminal base pair
deletions. The asterisk denotes the location of the position of the
phosphorothioate label (G17), which is constant across these con-
structs. Numbering of base pairs is provided and maintained in
deletion constructs.

1Abbreviations: EDTA, ethylenediaminetetraacetic acid; TM, tem-
perature at which the folded and unfolded populations of an oligonu-
cleotide are equal;WC,Watson-Crick;WT,wild-type;-1,-2, and-3,
hairpins from which one, two, and three terminal base pairs, respec-
tively, have been deleted, resulting in progressively shorter hairpins.

2This particular sequence has been previously studied using 31PNMR
and was termed DNA2 (31). We opt to label this sequence as “WT”
herein because variants were designed on the basis of this core sequence.
We used a similar WT nomenclature in another report (36).
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whereΔδ= δU- δP (δU and δP are defined as the chemical shifts
of the unprotonated and protonated folded DNA states, re-
spectively) and n is a Hill constant related to the number of
proton binding sites. Hill constants were close to unity, consistent
with uptake of a single proton binding, or binding to several
independent sites.

All one-dimensional (1D) imino proton (1H) spectra were
recorded on a Bruker Avance-III 600 MHz spectrometer
equipped with a CTI cryoprobe, operated at 274 K to slow
chemical exchange. Water suppression was achieved for all 1H-
detected NMR experiments using excitation sculpting techniques
with pulsed field gradients as implemented in standard Bruker
pulse programs (33).
Temperature and Salt Dependence of NMR Data.

(i) Temperature-Dependent Data. Titrations were performed
at temperatures ranging from 10 to 42 �C, and pKa values were
plotted versus 1/T. The standard van’t Hoff equation can be
rearranged to afford

pKa ¼ ΔH�
2:303RT

-
ΔS�

2:303R
ð2Þ

where

ΔG� ¼ 2:303RT � pKa ð3Þ
Plots of pKa versus 1/T were fit to eq 2 using linear least-squares
regression to obtain ΔH� and ΔS�. Error analysis is presented
in the Supporting Information. In discussing proton association
phenomena we reversed the algebraic signs, since pKa is for
proton dissociation.

(ii) Salt-Dependent Data. To aid in the interpretation of
salt-dependent data, the following molecular model was used,
wherein m Kþ ions replace a proton (Scheme 1).

FHþ þmKþ h F 3K
þ
m þHþ ðScheme1Þ

The overall equilibrium expression for this scheme, Ktot, is
provided by eq 4.1

Ktot ¼ ½F 3K
þ
m�½Hþ�

½FHþ�½Kþ�m ð4:1Þ

while the acid dissociation constant, in this case Ka apparent
(Ka,app), is provided by eq 4.2

Ktot ¼ Ka, app

½Kþ�m ð4:2Þ

Taking the negative base 10 logarithm of eq 4.2 results in eq 5

pKa, app ¼ pKtot -m log½Kþ� ð5Þ
where pKa,app equals pKtot at 1 M KCl.
Thermal Denaturation Experiments. Thermodynamic

parameters were obtained via UV-monitored thermal denatura-
tion (melting) experiments, conducted in 100 mM KCl to
maintain a constant and physiologically relevant ionic
strength (34) and to match our standard experimental salt
conditions for NMR. Melts were conducted at either pH 5.7 or
8.0, maintained in 25 mM MES or HEPES, respectively. These
buffers have a shallow temperature dependence to their pKa

values, withΔpKa/�C values of-0.011 and-0.014 for MES and
HEPES, respectively (35). Solution conditions near the transition
midpoint have the greatest effect on ΔH� and ΔS�; buffers were
therefore prepared such that they would be at the desired pH
value near theTM, similar to themethod previously reported (15).

Melting experiments were conducted at 280 nm on a Gilford
Response II spectrophotometer equipped with a temperature-
controlled microcuvette assembly, and data were collected every
0.5 �C. To favor hairpin formation, oligonucleotides were
renatured in the same manner as in the NMR experiments. For
each experiment, temperature scans over the range of 5-95 �C
were performed in both heating and cooling directions; over-
lapping spectra were obtained, consistent with the reversibility of
the folding transition. Data were repeated three or more times,
and representative melts are provided in the text.
Simulations of Protonation and pHDenaturation. In this

study, two types of folding events are presented: global and local.
Global folding is represented by transitions between unfolded
(U) and folded (F) states and assesses stability either at pH values
far removed from measured pKa values or at high temperatures
(Scheme 2).

U h F ðor FHþÞ ðScheme2Þ
Local folding, on the other hand, is represented by the transition
between the folded protonated (FHþ) state with the Aþ

3C
wobble pair and the folded unprotonated (F) state and assesses
stability at temperatures low enough that WT remains globally
folded (Scheme 3).

FHþ h FþHþ ðScheme3Þ
Schemes 2 and 3 can be combined to provide a global view of all
actions of proton binding on RNA folding (Scheme 4).

fUþg h FHþ h FþHþ h fU-g ðScheme4Þ
For Scheme 4, an ensemble of unfolded protonated (i.e., U, Uþ,
þU, þUþ, etc.) and unfolded deprotonated (U, U-, -U, -U-,
etc.) states are represented at the left and right ends of the
expression, and represent results of acidic and alkaline denatura-
tion, respectively.

