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The Triplex-Hairpin Transition in Cytosine-Rich DNA

Anton S. Petrov, Gene Lamm, and George R. Pack
Department of Chemistry, University of Louisville, Louisville, Kentucky

ABSTRACT We present a theoretical study of the self-complementary single-stranded 30-mer d(TC*TTC*C*TTTTCCTTCTC*-
CCGAGAAGGTTTT) (PDB ID: 1b4y) that was designed to form an intramolecular triplex by folding back twice on itself. At neutral
pH the molecule exists in a duplex hairpin conformation, whereas at acidic pH the cytosines labeled by an asterisk (*) are
protonated, forming Hoogsteen hydrogen bonds with guanine of a GC Watson-Crick basepairto generate a triplex. As afirststepin
aninvestigation of the energetics of the triplex-hairpin transition, we applied the Bashford-Karplus multiple site model of protonation
to calculate the titration curves for the two conformations. Based on these data, a two-state model is used to study the equilibrium
properties of transition. Although this model properly describes the thermodynamics of the protonation-deprotonation steps that
drive the folding-unfolding of the oligomer, it cannot provide insight into the time-dependent mechanism of the process. A series of
molecular dynamics simulations using the ff94 force field of the AMBER 6.0 package was therefore run to explore the dynamics of
the folding/unfolding pathway. The molecular dynamics method was combined with Poisson-Boltzmann calculations to determine
when a change in protonation state was warranted during a trajectory. This revealed a sequence of elementary protonation steps
during the folding/unfolding transition and suggests a strong coupling between ionization and folding in cytosine-rich triple-helical

triplexes.

INTRODUCTION

Since the first triple-helical nucleic acid complex containing
two strands of poly(uridylic acid) and one strand of
poly(adenylic acid) was discovered in 1957 (Felsenfeld
et al., 1957) numerous other examples have been found and
investigated (Frank-Kamenetskii and Mirkin, 1995). Among
these structures much attention has been given to the H-DNA
molecule, which contains both triple- and single-stranded
regions (Mirkin et al., 1987; Lyamichev et al., 1985).
H-DNA has been found in the genomes of vertebrates and
invertebrates (Htun et al., 1984; Glikin et al., 1983) and is
thought to play a regulatory role in replication (Rao et al.,
1988; Brinton et al., 1991) and transcription (Shimizu et al.,
1989; Kato and Shimizu, 1992). Thermodynamic and
structural studies of triplex formation use intramolecular
sequences of 20-30 nucleotides that fold back twice on
themselves, forming a paperclip-like structure called a hair-
pin (Sklenar and Feigon, 1990; Chen, 1991). There are
several reasons for this: first, the strands of these triplexes are
always present in stoichiometric amounts; second, because
the folded tertiary structure is defined by the primary
sequence (Volker and Klump, 1994) there is only a small
chance of the formation of competing structures; and third,
these triplexes are more stable compared to intermolecular
ones and may be formed in the absence of stabilizing agents
over a wider range of temperature (Soyfer and Potaman,
1996).

Generally, a nucleic acid duplex composed of one
homopyrimidine and one homopurine strand can form inter-
as well as intramolecular triplexes by binding a homopyr-
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imidine strand parallel to the homopurine strand (Riley et al.,
1966). Antiparallel binding of a purine strand to the
pyrimidine strand of such a duplex is also possible (Arnott
and Selsing, 1974). The first mechanism involves the
formation of the TA-T and CG-C" triads stabilized by
conventional Watson-Crick pairing in the original duplex
and Hoogsteen pairing to the third strand. The formation of
a GC™ Hoogsteen pair requires cytosine to be protonated at
the N3 position, thus making the stability of these triads pH-
dependent. It has been demonstrated that CG-C triads are
more stable than TA-T triads at low pH (Roberts and
Crothers, 1996) due to the formation of stronger hydrogen
bonds in the Hoogsteen pair, electrostatic stabilization of the
positively charged triad by the negative backbone (Sun et al.,
1991), and favorable secondary interactions (Jorgensen and
Pranata, 1990). An increase in pH induces cytosine
deprotonation and destabilizes the CG-C triads, leading to
dissociation of the third strand. Under this condition,
intramolecular ‘‘paperclip’’ triplexes will unfold to hairpin
duplexes. One of the factors determining the stability of
triplexes is the pK, of cytosine N3 atoms of the third strand.
These pK, values can be estimated by various methods
including ultraviolet absorption spectroscopy, circular di-
chroism (CD) spectroscopy, fluorescence (Soyfer and Pota-
man, 1996), and nuclear magnetic resonance (NMR) (Leitner
etal., 1998;Weisz et al., 2000). All of these methods indicate
that the pK, depends upon the position of the particular
cytosine within the molecule as well as the global molecular
conformation.

