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ABSTRACT: The protonation states for nucleic acid bases are
diﬃcult to assess experimentally. In the context of DNA triplex,
the protonation state of cytidine in the third strand is
particularly important, because it needs to be protonated in
order to form Hoogsteen hydrogen bonds. A sugar
modiﬁcation, locked nucleic acid (LNA), is widely used in
triplex forming oligonucleotides to target sites in the human
genome. In this study, the parameters for LNA are developed in
line with the CHARMM nucleic acid force ﬁeld and validated
toward the available structural experimental data. In conjunction, two computational methods were used to calculate the
protonation state of the third strand cytidine in various DNA
triplex environments: λ-dynamics and multiple pH regime. Both
approaches predict pK of this cytidine shifted above physiological pH when cytidine is in the third strand in a triplex
environment. Both methods show an upshift due to cytidine methylation, and a small downshift when the sugar conﬁguration is
locked. The predicted pK values for cytidine in DNA triplex environment can inform the design of better-binding
oligonucleotides.

■

INTRODUCTION
DNA triple helices play a key role in cellular processes, such as
regulation of replication and transcription, and recombination.1−5 Triplex-forming oligonucleotides (TFOs) are DNA
major groove ligands which target speciﬁc DNA sequences by
forming a DNA triplex6,7 in antiparallel orientation or parallel
orientation.8 Many biotechnological and biomedical applications make use of the TFO’s ability to form a triplex, such as
isolation of speciﬁc DNA sequences by triplex aﬃnity
capture,9−11 detection and capture of polymerase chain reaction
products,12 detection of DNA mutation,13 and site-directed
mutagenesis.14,15
To be competitive, a TFO in such an application needs to
bind with higher eﬃciency to the target DNA duplex than the
prototypical all-DNA TFO. One approach is to use non-natural
oligonucleotides, for instance with a modiﬁed sugar that
restricts the conformation of the ribose moiety, as in locked
nucleic acid (LNA).16−18 LNA is characterized by an
oxymethylene group bridging atoms C2′ and C4′ of the
sugar ring (Figure 1). LNA induces the A-form helical
conformation and increases the binding aﬃnity of complementary sequences for duplexes and also of TFOs for
triplexes.19,20 Molecular dynamics (MD) studies have shown
that the double helix slightly unwinds when LNA is introduced
in either strand21,22 and such an underwound conformation is
characterized by having negatively shifted slide and twist.22,23
Triple-helix target sites in the human genome are abundant
especially in promoter regions,24,25 where the TFO target
© 2018 American Chemical Society

Figure 1. Chemical structures of nucleoside ribose: locked ribose in
LNA and deoxyribose in DNA.

sequences are G-rich. Thus, TFOs targeting G-rich sequences
are of biomedical importance for regulating transcription as an
antigene strategy.25 To target a G-rich sequence, the TFO
should be C-rich and bind the targeted duplex by forming
C+•G−C base triads (“−” refers to Watson−Crick and “•” to
Hoogsteen base pair),26 as shown in Figure 2. The formation of
such a parallel triplex is aﬀected at physiological pH by the
protonation state of cytosine (pK 4.4 for the cytosine base in
solution).27−31 Cytidine protonation provides a stable Hoogsteen base pair in the pyrimidine strand (Figure 2). This would
limit the therapeutic application of TFOs as antigene strategy
to regulate transcription, speciﬁcally when targeting G-rich
sequences.32,33 Thus, it is important to understand if the
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preparation by calculating the free energy between the two
states and calibrating the biasing potential used to increase
transitions between the physical end states.
Both computational approaches rely on correct force ﬁeld
parameters for the deprotonated and protonated states.
Charges are particularly important for pK calculations,
especially for multiple pH regime, since it relies on the point
charges to describe electrostatics accurately. To evaluate the
eﬀect of LNA sugar on pK of cytidine, we reparameterized LNA
force ﬁeld parameters based on the general CHARMM
strategy.40−42 The current LNA parameters by Pande and
Nilsson43 were based on analogs. The so-assigned atom types
and dihedral terms for oxymethylene atoms introduce artifacts
in backbone torsion γ (O5′−C5′−C4′−C6′), as previously
discussed in a free energy study on LNA.44 Thus, a systematic
optimization is required for LNA parameters.
Here, we reparameterize the LNA in the CHARMM force
ﬁeld and validate the new parameters on structural properties of
LNA-containing single, double, and triple stranded DNAs.
Then, we use the updated parameters to calculate the pK of
cytidine in the DNA/LNA triplex. We focus on parallel
triplexes with pyrimidine motif where the pyrimidine bases of
TFO hydrogen-bond to the duplex purine strand by forming
Hoogsteen pairs (Figure 2). In particular, we look at the eﬀect
of sugar (LNA) and cytidine (5-methyl) modiﬁcation on the
pK values. Understanding the factors that promote the
protonation of the cytidine at physiological pH contributes to
improve the design of C-rich TFO with applications in gene
therapy. To calculate the pK values, we use two diﬀerent
computational approaches. At the end, we discuss the results
and compare them against the available DNA experimental
data. Both methods for pK calculation agree that having the
cytidine methylated in position 5 increases the pK value, while
having the sugar conformation locked decreases the pK value.