Experimental data of chemical shift (δ) versus pH were
simulated according to equations derived from Scheme 4 using
linked equilibria (see the Supporting Information for the de-
rivation). Doing so produces a partition function Q, provided in
eq 6

Q ¼ 10nðpKaF -pHÞ þ 1þKUð1þ10pKaA -pHÞnAð1þ10pKaC -pHÞnC

þKUð1þ10pH-pKaGÞnGð1þ10pH-pKaTÞnT -KU ð6Þ
where nA, nC, nG, and nT are the number of A, C, G, and T
residues, respectively, in the DNA oligonucleotide,KU is [U]/[F],
and n is the number of folded-state proton binding sites. The
fractional population of a given state is that state’s term in Q
divided by Q itself. The observed spectroscopic signal, δobs, is
then given by the population-weighted average of all spectro-
scopic signals (δUþ, δU, δU-, δF, and δFHþ), affording eq 7

δobs ¼ ½δFHþ � 10nðpKaF -pHÞ

þ δF þ δUþKUð1þ10pKaA -pHÞnAð1þ10pKaC -pHÞnC

þ δU-KUð1þ10pH-pKaGÞnGð1þ10pH-pKaTÞnT -δUKU�=Q
ð7Þ

In practice, the final term inQ carries essentially no weight and δU
is not known, so this termwas not included in the simulation.Also,
δU- appears to be linearly dependent on pH and so was treated
as a positively sloping baseline. The mathematical model uses

ðScheme 1Þ

ðScheme 2Þ

ðScheme 3Þ

ðScheme 4Þ
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as inputs the folded-state pKa determined in this study as well as
the unfolded-state pKa values determined in a previous study (15).

RESULTS

Overview of Results. The first three sections describe the
effects of helix position, temperature, and ionic strength on
folded-state Aþ

3C wobble pKa values in dsDNA, which were
obtained from 31P NMR titrations using pH values in the near-
neutral range of∼5-9. Helix position studies establish effects of
mismatch location on pKa shifting, while temperature and ionic
strength studies ascertain effects of potentially biologically
relevant conditions on pKa shifting and allow determination of
thermodynamic parameters. The fourth section describes pH
titration over a wider range of pH values (∼3.5-12) and relates
pH to both local and global stability; in this section, protonation-
coupled folding data are compared to a mathematical model.
Lastly, the fifth section describes structural and thermodynamic
properties of the two states present in the near-neutral pH range,
using 1H NMR and UV-monitored thermal denaturations.
Effect of Helix Position on pKa Shifting. We previously

reported folding cooperativity in RNA and DNA helices using
double mutant cycles (36). Mutations were introduced into
internal or external helical contexts, maintaining the same nearest
neighbors, and folding cooperativity was assessed using UV
melting. It was determined that for DNA, external sequence
changes had significantly more cooperativity than internal
changes (by a minimum of ∼0.5 kcal/mol). Internal sequence
mutations, however, provided greater destabilization than ex-
ternal changes (by ∼1 kcal/mol in ΔG�37); this latter trend also
held for RNA (36, 37). These findings indicate that in simple
helical systems themost cooperative regions do not correspond to
themost stable regions.Given that cooperativity and base pairing
strength are modulated by helix position, it seemed possible that
the pKa of an Aþ

3C wobble pair would also be affected by helix
position.

In all constructs, a phosphorothioate was installed on G17,
which is immediately downstream of the C of the Aþ

3C wobble
(Figure 1C). This modification generates a mixture of diastere-
omers, which was intentionally left mixed to provide two
spectrally isolated labels for 31P NMR titrations. A previous
study gave pKa values for the two diastereomers that were in
good agreement with each other and with pKa values for
phosphorothioates at other positions in the DNA, suggesting
that these labels are nonperturbing (31).

Titration curves were collected forWT,-1, and-2 constructs,
and the 31P chemical shift of the phosphorus of G17 was plotted
as a function of pH (Figure 2). To ensure that the equilibrium
observed is between folded (F) and folded protonated (FHþ)
states as shown in Scheme 3, titrations were performed at 10 �C,
which is well below themelting temperature (Tm) ofWT,-1, and
-2 (see below). For both WT and -1, the data have a distinct
sigmoidal shape that can be fit well to eq 1; however, the data for
-2 fit only to a straight line, suggesting that this construct does
not ionize appreciably over the pH range of 5.5-9.5.

The pKa value is largest (and above biological pH) for
WT, at 7.66 ( 0.07 (Table 1).3 The pKa is slightly smaller in

-1, 7.13 ( 0.085, and is missing altogether in -2, wherein the
Aþ

3C wobble is penultimate to the base of the helix.4 Also, for
both WT and -1, the Hill coefficient is unity within error,
consistent with a single protonation event. Notably, the chemical
shift of -2 at all pH values is similar to the chemical shift of a
diastereomer of -1 at higher pH, 52.03 and 51.88 ppm, respec-
tively, consistent with -2 being deprotonated between pH 5.5
and 9.5 (Figure 2). The similarity of the chemical shift of -2 to
the high-pH chemical shift of -1 rather than that of WT is
consistent with high pH inducing complete unfolding of the
lower stem of -1 but not of WT, as described below. It should
also be noted that the total change in parts per million observed
for WT is smaller than that observed for -1 [Δδavg = 0.20 and
0.38 ppm, respectively (Table 1)], supporting a greater change in
chemical environment of the phosphorothioate label in the
-1 construct. In summary, the Aþ

3C mismatch requires at least
two base pairs at its base to form, with more base pairing leading
to greater pKa shifting and less change in chemical shift. This
observation is in keeping with greater stability correlating with
lower cooperativity (36), which in these systems provides greater
pKa shifting (see Discussion).
Effect of Temperature on pKa Shifting. Protonation and

coupled DNA structure formation may result in observable

FIGURE 2: Context dependence of pKa titrations. The 31P chemical
shift is plottedvs pH forWT(b),-1 (O), and-2 (2) constructs.Traces
for peak 1 are provided, where peak 1 is defined as the furthest
downfield-shifted peak. pKa values for peak 1 from fitting to eq 1 are
7.67(0.05, 7.11(0.05, and<5, respectively. pKa values for individual
peaks and their averagesareprovided inTable 1.Data for-2were fit to
a straight line whose slope turned out to be ∼0. Experiments were
conducted under standard conditions (100 mMKCl and 10 �C).