Protonation constants of the titratable groups of a macro-
molecule in an electrolyte solution can be estimated compu-
tationally by solving the Poisson-Boltzmann (PB) equation
(Pack et al., 1993; Nicholls and Honig, 1991; Madura et al.,
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1995). Bashford and Karplus (1990) have presented the
standard approach for calculation of pK, values of titratable
sites of amino acids in proteins based on the Debye-Hiickel
(DH) approximation to the PB equation. The method may be
applied with reasonable accuracy to systems containing
polyelectrolyte molecules that are not highly charged and,
although neglecting polarization of the protonation sites
(Sham et al., 1997), provides satisfactory results for many
systems (Antosiewicz et al., 1996, 1994). A few methods
that account for the local conformational flexibility of
proteins have been proposed (You and Bashford, 1995;
Ripoll et al., 1996; Zhou and Vijayakumar, 1997; Georgescu
et al., 2002; Lim et al., 1991; Li et al., 2002). However,
triple-helical DNA systems pose two difficulties when using
the Bashford-Karplus approach to calculate pK, values.
First, nucleic acids are highly charged macromolecules and
the DH approximation severely overestimates the electro-
static potential at the surface (Pack et al., 1998; Lamm,
2003). Second, the Bashford-Karplus method, as typically
applied to proteins, assumes that protonation and folding
processes are not strongly coupled—an approximation
which, although valid in those cases, fails for hairpin-triplex
transitions. Details of the PB calculations are presented in
Methods.

Because protonation is very sensitive to local and global
conformation, structural changes are an important consider-
ation in understanding triple-helix formation. In computer
studies of folding, conformational changes can, in principle,
be taken into account by molecular dynamics (MD) methods.
In practice, major structural reorganization occurs on
a timescale of micro- to milliseconds that is much longer
than the typical nanosecond range of simulations. Early
simulations were also confronted with problems in the
parameter sets: the standard AMBER (Cornell et al., 1995)
and CHARM (MacKerell et al., 1995) parameter sets were
unable to describe the formation of a GC* Hoogsteen pair
due to absence of parameters for a protonated cytosine. MD
simulations on triple helices were first performed on
structures that contained only TA-T triads (Kiran and
Bansal, 1995; Shields et al., 1997) or on triplexes stabilized
by GC-G and CG-C triads containing unprotonated cytosines
(Ojha and Tiwari, 2002). The development of additional
parameters (Sponer et al., 1997) for the iminohydrogen of
cytosine (H3) presented an opportunity to simulate nucleic
acid molecules containing three (Spackova et al., 1998;
Basye et al., 2001) or four (Csaszar et al., 2001) strands
stabilized by GC" Hoogsteen basepairs. These studies
confirmed the stability of CG-C™ triads. In these calculations
the cytosines were protonated a priori, regardless of their pK,
values, and the number of protons was fixed.