Figure 2. Base triad conﬁgurations in parallel triplex. (A) Optimal base
triad C+•G−C conﬁguration: the duplex is bound by Watson−Crick
hydrogen bonds (black); the third strand is bound by Hoogsteen
hydrogen bond (red). (B) When C in the third strand is not
protonated, it may form noncanonical interactions, of which an
example is shown (yellow).

substitution of deoxyribose by locked ribose in the TFO shifts
the pK of the cytidine toward high values. This will contribute
to optimize the design of TFOs targeting G-rich sequences.
The protonation state of nucleic acids can be determined by
experimental techniques such as UV absorption and CD
spectroscopies.28,34 NMR spectroscopy can also be used to
distinguish protonation states by simply monitoring the change
in chemical shift,35 though more recently, relaxation dispersion
was also utilized to probe short-lived and/or low abundance
states.36,37
Speciﬁcally for cytidine in triplex environment, not much
experimental data is available. An NMR study found that the
pK value of cytidine in an intramolecular triplex is 5.3−7.4
depending on the position and sequence context,35 and no data
is available on that in environment of triplexes containing LNA.
In this study, we have calculated the pK of cytidine in a
triplex context using two computational methods. The methods
must suﬃciently take into account physiochemical factors that
aﬀect the protonation equilibrium such as solvent, ions, and
neighboring residues. The ﬁrst computational approach, λdynamics with an explicit description of the solvent,38 oﬀers a
microscopic description of the biomolecule and the solvent and
accounts for conformational rearrangement in response to the
changing protonation state. In the second computational
approach, multiple pH regime method,39 a conformational
ensemble is generated by MD simulation for each protonation
state. The snapshots are then used to calculate the degree of
protonation of cytidine of interest as a function of pH by means
of a continuum electrostatic model and then averaged over the
snapshots. λ-Dynamics is the more computationally expensive
of the two approaches, with simulations needed for every
titration point, while the multiple pH regime approach only
needs two sets of simulations. λ-dynamics also requires more

■

METHODS
Molecular Systems. The set of structures for the validation
of force ﬁeld includes a single strand (4-mer CAAU), double
helices (PBD IDs 2X2Q,45 1HHX,46 1H0Q,47 and 1I5W48) and
a triple helix (PBD ID 1W8649) (Table 1). The starting
structures of the tetra nucleotide CAAU were built in anti and
syn conformations following the strategy used in the previous
AMBER parametrization paper.50 For NMR structures (PDB
IDs 1HHX, 1H0Q, and 1W86), the ﬁrst conformer was chosen
as a starting structure for the simulations.
The triplex structures used for the pK calculations were built
on a T−A•T DNA ﬁber model using the 3DNA web server,51
and the bases were modiﬁed to be the target sequence. DNA
nucleotides in the TFO strand were then substituted to LNA
according to the sequence by patching an oxymethylene group

Table 1. Description of Experimental Helical Structures Containing DNA (D), RNA (R), and LNA (L) Residues Used in Force
Field Validation
structure type
duplex

triplex

PDB ID
2X2Q
1H0Q
1HHX
1I5W
1W86

length
7
9
9
10
8

sequence typea
L:L
L:R
D/L2,5,7:R
D/L6:D/L6
D:D:D/L2,4,6

method
X-ray (1.9 Å)
NMR
NMR
X-ray (1.4 Å)
NMR

publication year
45

2010
200447
200246
200148
200449

residuesb
A, G, T, M
A, G, T, M
T
T
M

a

Superscripts indicate the position of the LNA residues in the strand. bAbbreviations are for adenosine (A), guanosine (G), thymidine (T), and 5methylated cytidine (M), which have LNA sugars.
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Table 2. Sequence of Third Strand (TFO) in Triplexes Used for pK Calculationa

The residue for which pK is calculated is shaded; M is 5-methylcytosine; + indicates ﬁxed protonation; underline denotes residues with locked sugar
(LNA). For some systems, the counterpart is not available in the other method; this absence is denoted by “−”.
a

on the ribose. Here, 10-mer DNA triplexes have been used for
multiple pH regime method while only the central 5-mers have
been used for λ-dynamics, with the 7-mer duplex extended by
one residue on either end (Table 2).
Molecular Dynamics Simulations. For molecular dynamics simulations, the structures were energy minimized with
steepest descent and Adopted-Basis Newton−Raphson methods, with a harmonic restraint using a force constant of 10 kcal/
mol·Å2 on the backbone atom positions and on the distances of
base pair hydrogen bonds in vacuum. All structures were then
solvated in a cubic TIP3P water52 box with the shortest
distance between the box edge and the solute of at least 8 Å.
Periodic boundary conditions were applied. The systems were
neutralized by adding sodium ions and a salt concentration of
0.1−0.5 M NaCl was used. The particle mesh Ewald (PME)
method53 was applied for long-range electrostatic interactions,
with a real space cutoﬀ of 9 Å, and the switch function over the
range 8−9 Å was used on the force of van der Waals
interactions.
Molecular dynamics simulations were performed on graphical processing units with the program CHARMM54 and the
OpenMM interface.55 The CHARMM36 force ﬁeld of nucleic
acids40,56 and modiﬁed nucleotides42 (which includes protonated and/or methylated cytidine) were used. The LNA force
ﬁeld parameters were developed in line with the CHARMM
force ﬁeld philosophy40−42 (see Supporting Information for
parametrization details). The simulations were performed using
Langevin dynamics with a friction coeﬃcient of 5 ps−1 in the
NPT ensemble. The leapfrog integrator and 2 fs time step were
used. Bonds involving hydrogen atom were constrained using
the SHAKE algorithm.57 Before the production run all systems
were equilibrated in 10 ns with harmonic restraint on hydrogen
bond distances of end base pairs and backbone atoms at 298 K.
The production runs are 2 μs for tetra nucleotides; 200 ns for
experimental structures in parametrization validation; and 100
ns for triplexes in the pK calculation using the multiple pH
regime method. The harmonic force constant of 10 kcal/mol·
Å2 with 2.94 Å equilibrium distance between heavy atoms was
applied on the hydrogen bonds of end Watson−Crick base
pairs in all duplexes and triplexes. Additional Hoogsteen
distance restraints were included to preserve the triplex
structures in pK calculations.
λ-Dynamics Simulation. Constant pH molecular dynamics, in the framework of multisite λ-dynamics (CPHMDMSλD),38
were set up for cytidine such that the deprotonated and
protonated states C and C+ are described and propagated by
continuous variables λC and λC+ respectively at a given pH. The
potential energy function at the desired pH is given by