Table 1: Context Dependence NMR Titration Dataa

sequence peakb Δδ (ppm) nc pKa
d ΔG�10 (kcal/mol)e

WT 1 0.28 1.32( 0.18 7.67( 0.05 -9.93

2 0.12 1.31( 0.21 7.65( 0.05 -9.90

av 0.20 1.32( 0.27 7.66( 0.07 -9.92

-1 1 0.39 0.91( 0.09 7.11( 0.05 -9.21

2 0.36 0.83( 0.12 7.15( 0.07 -9.26

av 0.38 0.87( 0.15 7.13( 0.085 -9.23

-2 1 ; ; <5 ;

2 ; ; <5 ;

av ; ; <5 ;

aExperiments were conducted under standard conditions of 100 mM
KCl at 10 �C. Values are calculated from eqs 1 and 3. bPeak 1 is defined as
the furthest downfield-shifted peak. cErrors are from data fitting. dErrors
are from data fitting; values are shown as error bars in plots. Averages are
used in the text. eValues are for protonation and so were calculated
according to the negative of eq 3.

3The average pKa value of the two diastereomers is provided in the
text.

4On the basis of this observation and the lack of pH dependence of
melting and 1H NMR spectra for the -3 construct (see below and the
Supporting Information), 31P NMR titrations were not attempted
for -3.
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temperature dependence for pKa (Table 2). The effect of temp-
erature on pKa was therefore examined for WT and -1 over the
range of 10-42 �C (Figure 3). Titrations were fit to eq 1, and
resulting pKa values were plotted versus inverse temperature to
allow van’t Hoff analysis.

As shown in Figure 3, slopes are positive, indicating that lower
temperatures lead to larger pKa values for bothWTand-1.Data
were fit by linear regression providing slopes of 2300 ( 440 and
1100 ( 340 K and y-intercepts of -0.26 ( 1.5 and 3.4 ( 1.2 for

WT and -1, respectively. According to eq 2, the enthalpic and
entropic contributions to the overall energy for protonation of
WT are -10 ( 2 kcal/mol and -1.2 ( 7 eu, respectively. In
contrast, the enthalpic contribution for protonation of-1 is half
that of WT (-4.9 ( 1.6 kcal/mol), but the entropic contribution
is a favorable þ15 ( 5 eu, which is equivalent to a -TΔS�
contribution to free energy of-4.65 kcal/mol at 37 �C.Thus,WT
protonation is favored enthalpically, while -1 protonation is
favored both enthalpically and entropically.
Effect of Ionic Strength on pKa Shifting. The presence of

negatively charged phosphates in nucleic acids results in unique
physicochemical properties. For example, unfavorable interac-
tions between backbone charges rigidify the DNA helix and pro-
vide a strong dependence on salt interaction for secondary and
tertiary structure formation (38, 39). In a similarmanner, a positively
charged Aþ

3C mismatch may interact favorably with nearby
negative backbone charges, altering the salt dependence of structure
formation andproviding an additional driving force for pKa shifting.

The effect of monovalent salt onWTpKa was examined over a
range of∼10-750 mM free KCl; fitting data for each phosphor-
othioate peak are listed in Table 3, and average pKa values are
plotted in Figure 4. Titrations were fit to eq 1, and resulting pKa

values are plotted versus the logarithm of potassium ion con-
centration. As shown in Figure 4, the slope is negative, indicating
that the pKa decreases with salt concentration and therefore that
a monovalent cation interacts anticooperatively with a proton.
Data were fit by linear regression and provided a slope of -0.34
( 0.04 and a y-intercept of 7.38( 0.05 pKa units, which is the pKa

extrapolated to 1MKCl.According to Scheme 1 and eqs 4 and 5,
these data indicate that∼0.34 potassium ion is taken up for every
proton released.
Effects of pH on Local and Global Structure. Next, we

consider the extent of structure change induced by pH. As
mentioned, oligonucleotides used throughout this study have a
phosphorothioate at G17, which has previously been shown to