Hairpin tetraloops are important structural fragments of
RNA and DNA molecules and are often involved in the
formation of tertiary structures from secondary units (Moore,
1999; Brion and Westhof, 1997). It has been proposed that
tetraloops regulate the activity of macromolecules by
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shifting the equilibrium between alternate structures (Gluck
et al., 1994; Wool et al., 1992) and that they may serve as
recognition elements for proteins and nucleic acids (Michel
and Westhof, 1990; Zwieb, 1992; Murphy and Cech, 1994).
According to a classification proposed by Hilbers et al.
(1991) tetraloops can be divided into three groups depending
on the position of the second and third bases of the loop.
Particularly, loops belonging to group II are of major interest
because they can be found in both DNA and RNA (van
Dongen et al., 1999; Jucker and Pardi, 1995). The
conformation of loops in this group is characterized by the
following feature: a base of the second residue at the 5’ end
of a molecule is turned into or toward the minor groove,
whereas a base of the third residue stacks over a (non-
canonical) basepair formed by the two remaining residues of
the tetraloop. It has been shown that the formation of group II
loops is determined predominantly by the nature of the
second residue in a loop rather than by the conformation of
underlying helical stem. This folding pattern will be realized
if a base of this residue is a pyrimidine (van Dongen et al.,
1996).

Elucidation of the mechanism of formation of C-containing
triplexes requires an understanding of how pH change alters
the population of protonation substates and how this in turn
affects the global conformation of the molecule. This article
presents calculations on the self-complementary single-
stranded DNA 30-mer d(TC*TTC*C*TTTTCCTTCTC*CC-
GAGAAGGTTTT), where C* indicates a protonation site.
This sequence folds back twice on itself forming GCCC and
TTTT tetraloops in an intramolecular triple helix (PDB ID:
1b4y). NMR studies have shown the triple-helical structure to
be stable at pH 4.5 and that an increase to pH 7.0 induces
unfolding into a double-helical hairpin structure (van Dongen
et al.,, 1999). The first part of this article discusses an
equilibrium two-state model that illuminates the conforma-
tional transition by taking into account the pK, values of
protonation sites for the hairpin and triplex endstates. In the
second part of the article we describe MD simulations which
show the effect of protonation of titratable sites on the local
and global conformation of DNA. Particularly, we tested the
influence of the protonated incoming third strand on the
conformation of the CCCG tetraloop. The calculations
indicated that it is necessary to treat the conformational and
electrostatic factors as highly coupled to obtain a quantitative
description of the folding mechanism.

METHODS
Charge derivation procedure

When atom N3 on cytosine (C) is protonated, the added charge is distributed
over the entire ring so a recalculation of charges from the standard AMBER
data set is necessary. A cytosine base was extracted from a canonical
B-DNA structure and terminated by hydrogenating N1. A similar procedure
was performed to obtain the geometry of a deoxycytosine nucleotide (dC) in
which the O5" atom bound to phosphate was methylated and another O5’
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atom bound to carbon C5' hydrogenated to terminate the nucleotide (Fig. 1).
ESP charges were derived according to the Merz-Kollman scheme (Singh
and Kollman, 1984) at the RHF/6-31G(d) level for the unprotonated and
protonated forms of dC and C. These charges were used as input to calculate
RESP charges using the RESP program implemented in the AMBER
package (Pearlman et al., 1995). RESP charges for C and C* were calculated
without any constraints. To ensure an integral amount of charge on each
nucleotide, a constraint was applied to the nucleotides in their unprotonated
and protonated forms (i.e., Oy — QO = 0 in Fig. 1). The calculation of pK,
values according to the Bashford-Karplus scheme (discussed below)
requires the same set of charges for the model compound (in our case
cytosine) and the protonation site dC in DNA. Two extra constraints were
therefore applied for dC and dC" (Qm=0and Qi = 1 in Fig. 1) and the
charges of these fragments were replaced by those obtained for C and C*,
respectively. The derived sets of RESP charges for nucleotides dC and dC™*
with constrained fragments are presented in Fig. 1. The AMBER {f94
parameter set was used for all other nucleotide charges (Cornell et al., 1995).