Utot(X , {x}, {λ}, pH)
= Uenv(X ) + λC[U (X , xC) − ΔGmod + ln(10)kBT
(pK mod − pH)] + λC +[U (X , x C +)] + F bias(λC)
+ F bias(λC +)

where X is the coordinates of environment atoms and xC and
xC+ are coordinates of atoms corresponding to the deprotonated and protonated states
2
⎧
⎪k
bias(λCi − 0.8) ; if λCi < 0.8
F bias(λCi) = ⎨
⎪
otherwise
⎩ 0;

where Ci refers to deprotonated and protonated states. λCi
scales the potential energy of the corresponding protonation
state with the constraints:
0 ≤ λCi ≤ 1

and

λC + λC + = 1

ΔGmod is the free energy of protonation for the model
compound (deoxyribocytosine 5′-monophosphate) in aqueous
solution (see the Supporting Information for free energy
calculation details). This term is included to ﬂatten the
potential energy surface such that the two protonation states
of the nucleoside in solution are equipopulated as the free
energy between the two states becomes zero (pH = pKmod).
The term ln(10)kBT(pKmod − pH) adds an oﬀset when pH ≠
pKmod, where pKmod is the experimentally measured pK of the
model compound. Cytidine was used as a model compound
with pKmod of 4.44.58 Two harmonic biasing potentials Fbias(λC)
and Fbias(λC+) are included to increase transitions between the
physical end states. In this formulation, 0.8 ≤ λCi ≤ 1 is
considered as a physical end state. kbias is the force constant of
the harmonic potentials. The force constant is equal for both
protonation states. (see the Supporting Information for details
on the calibration of kbias)
To calculate pK, the fraction of protonated state, Spro, is
calculated at each titration point and ﬁtted to the Henderson−
1
Hasselbalch equation: Spro = 1 −
, where n is the
−n(pH − pK )
1 + 10

Hill coeﬃcient and indicates the degree of cooperativity
between titratable groups.
For methyl-cytidine, we used as model compound 5-methyl
deoxyribocytosine 5′-monophosphate and an estimated pK
value of 4.60 (no experimental value is available).
For more methodological details on λ-dynamics simulation,
see the Supporting Information.
Multiple pH Regime Method. The multiple pH regime
method has been described in detail in ref 39. Here we present
a brief summary. It combines continuum electrostatics and MD
simulations of diﬀerent protonation states of a titratable site or
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the locked sugar ring were optimized simultaneously to account
for the correlations among these terms (Figure S3).
The bond and angle parameters well reproduced the
optimized QM conformation (Table S3), except the dihedrals
O4′−C1′−C2′−H2″ and N1−C1′−C2′−H2″ (Table S3). The
deviations however are tolerable since the orientation of
aliphatic H2″ does not inﬂuence much the ribose and
nucleotides properties. The new set of parameters (see the
Supporting Information for the parameter ﬁle) keeps most
parameter terms consistent with the canonical CHARMM36
nucleic acid force ﬁeld,40,56 including the backbone and
glycosidic torsion terms.
The new set of LNA parameters was validated on structural
properties of LNA single strand50 and mixed LNA/DNA or
LNA/RNA duplex45−48 and triplex49 helical structures, for
which NMR or X-ray structural information are available.
LNA CAAU Single Strand. Two 2-μs simulations were
performed in NaCl solution (0.15 M) for the tetramer starting
from syn and anti base orientations. The two simulations
sample similar torsional space: the nucleotides are mainly in
low (χ < 220°) and high (>270°) anti conformations; the
portion of syn conformation is negligible (Figure S4). The tail
nucleotide U4 was consistently in low anti, a conformation
typical for A-type helix. The other nucleotides however had
mixed low and high anti. The middle purines A2 and A3 had
30%−70% low anti while the pyrimidine C1 had >80% low anti.
Since the 3′-end nucleotide U4 interacted less with other
nucleotides, its base orientation reﬂects as a mono nucleotide
more than the others. The ﬁrst three nucleotides had more
complicated base stacking and base-backbone interactions in
the single strand, with frequent conformational conversions.
Particularly the smaller charge repulsion between ribose and
purine makes it easier for A2 and A3 than for C1 to stay high
anti.63
The distances between hydrogen atoms involved in a nuclear
Overhauser eﬀect (NOE) signal were calculated to compare the
sampled conformation with the NMR data.50 An NOE signal is
detectable when the distance between two sites is shorter than
5.5 Å. All the intranucleotide distances were within 5.5 Å
(Figure S5), which implies the nucleotide conformation
consistent with the solution NMR data. On the other hand,
the internucleotide distances had a wider distribution ranging
from 3 to 12 Å, which implies the oligonucleotide strand is
dynamic and samples a wide range of conformations. However,
all the calculated internucleotide distances did sample distances
shorter than 5.5 Å, in agreement with the presence of an NOE
signal.
Overall, the parameters reproduce an A-type conformation
for nucleotides, which is consistent with NMR data, and enable
conformational dynamics for a single strand in reasonable
agreement with NMR observations.
Double and Triple Helices Containing LNA. The simulations of duplexes and triplexes were performed in NaCl
solution (0.15 M) using the new parameter sets for LNA and
were compared with the experimental structure and simulations
performed using Pande−Nilsson parameters. The ﬁrst 20 ns of
each run was excluded from the data analysis. Duplexes having
two LNA strands (2X2Q), one LNA strand (1H0Q), and
several LNA substitutions in a DNA or RNA strand (1HHX
and 1I5W) were used (Table 1). After equilibration, all the
helical structures were stable (Figure S6) and kept the
experimental hydrogen bond pattern (Figure S7), even if
some sporadic base pair openings occurred. By visual