Table 2: Temperature Dependence NMR Titration Dataa

temp (�C) peak Δδ (ppm) n pKa ΔG� (kcal/mol)b

WT

10c 1 0.28 1.32( 0.18 7.67( 0.05 -9.93

2 0.12 1.31( 0.21 7.65( 0.05 -9.90

av 0.20 1.32( 0.27 7.66( 0.07 -9.92

15 1 0.31 0.98( 0.10 7.65( 0.04 -10.08

2 0.16 1.04( 0.16 7.45( 0.08 -9.82

av 0.24 1.01( 0.19 7.55( 0.09 -9.95

20 1 0.33 0.81( 0.12 7.20( 0.07 -9.65

2 0.23 0.80( 0.15 7.27( 0.10 -9.74

av 0.28 0.80( 0.19 7.23( 0.12 -9.70

25 1 0.31 0.99( 0.15 7.49( 0.06 -10.21

2 0.20 1.12( 0.24 7.49( 0.08 -10.22

av 0.26 1.05( 0.28 7.49( 0.10 -10.22

30 1 0.26 0.91( 0.20 7.05( 0.09 -9.77

2 0.20 1.09( 0.27 7.06( 0.09 -9.79

av 0.23 1.00( 0.33 7.05( 0.12 -9.78

37 1 0.33 0.78( 0.10 7.15( 0.06 -10.14

2 0.21 1.21( 0.12 7.20( 0.04 -10.21

av 0.27 0.99( 0.16 7.18( 0.07 -10.19

42 1 0.21 1.04( 0.53 6.76( 0.18 -9.74

2 0.17 1.12( 0.24 6.92( 0.07 -9.98

av 0.19 1.08( 0.59 6.84( 0.19 -9.86

-1

10 1 0.39 0.91( 0.091 7.11( 0.05 -9.21

2 0.36 0.83( 0.12 7.15( 0.07 -9.26

av 0.38 0.87( 0.15 7.13( 0.09 -9.24

15 1 0.43 0.84( 0.12 7.04( 0.07 -9.27

2 0.37 0.88( 0.13 7.06( 0.07 -9.31

av 0.40 0.86( 0.18 7.05( 0.10 -9.29

20 1 0.35 1.03( 0.14 7.13( 0.05 -9.55

2 0.36 0.97( 0.14 7.15( 0.06 -9.59

av 0.36 1.00( 0.22 7.14( 0.08 -9.57

20 1 0.32 0.96( 0.21 7.22( 0.09 -9.67

2 0.36 0.97( 0.14 7.19( 0.06 -9.63

av 0.34 1.00( 0.22 7.20( 0.09 -9.65

25 1 0.26 1.63( 0.28 7.07( 0.05 -9.64

2 0.36 1.08( 0.13 6.93( 0.06 -9.45

av 0.30 1.36( 0.31 7.00( 0.08 -9.55

30 1 0.29 0.97( 0.12 6.94( 0.06 -9.61

2 0.40 0.97( 0.08 6.96( 0.04 -9.64

av ; 0.97( 0.14 6.95( 0.07 -9.63

37 1 0.24 1.14( 0.38 7.00( 0.13 -9.92

2 0.51 0.71( 0.11 6.61( 0.09 -9.37

av ; 0.92( 0.40 6.80( 0.16 -9.65

42 1 ; ; ; ;

2 ; ; ; ;

av ; ; ;

aExperiments were conducted under standard conditions of 100 mM
KCl. All other details are as described in Table 1. bValues are reported at
the temperature at which the titration was conducted and are for proton-
ation and so were calculated according to the negative of eq 3. cAn addi-
tional titration was conducted at 10 �C in the presence of low EDTA that
gave a pKa value of 7.86 ( 0.16 (Figure 3).

FIGURE 3: Temperature dependence of pKa titrations. WT (b) and
-1 construct (O) pKa values are plotted as a function of inverse
temperature. As the temperature decreases from 42 to 10 �C, pKa

values increase from 6.84 ( 0.1 to 7.86 ( 0.1. The -1 construct did
not display a pKa transition at 42 �C, so this point is missing. Data
were fit with linear regression to eq 2, with R2 values of 0.81 and
0.67 for WT and -1, respectively. Fits produced slopes of 2300 and
1100 K and y-intercepts of-0.26 and 3.4 pKa units for WT and-1,
respectively. This led to ΔH� and ΔS� values for protonation of
-10( 2 kcal/mol and-1.2( 7 eu forWT, and-4.9( 1.6 kcal/mol
and 15 ( 5 eu for the -1 construct, respectively. Experiments were
conducted under standard conditions of 100mMKCl. Error analysis
is presented in the Supporting Information.
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respond well to local structural changes as depicted in Scheme
3 (31). However, the capacity of this labeled oligonucleotide to
report global structural changes, such as unfolding shown at the
far left and right of Scheme 4, has not been previously assessed.

We performed a titration on WT over a wide pH range in
which acid and alkaline denaturation occur because of proton-
ation and deprotonation of the imino nitrogens on the Watson-
Crick face. These data are provided in Figure 5 and have five
distinct features. First, from pH ∼3.8 to 4.5, a negative slope
occurs, which reflects acid denaturation of the global structure.
Second, a relatively flat region occurs between pH 4.5 and 6,
which reflects the folded protonated state that is not ionizing.
Third, a positive slope occurs between pH 6 and 8, which reflects
local structural changes in response to ionization of the Aþ

3C
wobble. Fourth, another flat section occurs between pH8 and 10,
which reflects the folded deprotonated state that is not ionizing.
Lastly, at pH 10, the data take on a fifth feature, a positive slope
that continues through pH 12, which reflects alkaline denatura-
tion of the global structure. Notably, the second through fourth

features comprise the data fit to obtain pKa values for local A
þ
3C

wobble protonation; they also represent the states depicted in
Scheme 3 in which the protonation of primary interest takes
place.

The pHdata in Figure 5 were overlayedwith output from eq 7,
whichwas developedwith a partition function (eq 6) that accounts
for all actions of proton binding on oligonucleotide folding. As
seen in Figure 5, simulated data agree well with all five features of
the experimental data. In these equations, the observed signal is
the weighted average of each population; the populations are
treated as being in fast exchange because monitored phosphorus
chemical shift changes smoothly as a function of pH, rather than
splitting into multiple populations (40).
Probing the Structure and Thermodynamics of Various

States. In an effort to characterize the low- and high-pH folded
states described in Scheme 3, NMR imino proton 1H data were
collected for WT, -1, -2, and -3 constructs, as well as two
controls, at pH 5.7 and 8.0, at 1 �C (Figure 6 and Supporting
Information). First, we consider low-pH 1H NMR spectra. A
persistent peak was present at∼13.3 ppm in all spectra, while the
remaining peaks resonated between 12 and 13 ppm. The most
upfield-shifted peak, found at 10.6 ppm at pH 5.7 only, was
determined to result from protonation of a loop base (see spectra
on Duplex Control in the Supporting Information) and is not
considered further, except to note that its presence supports forma-
tion of the upper portion of the stem at low pH in all constructs.
Given thatGCandATWatson-Crickbase pairs resonate at 12-13
and13-15ppm, respectively (41), the peakat 13.3ppmwasassigned
to the single AT (base pair 7 in WT). We also note that, with the
exceptionof theATBasePairControl (seeSupporting Information),
there were no additional resonances found for the various constructs
upon opening the window up to 15 ppm.

Assignments of the remaining peaks were made by considering
low-pH spectra. Comparing the pH 5.7 spectra of WT and -1
(Figure 6A,B) reveals a small resonance at 12.81 ppm that is absent
in the-1 spectrum, suggesting that this resonance corresponds to
the terminal base pair in WT (base pair 1). Moreover, the peak at
12.81 ppm is broadened upon increasing the temperature to 10 �C
(data not shown), as expected for a terminal base pair.