Electrostatic calculations

We used the finite difference method as implemented in the University of
Houston Brownian Dynamics program to calculate the electrostatic potential
at the titratable sites (Davis et al., 1991). Determination of the potential
¢ due to a highly-charged molecule requires solving the full nonlinear
Poisson-Boltzmann equation

Ve(r)\Va(r) — () sinh((r) = — 70 (1)

€o

where &(r) is the local dielectric coefficient, k> = 8aLgC is the square of the
Debye constant, C is the concentration of added salt (the experimental value
0.1 M was used; van Dongen et al., 1999), Lg = e%/kBT is the Bjerrum
length, e, is the proton charge, kgT is the temperature, and p' is the
distribution of fixed charges. For comparison we also tested the (linear)
Debye-Hiickel (DH) version:

Va(r)Vo(r) — s () = — Bl @)
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The potential at the boundary of a coarse grid (65 X 65 X 65) with grid
spacing 3.0 A was set to zero. A focusing procedure was performed at each
titratable site using a finer grid (0.4 A) with the same number of grid points.
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Calculations were performed using dielectric coefficients of 20 and 78.5 for
the DNA and solvent, respectively. The set of atomic radii of the AMBER 94
force field was used in all electrostatic calculations.

pK, calculations

In the present work a titratable site consists of all cytosine base atoms
including either C1’ (for the polynucleotide) or H1 (for the model
compound); this assignment conforms to the reduced site approximation
(Bashford and Karplus, 1991) in which protonation of phosphate ions are
neglected (their pKjp, is lower by 2—3 units than that of cytosine and outside
the range of the simulations), but allows the charge in protonating cytosine
atom N3 to be distributed throughout the base.

According to the Tanford-Kirkwood approach (Tanford and Kirkwood,
1957), the intrinsic pK, of a titratable site p (pKiyy, ,) of a macromolecule
can be calculated from the pK, of the site in the absence of the molecule (for
cytosine, pPKmodel, » = 4.3) by taking into account the effect of the dielectric
property of the macromolecule of the electrostatic free energy of the
complex. That is,

pKimr,;L = meodeLp, - BAAG(M)/st (3)

where AAG(w) is the difference in the free energy changes between the
process of dissolving cytosine u in DNA in its protonated (H) and
unprotonated (0) forms. In the (linear) Bashford-Karplus approach, the free
energy difference can be expressed as the sum of two terms, AAGpom(1) and
AAGhyack(p), where each free energy term can be calculated provided that
both the site u of DNA and the model compound have the same internal
geometry, the same set of charges, and the same arrangement of grid points
(to eliminate the self energy term). Thus, following Bashford and Karplus,
but with the understanding that protonation of a single site u may alter the
charges of multiple atoms i within that site (to give the charge set QE), we
have (Lamm, 2003)

titratable
atoms

1
BAAGBom(M):E Z Q?[d)gNA(Q,}Hri) - (bgodel(QE

icu

titratable

I ) j|
atoms

1
) > Q? |:¢(I)DNA(Q2,|ri) _¢21odel(Q2|ri):|-

icp
C))

0.472

0.472

FIGURE 1 Scheme used to derive
the RESP charges for dC and dC™;
charges derived at HF/6-31G(d) level
and used in the MD simulations are
shown (see Methods for details).
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The notation ¢ty A(Qfri) denotes the value of the electrostatic potential in
the DNA (as opposed to that in the model compound) at position r; of atom
i belonging to site u due to the protonated charge set Q;‘. The Born term
accounts for the difference in the energies of transferring the protonated and
unprotonated forms of the cytosine site into a low dielectric DNA cavity.
(Note that all atoms of a site are titratable in this site-distributed charge
approach.)

Because the DNA oligomer is highly charged, to calculate the influence
of the background charges upon the pK,, we used an approach that differs
slightly from one proposed by Bashford and Karplus (1990). In their
approach the background free energy contribution is calculated as the
product of the background charges and the potential due to a model
compound embedded into the dielectric cavity of the macromolecule. This
assumes that the energy is linear in the background charges, as obtained, for
example, in a Guntelberg-type charging process in which the linear Poisson-
Boltzmann equation is used. However, because DNA is highly charged, we
choose instead to charge the much smaller protonatable sites in the presence
of the nonlinear PB-determined background potential. We thus write the
background free energy contribution as

titratable
atoms

H 0y 4 back / back
BAAGuwa(p) = Y (O — Q) (¢ ), )
icp
back, back| .\ : . back ¢
where ¢(¢"*|r;) is the potential due to background charges ¢ " of the
DNA molecule calculated at the positions r; of the charges Q; of the model
compound.