set of sites, thus taking into account the conformational
ﬂexibility of the molecule at diﬀerent pHs. For each
protonation state, an ensemble of structures is created by
collating snapshots at equal time intervals taken during the
simulation. Continuum electrostatics calculations are then
performed for each snapshot. The calculations return the
degree of protonation as a function of pH of the individual
titratable sites. The pK values can be extracted from the
titration curves as the value of pH where the corresponding site
is half protonated. In addition the components constituting the
intrinsic pK of the titratable site
pK int = pK mod + ΔpKBorn + ΔpKcc

are calculated. In the formula above pKmod is the pK of the site
as a model compound: in the present work the values of 4.459
for cytosine and 4.660 for methyl-cytosine were used. ΔpKBorn is
the contribution of the desolvation eﬀect; whereas ΔpKCC is
the shift of pKint due to the permanent (nontitratable) charges
of the system. Relative dielectric constants of 80 for the solvent
and 4 for the triplex moiety were used. The present calculations
diﬀer from the previous study39 in the treatment of the ionic
strength. Here the charge and the position of the mobile ions
were explicitly included in the calculations of the electrostatic
interactions, with the assumption that the mobile ions positions
on average obey the Boltzmann distribution.
In this work the conformational ensembles were collected
every 100 ps from 100 ns MD simulation. For each of the
triplexes (Table 2), two ensembles were generated: one with a
N3-protonated and one with deprotonated third-strand
cytidine. The ﬁnal titration curves were obtained by averaging
over the ensembles for each system. To check the convergence
of the simulation, independent replicas have been performed.
Structural Analysis. Snapshots, saved every 50 ps, were
analyzed using CHARMM and Curves+61 software packages.
The conformations were characterized using the backbone
torsions from α to ζ, base orientation, sugar pucker, and base
pair step parameters.62
The base orientation is deﬁned by the glycosidic torsion (χ):
O4′−C1′−N1−C2 (pyrimidine) or O4′−C1′−N9−C4 (purine), and its main conformations are denoted as anti (170° < χ
< 330°, where χ < 220° is low anti and >270° is high anti) and
syn (30° < χ < 90°). The sugar pucker is deﬁned by the
pseudorotation phase angle (P), which is a combination of ﬁve
ring torsions, and it is denoted as north (−90° < P ≤ 90°) and
south (90° < P ≤ 270°).
To check the preservation of the duplex and/or triplex
structure, we monitor the presence of WC and HG base pairs;
in particular the N1−N3 distances for WC base pairs and N7−
N3 for HG base pairs were monitored. A distance shorter than
3.5 Å indicates that a hydrogen bond is formed between the
heavy atoms and the bases are considered to be paired.
If not speciﬁed, the backbone torsions were calculated by
excluding the end base pair in each strand and the base pair
geometries were calculated by excluding the last two
nucleotides in each end.

■

RESULTS AND DISCUSSION
LNA Force Field. Parameterization. The charge optimization took account only of the ribose and the geometries were
optimized by considering the eﬀects from base and backbone
atom C5′. The new charges (Table S2) reproduced better HF/
6-31G* water-ribose interaction energy and the dipole moment
than Pande−Nilsson charges (Table S1). The six dihedrals of
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either force ﬁeld: experimental data show typical A-type DNA
values for x-displacement (around −4 Å), but the simulation
values were more shifted toward B-type conformation (−1.8
Å). We cannot rule out that the diﬀerence might be due to the
special crystallization conditions that inﬂuence the nucleic acid
structure. The crystallization took place in multivalent ionic
solution and in the presence of polyamine, while we are
interested in physiological conditions.
The triple helix 1W86 (Table 1) is formed by a DNA duplex
and a DNA/LNA third strand. The simulated structure agreed
with the NMR structure (Figure 3). The base pair geometries
for the DNA duplex part were better reproduced by the new
parameter set than by the Pande−Nilsson set, especially for xdisplacement and slide (Figure S8). The helical conformation is
between A- and B-type, a typical conformation previously
observed for DNA triplexes.65 Both parameter sets however
equally failed to reproduce the propeller value. The largely
negative propeller in the NMR structure corresponds to the
spiral-like hydrogen bonds in the alternating C and T context,
where the atom O4 or N4 in the TFO pyrimidine forms an
additional bifurcated hydrogen bond with the atom N4 or O4
in the duplex 5′-ﬂanking pyrimidine.49 Such a hydrogen bond
pattern was not observed in the simulations; as a consequence
the rise and twist were slightly shifted from the NMR structure.
The new parameters better reproduced the base pair
geometries for triplex and full LNA duplex than the Pande−
Nilsson set and equally well for partly LNA substituted
duplexes, while the backbone torsions are described better
using the new set. Figure 4 shows that Pande−Nilsson
parameters failed to reproduce the 5′-torsions α, β, and γ.
This does not directly aﬀect base pair geometry (Figure S8) nor
base pair hydrogen bonding,43 but it causes widely spread twist
values for the steps with consecutive LNA (2X2Q and 1H0Q in
Figure S8) and problematic 5′−OH orientation for nucleoside
As the simulations of single strand, duplex, and triplex show,
the new parameters, which agree better with QM properties,
reproduced the A-form conformation (high and low anti) for
LNA nucleotides and keep consistent structural features with
experiments for LNA mixed DNA and RNA helices. The new
charges better reproduced interactions with water and the
dipole moment as shown by the comparison with ab initio data.
The improvement of the LNA force ﬁeld is especially necessary
to properly describe the inﬂuence of LNA residues on the
adjacent residues in helical structure. In the next section, the