The low-pH WT spectrum exhibits six peaks: 13.29, 12.81,
12.76, 12.65, 12.45, and 10.58 ppm. The 13.29, 12.81, and 10.58
ppm resonances are assigned as described above. Similarly, the

Table 3: Ionic Strength NMR Titration Dataa

[Kþ] (mM) peak Δδ (ppm) n pKa ΔG�10 (kcal/mol)

10 1 0.28 0.83( 0.10 8.09( 0.06 -10.47

2 0.12 1.23( 0.37 7.99( 0.12 -10.35

av 0.20 1.03( 0.38 8.04( 0.13 -10.41

30 1 0.28 1.03( 0.10 7.91( 0.04 -10.25

2 0.18 0.99( 0.20 7.92( 0.09 -10.26

av 0.23 1.01( 0.22 7.92( 0.10 -10.26

100 1 0.27 1.32( 0.18 7.67( 0.05 -9.93

2 0.15 1.31( 0.21 7.65( 0.05 -9.90

av 0.21 1.32( 0.27 7.66( 0.07 -9.91

316 1 0.26 1.12( 0.18 7.60( 0.07 -9.84

2 0.19 1.51( 0.39 7.64( 0.09 -9.89

av 0.23 1.32( 0.43 7.62( 0.11 -9.86

750 1 0.32 0.89( 0.07 7.38( 0.05 -9.55

2 0.20 0.91( 0.11 7.39( 0.07 -9.57

av 0.26 0.90( 0.13 7.38( 0.08 -9.56

aAll experiments were conducted in KCl at standard conditions of 10 �C
on WT. Other details are as described in Table 1.

FIGURE 4: Ionic strength dependence of pKa titrations. Plot of pKa

values forWT(b) as a functionof the logarithmofKþ concentration.
These pKa values are the average of the values for each phosphor-
othioate and are listed in Table 3. As ionic strength increases, pKa

values decrease from 8.04 ( 0.1 to 7.38 ( 0.1. Data were well fit by
linear regressionwithanR2 value of 0.96.Error bars in individual pKa

values are from data fitting, increased to a minimum of 0.1 to allow
for potential systematic errors. The slope and y-intercept are-0.34(
0.04 and 7.38 ( 0.05 pKa units, respectively. Experiments were
conducted under standard conditions at 10 �C.

FIGURE 5: Wide-range pH titration of WT (b). NMR data reflect
changes in the environment of the phosphorothioate label. Data were
collected under standard conditions of 100 mM KCl at 10 �C.
Chemical shift signal changes are observed in response to both local
andglobal structural changes andare superimposedbyamathematical
model (;) expressed in eqs 6 and 7 that incorporates protonation near
neutrality, as well as acidic and alkaline denaturation events.
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peak at 12.65 ppm can be assigned to base pair 2, as it is the
terminal base pair in the -1 construct, where it has shifted only
slightly downfield, to 12.72 ppm,which is partly due to its overlap
with the nearby large resonance at 12.76 ppm. This large peak at
12.76 and 12.77 ppm in theWT and-1 spectra, respectively, can
be assigned to base pair 3: it is distinctly sharper inWT at low pH
and disappears in-1 at high pH. Sharpening of this resonance in
WT at low pH supports nearby Aþ

3C wobble formation (13),
while absence of this resonance at high pH in -1 suggests that
base pair 3 breaks with the AC wobble. Additionally, the reso-
nance for base pair 3 is effectively absent from the spectra of the
-2 and -3 constructs at both low and high pH (Supporting
Information), which supports the earlier finding that-2 does not
exhibit an observable pKa (Figure 2), as well as our earlier studies
in which a terminal base pair did not form in the absence of a
penultimate base pair (36).

The remainingbroad feature centerednear12.45ppm in thepH5.7
spectrumofWT is likely a set of poorly resolved peaks corresponding
to GC base pairs 5, 6, and 8. The upper portion of the stem in WT,
which contains these base pairs, appears to be isolated from the local
dynamics of the Aþ

3C wobble. In the constructs with shortened
helices, the effective helical terminus is closer to base pairs 5, 6,
and 8, and partial dispersion of these features occurs (Figure 6 and
Supporting Information). Additional spectral analysis would be
necessary to assign base pairs 5, 6, and 8; however, as they have no
pHdependenceand thusdonothave an impact on analysis, thiswas
not pursued. The WT spectrum at pH 8.0 displays the same
number of peaks as the low-pH spectrum,with the exception of the
loop peak, but the peaks between 12.5 and 13 ppm are downfield-
shifted and broadened, consistent with increased exposure to and
subsequent chemical exchange with solvent.

The imino proton spectrum of-1 exhibits a more pronounced
dependence on pH than theWT spectrum. At low pH, the feature
corresponding to base pairs 5, 6, and 8 is seen centered at 12.46 ppm
and, as discussed above, is slightly more resolved. The base pair 7
resonance is present at 13.28 ppm, and the sharp base pair 3
resonance appears at 12.77 ppm, nearly obscuring the base pair 2
peak at 12.72 ppm. Remarkably, at pH 8.0, only peaks corres-
ponding to base pairs between the Aþ

3C wobble site and the
hairpin loop are present, suggesting that deprotonation and
subsequent disruption of this wobble induce the neighboring base

pairs (2 and 3) to break in a cooperative fashion. This observation
also supports the greaterΔδobserved for-1 versus that forWT in
the pH titrations as presented above (Figure 2 and Table 1).