We must also take into account the presence of other mutually titratable
sites in the molecule. The protonation of site u in the presence of a proton on
site v costs an energy W, due to the electrostatic interaction between these
sites:

titratable
atoms
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Site-site interaction energies have been obtained explicitly for each of the
16 possible protonation states. In the spirit of Tanford and Roxby (1972) and
Bashford and Karplus (1990), an ‘‘approximate’’ or ‘‘apparent’” pK, (or
pK.pp) can be defined by

BW/J.V =

K A Y XX, Wi, @)

pK intr,w E v
= )

appu — P

where x,, is either 1 or O depending on whether site w is protonated or not.
These pH-independent pK,y,, values are useful as a more accurate indicator
of site protonation (at a given pH) than the intrinsic values. By knowing the
PKiner, » for each site w and the interaction energy W, between sites, we can
calculate the fraction of molecules having site o protonated as a function of
pH. The titration curve for site o is given by

B
inj exp | Y %,2.3(pKine, — PH) — 5 Y x5 W
ij I v

6, = ,
Y exp | Y x,2.3(pKinr — PH) — g Y x5 W,
v

ij "

®)

where the sum over i and j accounts for all possible protonation states (with
elements x;;, see Appendix for details). The total titration curve is then the
sum of the titration curves for all sites.
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MD simulations

Molecular dynamics (MD) simulations were carried out using the AMBER
6.0 suite of programs (Pearlman et al., 1995) and the force field developed
by Cornell et al. (1995) Additional force field parameters for protonated
cytosine were taken from Sponer et al. (1997) The set of charges previously
derived for the PB calculations was used for protonated cytosines.

Each system was prepared using the XLeaP module by surrounding the
molecule in a water box that typically contained ~6500 water molecules and
25-29 Na* ions, depending on the number of protonated cytosines. MD
simulations were performed in the NTP ensemble with a time step of 2 fs
using the SHAKE algorithm (Ryckaert et al., 1977). Coupling to an external
heat bath and volume scaling were applied every 0.2 ps to keep the system at
300 K and 1 atm; a 9.0 A cutoff was applied for van der Waals interactions.

Water molecules and counterions were equilibrated by minimizing the
system (1000 steps) under positional restraints on the DNA with a force
constant of 500 kcal mol " A~2 This was followed by a restrained MD run
of 25 ps with heating from 100 K to 300 K during the first ps. The restrained
MD run was continued for 25 ps more using the particle-mesh Ewald
method (Darden et al., 1993). After this the restraints on the DNA molecule
were reduced by the following scheme: 1000 minimization steps with 25
kcal mol ' A~ position restraints; then 3 ps dynamics at 300 K with 25 kcal
mol ™' A2 position restraints with five consecutive rounds of 600 steps
minimization, removing positional restraints by 5 kcal mol™" A~ for each
run. The system with no positional restraints was heated from 100 K to 300 K
during a 20-ps MD run followed by the 1-ns production run; snapshots of the
trajectory were saved every 1 ps.

Trajectories were analyzed using the Carnal module of the AMBER suite
and CURVES 5.3 (Lavery and Sklenar, 1988, 1989) was used to obtain
global and local helix parameters, sugar pucker conformations, and
backbone dihedral angles.