inspection, the simulated structures showed a very good
agreement with the experimental one (Figure 3), except for
1I5W, where some diﬀerence in the helical structure between
experiment and simulation were observed (see discussion
below).

Figure 3. Simulated structures (black and magenta) superimposed on
experimental structures (green and yellow) together with the
corresponding PDB ID. Duplex in black and green and TFO in
magenta and yellow. The averaged structure from 200 ns simulation is
reported for the simulation.

To analyze the helical conformation in more detail, we
calculated the base pair step helicoidal parameters for each base
pair in the double helix. In general, the simulated double helices
sample similar helical conformations with the new and Pande−
Nilsson parameter sets and agree with the experimental
observation, as shown by base pair step parameter (Figure
S8). Also previous simulation studies have shown that LNAs in
helix context negatively shift the slide and twist, and this
conformational change increases with LNA substitutions.22,23,64
No diﬀerences between the force ﬁelds were observed for the
structures with partial LNA substitutions (1HHX, 1I5W, and
1H0Q), whereas the structure of full LNA (2X2Q) showed
some conformational diﬀerence between the two force ﬁelds:
the new parameter set gave a better agreement with the crystal
structure 2X2Q, than the Pande−Nilsson set, especially for the
twist values; the only exceptions are x-displacement and slide.
In case of the crystal structure 1I5W (with a single LNA in each
strand), the x-displacement values could not be reproduced by

Figure 4. Backbone conformation, glycosidic torsion, and sugar pucker for LNA residues. (upper) Experimental data counted from all LNA
containing structures in PDB survey in blue. (lower) Simulation data counted from snapshots after 20 ns in red (Pande−Nilsson parameters) and
black (new parameters).
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between the two protonation states (transition rate, ns−1). An
optimal value of kbias was chosen so as to yield a high transition
rate and simultaneously maintain a high FPL (above 0.8).38 A
kbias value of 29.50 kcal/mol was chosen for cytidine and a
values of 29.25 kcal/mol for 5-methylated cytidine (kbias
calibration for cytidine is shown in Figure 5A). With this
setting, the transition rate between the protonation states is
fairly high and sampling is suﬃciently biased at end states
(Figure 5B).
To check the λ-dynamics settings, ﬁrst we calculated the pK
value for the model compound 5′-monophosphate cytidine in
0.1 M NaCl solution using 5 independent pH-replica-exchange
runs of 4 ns each in the range of pH 1, 2, ..., 8. The values
extracted from the last 2 ns of 4 ns simulations of the model C
nucleotide yielded a pK value of 4.5 (Figure 6), practically

new LNA force ﬁeld will be used to investigate if the eﬀect of
LNA on the structure will also aﬀect the pK values of a nearby
cytosine base.
Calculating Cytidine pK in Triplex Context. The
experimental values of pK of cytidine are crucial, since it is
an input in our calculations. We tabulate these values with
particular attention to the presence of ribose and/or phosphate
moieties since they slightly shift the pK (Table 3). No
Table 3. Experimental pK Values for Cytidine (C) and 5Methylcytidine (M) in the Literaturea
context
nucleobase

ribonucleoside

deoxyribonucleoside
ribonucleoside 5′-monophosphate
deoxyribonucleoside 5′-monophosphate
triplex, third strand CTCCTTT
triplex, third strand CTCTCTT

C
59

4.4
4.4566
4.4560
4.5−4.658
4.1160
4.0858
4.1767
4.2560
4.2458
4.5467
4.4458
6.835
7.435

M
4.660

4.2860

Figure 6. Titration result of λ-dynamics, ﬁtted to the Henderson−
Hasselbalch equation. Error bar for each titration point is the standard
error of the mean from 5 independent runs. For the name of molecular
systems, refer to Table 2.

a

The values used in our calculations are bold. The C for which pK
value is determined is italic.

identical to the experimental pK of 4.44 (input). The average
values of fraction of protonated state (Spro) were ﬁtted to the
Henderson−Hasselbalch equation, and the pK was determined
by reading the value of the pH oﬀ the curve at which Spro = 0.5.
The values of protonation free energy and kbias were then
used for the 5-mer triplexes (Table 2). For each 5-mer triplex, 5
independent pH-replica-exchange runs of 20 ns each were used
for pK calculation with the ﬁrst 2 ns excluded from the data
analysis. The titration curves obtained using the Henderson−
Hasselbalch equation are plotted in Figure 6, and the
corresponding pK values are reported in Table 4. The standard
error of the mean of the ﬁve independent runs of the pK values
is 0.1−0.2 pH unit for cytidine and 0.3 pH unit for methylcytidine.
The pK values of cytidine in the 5-mer triplex are all higher
than 4.5, which is the pK of free cytidine, when the cytidine in
ﬂanked by a thymine. The pK for cytidine in C-DDD-5 (triplex,
third strand TTCTT) is 7.2 (Table 4), which is close to the
experimental value of 7.4 of a similar intramolecular triplex