Additional constructs were also analyzed by 1H NMR, and
their spectra appear in the Supporting Information. Included is a
hairpin identical toWT except that the Aþ

3C wobble is replaced
with a Watson-Crick AT base pair (AT Control). As expected,
imino proton NMR spectra of this construct, which had an
additional downfield peak for the new AT, were nearly identical
at low (5.7) and high (8.0) pH and did not show the peak
broadening observed in the pH 8.0WT spectrum, which supports
the presence of a protonated base in WT at pH 5.7.

Next, thermodynamic properties of the various DNA con-
structs were determined by UV-monitored thermal denaturation
at pH 5.7 and 8.0 (see Materials and Methods for details of the
temperature dependence of pKa). Buffer-corrected and normal-
ized data at pH 5.7 reveal that WT and -1 unfold with
significantly greater hyperchromicity (∼23%) than -2 and -3
(∼17%) (Figure 7A). This trend is consistent with the imino
NMR experiments, which revealed that at low pH, WT and -1
form more base pairs than shorter constructs.

At pH 5.7, the melting transition for -1 was significantly
broader than for WT (Figure 7A). Indeed, the first-derivative
plot (Figure 7B) reveals two maxima for -1, supporting non-
cooperative, three-state melting at low pH. At pH 8.0, the three-
state behavior of -1 is much less pronounced; moreover, WT
now has greater hyperchromicity than -1, suggesting that some
base pairs do not form in-1 at high pH.Overall, themelting data
support a model in which the lower portion of the stem of -1
melts independently at low pH and does not form at high pH.
This finding is consistent with the imino proton NMR data
(Figure 6) and the phosphorus NMR titrations (Figure 2).

DISCUSSION

Protonation of the nucleobases plays significant functional
roles in biology and chemistry. Protonated bases have been
implicated in mutagenesis, viral frame shifting, and catalysis,
for example (6, 8, 20, 29, 30, 42). It is therefore important to
understand driving forces for nucleobase protonation. In this
study, we examined the effects of three factors on pKa shifting:

FIGURE 6: 1HNMR spectra ofWT and-1 constructs. Spectra were recorded at 1 �C for (A)WT and (B)-1. Data are presented at pH 8.0 (top)
and 5.7 (bottom). Resonances are assigned using the base numbering in Figure 1C.
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helix position, temperature, and ionic strength. All three strongly
influence the pKa of an Aþ

3C mismatch, leading to average pKa

values as high as 8.0 and as low as 6.8. In the Discussion, we
consider possible molecular explanations for pKa shifting, as well
as biological relevance.
Large Folding Cooperativity Is Not Tantamount to

Large pKa Shifting. The pKa shift associated with Aþ
3C

mismatch formation depended on its location in the helix. The
most internally positioned Aþ

3C wobble, in WT, which is 3 bp
from the helix terminus, displayed a pKa of 7.66 at 10 �C. This
value corresponds to a remarkable shift of ∼4.2 units from the
unfolded-state pKa of adenosine (15) and according to eq 3 to an
additional ΔG�10 for protonation of -5.4 kcal/mol. The -1
construct, which places the Aþ

3C mismatch 1 bp closer to the
helix terminus, also has a shifted, albeit slightly smaller, pKa of
7.13 (∼3.6 pKa unit shift), corresponding to an additional ΔG�10
for protonation of -4.7 kcal/mol. Finally, the -2 construct,
which places the Aþ

3C mismatch penultimate to the base of the
stem, did not give an observable change in chemical shift down to
pH 5.5 (Figure 2), indicating insufficient thermodynamic driving
force to form the Aþ

3C mismatch.
We are interested in discerning driving forces for protonation.

One useful path for considering Aþ
3C wobble formation is

loading of the proton onto an adenine with an unshifted
pKa followed by favorable structure formation, as depicted in
Figure 8.5 We begin by considering how data for -2 fit this
mechanism. Failure of the Aþ

3C mismatch to form in -2 as
revealed by 31P NMR (Figure 1) indicates that the energetics of
formation of an Aþ

3Cmismatch and one terminal CG base pair

are insufficient to overcome the energy required to protonate
adenine at pH >5.5. Given that the free energy for step 2 in
Figure 8, upper scheme, is given byΔG�10=-1.30ΔpKa (15), we
infer that an Aþ

3C mismatch and a single terminal CG base
pair contribute less than -2.6 kcal/mol to stability at 10 �C
[=1.30(5.5 - 3.5)]. This conclusion is strengthened by the
absence of observable base pairing below the Aþ

3C mismatch
at low pH according to 1H NMR (Supporting Information).

In the -1 construct, titration data support Aþ
3C mismatch

formation, which indicates that a second GC base pair below an
Aþ

3C mismatch provides sufficient driving force for proton-
ation. We therefore conclude that the two base pairs below the
Aþ

3C mismatch in -1 provide approximately -4.7 kcal/mol in
ΔG�10, while the three base pairs below the Aþ

3C mismatch in
WT provide approximately -5.4 kcal/mol (see above). The 1H
NMR data for-1 indicate that the additional base pairing in the
lower portion of the stem forms cooperatively, while 1H NMR
data for WT support additional base pairing forming noncoo-
peratively (compare low- and high-pH NMR data for WT and
-1 in Figure 6). Higher cooperativity occurring nearer the
terminus of the helix agrees with previous studies on single
mismatches (36, 37). Thus, the high cooperativity of secondary
structure formation is not tantamount to large pKa shifting.