experimental value is available for deoxyribonucleoside 5′monophosphate of 5-methylcytidine. Thus, we have used a
value of 4.6 for λ-dynamics, assuming that the sugar−phosphate
addition will contribute to almost no shift of the pK value from
that of the base, as similarly observed for cytidine.
5-mer Triplexes. We performed λ-dynamics simulations
using a calibrated value for the free energy of deprotonation
and for the kbias. The free energy of deprotonation was
calculated for the isolated model compounds, 5′-monophosphate cytidine and 5-methylated cytidine, in 0.1 M NaCl
solution. The calculated free energy of protonation between the
two states is 52.0 ± 0.1 kcal/mol for 5′-monophosphate
cytidine and 45.1 ± 0.1 kcal/mol for 5′-monophosphate 5methylated cytidine.
The value of kbias was calibrated by performing runs of λdynamics at various kbias values in 0.1 M NaCl solution and
observing the fraction of physical end states in the trajectory
(FPL, fraction physical ligand) and the frequency of transitions

Figure 5. (A) Optimization of kbias value. An optimal kbias value of 29.5 kcal/mol (red) is chosen to maintain the fraction of physical states (FPL,
black) above 0.8, while maintaining a moderately high transition rate (blue). Error bars are the standard error of the mean of ﬁve independent runs.
(B) Transition of λC values in a 1 ns run of the model system nucleoside C. Only 0.8 ≤ λC ≤ 1 is counted as physical state of C, whereas 0 ≤ λC ≤
0.2 would be counted as physical state of C+. Transition rate: 37 ns−1. Fraction of physical states: 82%.
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readily protonated, shifting the pK value downward. As the
experimental pK value for cytidine in a similar triplex (third
strand CTCCTTT)35 is 6.8, this is a fair prediction.
Neighboring LNAs have no eﬀect on pK values. No change
in the pK value is observed when the ionic strength is increased
from 0.1 to 0.5.
We have used a short fragment, 5-mer, to mimic a longer
DNA triplex helix. To avoid unfolding and base pair opening at
the termini, we have restrained terminal base pair distances.
During simulations, the Watson−Crick and Hoogsteen base
pairs between the three strands are kept, except when cytidine
in the third strand is deprotonated (see for example Figure 2).
The fragments have a normal B-DNA conformation, with a
slightly negative x-displacement, and A-like slide and twist, in
agreement with the conformations previously observed for
longer DNA triplexes,65,68 independent of the protonation state
of cytidine. However, the distributions of the base pair step
parameters become wider for the deprotonated states (Figure
S9).
To compare λ-dynamics and multiple pH regime, the
sampling from ﬁve independent pH-replica-exchange simulations for C-DDD-5 at two diﬀerent ionic strengths were used
for multiple pH regime calculation. Speciﬁcally, we have
performed two types of calculations: (1) with input of two pH
replicas at pH 5 and at pH 12 (labeled as ensembles pro-pH5
and dep-pH12, respectively); (2) with input of all eight pH
replicas (pH 5, 6, ..., 12; labeled as all-replicas). For
case 1, we obtained a pK value of 7.7, and for case 2, a pK value
of 7.9 was obtained for ionic strength of 0.1 (Table 4). The
little diﬀerence of calculated pK values (≤0.2 pH unit) between
cases 1 and 2 at diﬀerent ionic strengths shows that it is
adequate to only include the protonated and deprotonated
ensembles in the pK calculation without losing accuracy (Table
4).

Table 4. pK Values Calculated by Multiple pH Regime and
λ-Dynamics
pK, 5-mer

pK, 10-mer

λdynamics

multiple pH
regime

C-DDD-5
C-LDL-5
M-DDD-5
M-LDL-5

7.2
7.1
9.5a
9.0a

7.7b; 7.9c

C-DDD-10
C-LDL-10
M-DDD-10
M-LDL-10
C-DLD-10
M-DLD-10

9.3
9.3
9.5−10.0
9.5−10.0
7.5−8.0
8.5

C+C-DDD-5
C-DDD-5 (0.5
M NaCl)

4.7
7.3

7.3b; 7.4c

C-DDD-10 (0.5
M NaCl)

8.0−8.5

multiple pH
regime

a

The model pK value is estimated since the experimental value is not
available. bpK values are calculated from two ensembles (pro-pH5
and dep-pH12). cpK values are calculated from all eight ensembles
(all-replicas).

(third strand CTCTCTT, Table 3) determined by NMR
spectroscopy.35 The methylation at position 5 shifts the pK
values by 2 pH units to a value around 9; experimentally an
increase of the apparent pK was also observed, but of less than
1 pH unit.35 We again note that the λ-dynamics calibration was
not done using an experimental value for methyl-cytidine, so
the comparison should be regarded as more qualitative.
Mutating the sugar from deoxyribose to locked ribose does
not aﬀect the pK value of the neighboring cytidine.
When the cytidine is ﬂanked by a protonated cytidine, as in
C+C-DDD-5, a pK of 4.7 is observed (close to the pK
calculated for free cytidine). The pK value of C+C-DDD-5
(triplex, third strand TC+CTT) is markedly diﬀerent from the
other triplexes since the protonation state of the neighbor C+ is
ﬁxed. The charge−charge repulsion makes the titrating C less