In our previous study on single mismatches, an inverse
correlation between cooperativity and stability was found:
DNA hairpins with mismatches near the terminus of the helix
displayed high cooperativity but low stability, while mismatches
located internally had low cooperativity but high stability (36).
For example, a terminalGCbase pair did not form in the absence
of a penultimate AT base pair (strong cooperative coupling), and
disruption of the AT base pair resulted in a destabilization of just
3.24 kcal/mol in ΔG�10. In contrast, the same disruption in the
middle of a helix only slightly weakened neighboring base pairs
(a less cooperative result) but resulted in a large energetic
disruption of 4.14 kcal/mol in ΔG�10. The pKa shift observed
for WT herein is associated with a stabilization of-5.4 kcal/mol
in ΔG�10, suggesting that the Aþ

3C wobble contributes approxi-
mately-1.3 kcal/mol (=-5.4--4.1) beyond AT formation in
the simple helix. This extra stabilization likely arises from
favorable electrostatic interaction between protonated A and
neighboring phosphates. In summary, Aþ

3C wobble formation
in dsDNA follows free energy rules similar to those for helix
formation: formation of the wobble is more stabilizing in internal
rather than external portions of a helix.
The Thermodynamics of Protonation Depend on Fold-

ing. An inverse relationship was observed between oligonucleo-
tide pKa and temperature (Figure 3). Moreover, the pKa of WT
has a steeper dependence on temperature than the pKa of -1,
providing an enthalpy change of -10 kcal/mol for WT and just
-4.9 kcal/mol for-1, and an entropy change of-1.2 eu for WT
and 15.5 eu for -1. The overall thermodynamics can be
considered in two steps: base protonation and concomitant
structure formation (Figure 8). Protonation of adenine has been
reported to have a favorable enthalpy change of -4.8 kcal/mol
and a favorable entropy change of 1.9 eu at 25 �C (close to 37 �C
used here) from studies on dADP at 100 mM ionic strength,
which is our standard state (1). Given the overall thermodynamic
values and the adenine values, we thus infer that the structure
formation step in WT is associated with a favorable enthalpy
change of-5.2 kcal/mol and a near-zero entropy change of-3 eu
(a-TΔS� at 37 �C of 1.0 kcal/mol). The structure formation step
in-1, on the other hand, is associated with a near-zero enthalpy

FIGURE 7: UV-monitored thermal denaturation ofWT,-1,-2, and
-3 constructs.Melts were conducted at 280 nmat (A) pH5.7 and (C)
pH 8.0. First derivatives of data are also provided for (B) pH 5.7 and
(D) pH 8.0. The-2 (red]) and-3 (black�) constructs have similar
melting profiles in all panels, consistent with similar secondary
structures. The WT (green O) and -1 (blue 0) constructs melt
similarly at low pH (A), although panel B reveals that -1 has an
additional transition that is absent at pH 8.0 (D), where it behaves
more like -2 and -3.

5Note that Figure 8 provides values for ΔG�37, which are discussed in
the next section, while this section presents ΔG�10 values; this is done
because the experiments in this section were conducted at 10 �C.
Differences between these free energy values are small and do not affect
the general trends.
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change of-0.1 kcal/mol but a large favorable entropy change of
13.6 eu (a -TΔS� at 37 �C of -4.21 kcal/mol) (Figure 8).

The simplest model that accounts for the near-zero entropy
change of WT is a largely preorganized binding site for proton-
ation, which would require little change in conformational
entropy to fold into the final protonated state, although small
structural accommodations and compensations are possible. This
scenario is consistent with similar NMR spectra for WT at low
and high pH (Figure 6A), as well as with the reduced folding
cooperativity characteristic of internally locatedmismatches (36).
The favorable enthalpy change parameter for WT of -5.2 kcal/
mol could be due to an increase in the number of hydrogen
bonding or stacking interactions upon base protonation, as well
as associated structural accommodations.

To account for the structure formation step of -1, we invoke a
pathway involving an intermediate ([I] in Figure 8) in which the
three dangling nucleotides on each of the helix ends unstack prior to
base pair formation. From the work of Sugimoto and co-workers
on d(AAA) dangling ends on a DNA hairpin (43), unstacking
the 30-end contributes a ΔH� of 6.6 kcal/mol and a ΔS� of 17 eu,
while unstacking the 50-end contributes a ΔH� of 0.3 kcal/mol and
a ΔS� of -3 eu. Summing these parameters provides a ΔH� of
6.9kcal/mol andaΔS� of 14 eu (a-TΔS� at 37 �Cof-4.3kcal/mol)
for the [2] to [I] step depicted in Figure 8, bearing in mind that
these numbers are estimates since the dangling ends used herein
have different sequences. These considerations support the pro-
tonated intermediate [2] for the -1 construct having highly
ordered dangling ends. The thermodynamic parameters for the

FIGURE 8: Dissection of thermodynamic parameters forWT and-1 . Titration of each construct consists of at least two steps, with the first step
depicted as protonation ofA prior to structure formation and the second step as structure formation. States are numbered for reference purposes.
ΔH� andΔS� values in the right-hand columnsweredetermined from the van’tHoff analysis inFigure 3, andΔG�37 is calculated from these terms;
agreementwith the experimentalΔG� determinedby titration at 37 �C (Table 2) is good.Thermodynamic parameters for protonationofA (step 1)
are from ref 1 (see text for details), while parameters for structure formation (step 2) are calculated from step 1 and the overall experimental
parameters. The-1 construct has two additional steps, which are to and from an intermediate state [I] with unstacked ends. The thermodynamic
parameters from [2] to [I] are the sum of parameters for d(AAA) unstacking from the 50- and 30-ends of a DNA hairpin (43), while the
thermodynamic parameters for [I] back to [3] are calculated by difference. The lower helix in state [3] in-1 is likely dynamic, as discussed in the
text, and is depicted as such. Steps are depicted with a forward arrow to denote the directionality for thermodynamic parameters and are really in
thermodynamic equilibrium.
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step from [I] to [3] are calculated by difference to consist of a
favorableΔH� of-7.0 kcal/mol and a slightly unfavorableΔS� of
-0.4 eu (a-TΔS� at 37 �C of 0.09 kcal/mol). The entropy change
of [I] to [3] may be ∼0 because [3] is dynamic as suggested by
NMR and UV melting studies. The free energy for the [2] to [I]
step is unfavorable (2.6 kcal/mol), as expected for unstacking,
while the free energy for the [I] to [3] step is quite favorable
(-6.9 kcal/mol), as expected for formation of a dynamic group of
3 bp froman unstacked state. Overall, we conclude that the gain in
entropy for the structure at the base of the helix upon going from
protonated state [2] to final state [3] is due to the protonated
intermediate [2] having stacked and highly ordered dangling ends
and the final state [3] having this stacking removed into a
presumably dynamic lower helix.