Figure 7. Average structures from 100 ns simulations of triplex C-DDD-10 when C is (A) deprotonated and (B) protonated, with insets showing the
triplet hydrogen bond conﬁguration: side and bottom (third strand 3′-end) views. The duplex is shown in green; TFO, orange; C, red.
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The calculated pK values for the cytidine at ionic strength of
0.1 for multiple pH regime diﬀer by 0.5−0.7 pH unit from the
λ-dynamics values and are less than 0.3−0.5 pH unit from the
experimental value of a similar intramolecular triplex.35 Those
diﬀerences are in the order of magnitude of the accepted
accuracy (0.6 pH unit) expected for continuum electrostatic
approaches on protein systems.69 In the absence of speciﬁc data
on nucleic acids, we assume this is also valid for the investigated
DNA triplexes, and we can use multiple pH regime for larger
(10-mer) systems.
Multiple pH Regime of 10-mer DNA Triplexes. Two sets of
100 ns simulations corresponding to each protonation state of
cytidine were performed for each 10-mer triplex (Table 2). One
challenge in this approach was that a TFO containing
deprotonated cytidine tended not to stay in Hoogsteen
conﬁguration since one hydrogen bond is lost (Figure 7A,
inset). As such, we have taken care that the triplex structure is
preserved, even when third strand cytidine is deprotonated and
less tightly bound. The average structures of the two ensembles
of C-DDD-10 are shown as an example (Figure 7). The
deprotonated average structure shows slight distortion in the
TFO backbone and the deprotonated C is hydrogen-bonded
with only one bond to the purine strand of the duplex and
occasionally ﬂips out. Otherwise the triplex keeps the typical
triple helical structure (see Figure S9). We have also attempted
a system containing two consecutive Cs, as a counterpart to
C+C-DDD-5, but the deprotonation of two consecutive Cs
destabilized the triplex structure (data not shown).
Hoogsteen hydrogen bonding in the protonated ensemble
stabilizes the third strand cytidine, whereas the lack of it in the
deprotonated ensemble makes cytidine less tightly bound. This
diﬀerence has a signiﬁcant impact on the pK of the cytidine
calculated for the two ensembles (Table S4). As shown in
Figure 8 in the ensemble pro (generated with a protonated

Figure 9. Change of pK of the third strand cytidine in C-DDD-5, CDDD-10, C-DDD-5 0.5M, and C-DDD-10 0.5 M due to electrostatic
interactions (ΔpKCC) and desolvation (ΔpKBorn). Number of
snapshots corresponds to the snapshots collected from 5 × 18 ns λdynamics trajectory for the 5-mers; from 100 ns MD simulations for
10-mers. Snapshots are taken every 100 ps. Black dots correspond to
protonated; red dots, to deprotonated sampling; white dashed lines, to
respective average values.

Moving from low to high pH the weight of ensemble dep
reduces on account of ensemble pro. Since the computational
approach does not provide a criterion on the base of which to
assess the weights of the ensembles at diﬀerent pH, an
acceptable approximation is to take the average of the
individual titration curves. The midpoint of the averaged
curve can be considered as the pH where the two ensembles are
expected to have equal weight so this quantity is taken as the
pK value (Figure 8). In some cases the average curve shows a
wide plateau at the level of half protonation (an example is
illustrated in Figure 8). For the model where such a plateau is
observed, its pK range is given (Table 4). To check the
convergence of the approach, independent replicas have been
performed for both protonated and deprotonated cases. The
larger diﬀerence are observed in the acidic region, where pKdep
varies up to 3 pH units, but the pK value varies less than 0.3 pH
unit.
The calculated pK for the third strand cytidine in all 10-mer
triplexes is higher than that of the free cytosine (Table 4). In
the triplex, the highest pK value is observed for 5-methyl
deoxycytidine, followed by deoxycytidine, and the lowest values
for LNA cytidine. In general, the methylation of the base
increases the pK values, up to 1 pH unit: the eﬀect is larger in
LNA residues than in DNA residues. Neighboring LNAs have
no eﬀect on the pK values. Again, the pK actually shifts
downward when the sugar in the same residue is locked,.
Comparing 5-mer C-DDD-5 to 10-mer C-DDD-10, the
desolvation penalty (ΔpKBorn) for both deprotonated and
protonated ensembles is practically identical (Figure 9). The
desolvation tends to stabilize the neutral form of a titratable
site. The upshift of pK observed for C-DDD-10 suggests that
the cytidine is more buried in C-DDD-10 than in C-DDD-5.
Concerning the charge−charge contributions, the main diﬀerence is between protonated and deprotonated ensembles. The
deprotonated ensemble is characterized by weaker charge−
charge interaction: ΔpKCC, is 4.9 for C-DDD-5 and 4.8 for CDDD-10 for the deprotonated ensembles, while it is 9.0 for CDDD-5 and 11.7 for C-DDD-10 for the protonated ensembles.
This indicates that the charges in DNA are more screened in

Figure 8. Titration curves for C in C-DDD-5, C-DDD-10 and M in
M-LDL-10. pK is the pH point where the average titration curve
(blue) has a value of 0.5. In black is the titration curve from
deprotonated ensemble; in red is that from protonated ensemble; in
blue is the average titration curve.

cytidine in the TFO) the pK of this cytidine is more than 7 pH
units higher than that in the ensemble dep (generated with a
deprotonated cytidine in the TFO). This large diﬀerence arises
mainly from the favorable electrostatic potential at the site of
the cytidine (Figure 9). The calculations showed that the
desolvation of the cytidine site remains similar on the two
ensembles (Figure 9). The stabilization of the protonated form
of the cytidine in ensemble pro and the destabilization of the
deprotonated form in ensemble dep is an expected result. On
the other hand the large diﬀerence in the calculated pK values is
in accordance with the simulation results showing that the
presence of the two hydrogen bonds in the Hoogsteen
conﬁguration is crucial for the stability of the triplex.
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which stabilize the protonated form of the third strand cytidine
(see Figure 9).
Since λ-dynamics uses a model system with 0.1 M NaCl, we
have checked if the calibration on such a model system is valid
to describe the eﬀect of higher ionic strength. We have
calculated the pK for monophosphate cytidine (model
compound) at 0.5 M NaCl, increasing the water box dimension
to accommodate more ions, and it yields a down shifted pK
value (from 4.5 to 4.0). The two approaches account diﬀerently
for the contribution of ions to the pK: multiple pH regimes
account for the contribution of all the ions, including those
outside the cutoﬀ distance (12 Å) of λ-dynamics.

dep and dep-pH12 ensembles than in pro and pro-pH5,
while the diﬀerence in charge−charge interactions between 5mer and 10-mer in the protonated ensembles arises from the
higher negative charge of the 10-mer.
When the ionic strength is increased from 0.1 to 0.5, the
contribution of the charge−charge interactions in the
deprotonated ensembles is reduced by 1.0 pH unit for CDDD-5 and 1.4 for C-DDD-10. In general the downshift in pK
upon increasing ionic strength may come from the destabilization of the protonated state or by stabilization of deprotonation
state. Here the downshift in pK is due to stabilization of the
deprotonated state in the deprotonated ensemble.
Final Remarks on pK Calculations. We use two approaches
to calculate the pK values for cytidine and methyl cytidine
embedded in a DNA triplex, in the presence or in absence of
LNA residues. Moreover, not all systems have counterparts in
both approaches (Table 4). Multiple pH regimes do not have
the counterpart of C+C-DDD-5 where there are consecutive
Cs, since we could not maintain a stable triplex in the ensemble
where both Cs are deprotonated. λ-dynamics does not have the
counterparts of C-DLD-10 and M-DLD-10 where the titratable
residue is itself an LNA, because the model system in λdynamics is a nucleotide and not the nucleobase as in multiple
pH regime and up to now no experimental data are available for
the pK of an LNA nucleotide.
Both methods agree in showing an increase of the pK value
for the cytidine residues when they are embedded in a triple
helical structure and an eﬀect of the methylation on pK:

■

CONCLUSION
We have used λ-dynamics and multiple pH regimes to evaluate
the pK values of cytidine-type residues embedded in a triple
helix. In particular, we aim to understand if the substitution of
deoxyribose by locked ribose (LNA) in the triple forming
oligonucleotide shifts the pK of the cytidine toward high values,
promoting the formation of the Hoogsteen base pair between
the third strand and the target DNA duplex.
To achieve that, we have reparameterized the LNA force ﬁeld
in line with the CHARMM philosophy to properly account for
the interaction between the locked ribose and the other DNA
residues and the water. The optimized LNA force ﬁeld
reproduced the A-form structure for nucleotides correctly,
and also the experimental duplex and triplex structures, judging
from base pair geometries, helix conformations, and backbone
torsions.
The two computational approaches predicted that cytidine in
a triplex environment has a large pK shift to above physiological
pH, making it more likely to be protonated under this
condition, although the two methods predicted certain diﬀerent
pK values. Having the cytidine methylated in position 5
increases the pK value, while having the sugar conformation
locked decreases the pK value. Finally, both approaches suggest
that 5′ and 3′ neighboring thymine LNAs have no eﬀect on the
pK of a cytidine in the third strand of triplex nucleic acids. And
when the cytidine is ﬂanked by a protonated cytidine, a
downshift to the pK is observed reaching a value close to that of
free cytidine.

pK (free cytidine) < pK (cytidine in triplex)
< pK (methyl cytidine in triplex)

Locking the sugar ring of the cytidine downshifts the pK
values, but locking the sugar ring of neighboring unit has no
eﬀect on the cytidine. When the triplex length increases from 5
nucleotides to 10, the pK value for the diverse cytidines can
increase up to 2 pH unit (Table 4). An increase of two pH units
has a clear eﬀect on triplex stability at pH 7: a pK value of 7
means that only around 50% of the species is protonated (thus
forms a stable triplex), while a value of 9 means that 90% of the
species is protonated.
The pK value of C in C-DDD-5 (triplex, third strand
TTCTT) determined by both methods is close to the
experimental value of 7.4 of a similar intramolecular triplex
(third strand CTCTCTT, Table 3) determined by NMR
spectroscopy,35 while the pK value of C in C-DDD-10 (triplex,
third strand TTTTTCTTTT) is 9.3 (Table 4). Diﬀerences in
length and sequence, and type of triplex (inter or intramolecular) allow us only a qualitative comparison with the little
available experiment data. Note that a 10-mer triplex is more
representative for biomedical applications since it is known that
triple forming oligonucleotides shorter than 11-mer hardly form
an intermolecular triplex at physiological conditions.68
Simulations were also performed at higher ion concentration
(0.5 M NaCl), to evaluate how the methods could account for
change in the ionic environment. In the higher ion
concentration, the pK of cytidine in C-DDD-5 appears not to
be signiﬁcantly diﬀerent, considering a rather large uncertainty
at the titration point at pH 8 (Figure 6). Multiple pH regimes
shows a minor pK downshift in C-DDD-5 and a more marked
pK downshift (from 9.3 to 8.5) in C-DDD-10 with increasing
the ionic strength. This is an expected result since the increased
ionic strength reduces the eﬀect of charge−charge interactions,
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(24) Goñi, J. R.; De La Cruz, X.; Orozco, M. Triplex-Forming
Oligonucleotide Target Sequences in the Human Genome. Nucleic
Acids Res. 2004, 32, 354−360.
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