With regard to the relationship between base pair protonation
and DNA folding, one more consideration is in order. Theory
and experiments fromRecord and co-workers indicate that there
are likely DNA length-dependent extents of couterion condensa-
tion for oligonucleotides (44, 45). For double-stranded oligonu-
cleotides, they suggest that a Coulombic end effect is expected for
the first 35 bp of a long duplex. One can then expect that in short
DNA oligonucleotides, like those used here, and in most cellular
RNAs, where double-stranded stretches have typically fewer than
10 bp, such end effects will be important. The work of Record and
co-workers also indicates that sites near the end of the DNA have
weaker cation affinity than interior sites and that this difference is
exacerbated by salt concentrations below ∼0.3 M. In addition,
theoretical studies by Pack and co-workers suggest the presence
of proton gradients around DNA, with high concentrations of
protons in the minor and major grooves, and these regions of
high local proton density can give rise to upward pKa shifts of
2 units (46). Experimental measurements of pKa values on amine
adducts in the minor groove of the DNA by these investigators
further supported these calculations (47). Because the relative
contributions of Coulombic end effects to proton and cation
binding to Aþ

3C wobble pairs very close to the end of the DNA
are unknown at present, it is unclear howmuch of a difference end
effects make to the competition between ions and protons.
Nonetheless, it is possible that such effects, which likely vary
when the construct is changed fromWT to-1,-2, and-3, alter
the competition between monovalent cations and protons (see
next section) and are important for the pKa values measured here.
This would provide additional complexity to the competition
between these species depicted in Scheme 1. Further study will be
needed to address these more complex models.
The Magnitude of pKa Shifting Is Dampened by an

Increasing Ionic Strength. Several models of the interaction
between a protonated nucleobase (A or C) and a cation can be
considered, each of increasing complexity. Ionic strength has no
significant effect on the pKa value for N3 of cytidine or N1 of
adenine (1), as expected for a protonation event that forms a
cationic species (48). Similarly, the pKa values of 50-CMP and
50-AMP are not a function of ionic strength (1). Thus, salt
dependence is not intrinsic to nucleobase protonation.

A slightly more complex system, UUCUU, does exhibit an
ionic strength dependence. As ionic strength increases, pKa values
decrease, with a slope of -0.33 ( 0.07, as determined from log
plots of data from (32). A single strand is a more accurate model
of RNA than cytidine or CMP, as it introduces more phosphates
to interact favorably with cationic cytosine as well as locally
bound metal ions to interact unfavorably. The dependence of the
Aþ

3C mismatch pKa on ionic strength for the dsDNA oligonu-

cleotides studied here was similar to that for UUCUU, with a
slope of-0.34( 0.04. This finding is consistent with unfavorable
interaction of protonation and locally bound metal ions, as
depicted in Scheme 1.

Williams et al. examined folding of d(GCATGC) as a function
of Naþ and found 0.4 ion taken up per strand upon folding (49).
This value corresponds to uptake of 0.08 Naþ ion per phosphate.
The number of ions released herein upon protonation was
determined to be 0.34 per hairpin. Since protonation is a local
event for titrations between pH 5 and 9 (see Results), one can
expect approximately 4 phosphates to be involved (i.e., two
phosphates for the base pair above and two phosphates for the
base pair below the mismatch), which gives a number of Kþ ions
per phosphate of ∼0.08 (=0.34/4), in good agreement with the
d(GCATGC) study.
Possible Biological Relevance of AC pKa Shifting. The

stability of an organism’s genetic information is dependent on
high-fidelity replication, a process that relies on Watson-Crick
base pairing. While this process is generally very reliable (error
rates from 10-3 to <10-6), misincorporation events do occur
and can have a large impact on replication (50-52). It has been
reported that misincorporations depend on the spacing between
the mismatch and the polymerase active site (53); for instance,
mismatches up to 4 bp from the polymerase catalytic site lead to
misincorporation at the active site. Indeed, a study examining the
structures of mismatch errors in a complex with a polymerase
found an A 3C or C 3A mismatch incorporated at a polymerase
postinsertion site causes significant disorder in the modeled
duplex at the active site (54). This observation is consistent with
the position-dependent model of pKa shifting developed here in
which the pKa value depends on the distance between the A 3C
mismatch and the helix terminus.

When mismatches do occur, multiple DNA proofreading
mechanisms exist to repair the damage, each with their own
recognition patterns and specificities. Some are specific to Aþ

3C
wobbles. In one specific example, an Aþ

3C wobble can be
repaired by two repair mechanisms, which can result in either
correct repair to an AT base pair or transition to a GC pair,
thereby introducing more error into the genetic code (29).

In addition to roles in replication, protonation extends the
functional diversity of DNA and RNA. In previous studies,
different classes of protonated RNA nucleobases were discussed,
as were potential roles in general acid-base and electrostatic
catalysis as an oxyanion hole (4, 55). Our observation of pKa

values near and above neutrality supports such catalytic roles.
The pKa values for the ionizing Aþ

3C mismatch are largest
when wobble position is internal and the temperature and ionic
strength are low. Nature could exploit these characteristics. The
mismatches can be located internally and perhaps further stabi-
lized by tertiary structure formation or protein binding. Tem-
peratures are lower in mesophiles and cryophiles, including
boreal plants. Lastly, low ionic strength might be afforded by
sequestration of the RNA when bound to a protein or inter-
nalized in a tertiary structure. All of these strategies make feasible
large and biologically relevant pKa shifts.
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