RESULTS

The two-state equilibrium model

Initial structures

The DNA oligomer schematically shown in Fig. 2 a exists in
a triple-helical conformation (the 7-state, Fig. 2 b) at low pH
due to protonation of the N3 atoms of C;g, C;1, Cy5,, and C5,
which form Hoogsteen basepairs with guanines (PDB
ID:1b4y, Structure 10). The first three cytosines are located
in the triple-helical stem and form CG-C" triads; C; is
located in a CCCG tetraloop and forms a Hoogsteen basepair
with Gjg. At neutral pH all cytosines are unprotonated and
the DNA molecule exists as a hairpin duplex (the §-state; for
example, see Fig. 2 ¢). Overall, the equilibrium can be
expressed as

S+4H = 1. )

Within the framework of a two-state model, we assume that
the molecule adopts either the 7- or §-conformation and that
each of these states has four protonation sites with 2* = 16
protonation substates. Only the four aforementioned cytosine
bases are considered protonatable in this reduced-site
approximation (see Methods, above; see also Bashford and
Karplus, 1991). The triplex structure predominates at low
pH, where all four cytosines favor protonation, whereas the
hairpin form predominates at neutral (and high) pH where
a shift toward unprotonated bases occurs. The population of
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(b)

protonation substates within each conformation, in addition
to the 78 structural free energy difference, determines the
relative concentration of conformations in the equilibrium
mixture. Most observables, such as ultraviolet absorbance,
depend only on the ratio of the concentrations of the two
conformations, not on the population of protonation
substates. The calculation of pK, values and titration and
absorbance curves are discussed in the following sections.
The structure of the triplex conformation used for the
equilibrium calculations was that of the PDB file. All atomic
charges were obtained from the AMBER ff94 parameter set
except those for cytosine for which an RESP recalculation
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FIGURE 2 (a) Schematic representation of
triple-helical DNA (PDB ID: 1b4y). Protonated
cytosines are highlighted in red. The original
(NMR) triplex (b) and relaxed duplex (c)
conformations used in the two-state model.

was performed (see Methods, above). The hairpin duplex
structure was generated from the triplex by changing the
dihedral angles of T3, Ta4, and Ty originally located in the
TTTT loop, and rearranging the Hoogsteen G,o~C; pair into
a Watson-Crick G;o—C; pair by flipping the guanine base.
This significant structural difference in the CCCG tetraloop
was noted previously (van Dongen et al., 1996). A 1-ns MD
trajectory was generated to obtain the equilibrated hairpin
conformation. Conformations of the NMR triplex (denoted
MR in Eq. 14 below) and hairpin duplex after equilibration
(denoted 58 in Eq. 15 below) are shown in Fig. 2, b and c,
respectively.
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Calculation of intrinsic pK, values

Tanford and Kirkwood introduced the concept of an intrinsic
pK. (or pKj.), defined as the pK, of a site on a molecule
when all other sites are unprotonated (Tanford and Kirk-
wood, 1957). The pKj, values of the titratable sites for the
triplex and hairpin conformations (Table 1) were calculated
as described in Methods, above, according to the method of
Bashford and Karplus (1991) by solving the PB equation
using the University of Houston Brownian Dynamics
program (Davis et al., 1991). The pKj,, values of the
third-strand cytosines of the triplex conformation lie between
8.4 and 9.5 and increase as the position of the titratable site
moves from one end of the molecule toward the middle. This
variation of pK, with position is readily understood by
noting that the electrostatic potential is more negative in the
center of the triplex than at an end. Asensio et al. (1998) have
performed NMR measurements of the pK, values of
triplexes containing a single CG-C™" triad with this triad
positioned at different locations along the strand and have
shown that the pK, of cytosine N3 of the triad ‘‘must be at
least 9.5 for internal positions.”” The pK, values in these
experiments are identical to pKj,, values because the
molecules have only a single protonation site. These
experimental data are in a good agreement with theoretical
calculations of pKj,, values performed by Pack et al.
(1998).We mention that experimental studies of similar
systems using indirect methods, in which the measured pK,
values are in the 6-7 range (Volker and Klump, 1994,
Asensio et al., 1998; Plum and Breslauer, 1995; Sugimoto
et al., 2001), actually record the average pK, values of the
triplex and hairpin conformations.

Our calculations show that the pKj,, values calculated for
cytosines located in the single-strand region of the hairpin
conformation lie between 5.2 and 5.5 and reflect the same
position dependence as in the triplex. Even in the absence of
complementary guanines, the acidity of these cytosines is
still less than that of free cytosine (pK, = 4.3) because of the
negative electrostatic field of the molecule.

The calculation of the pK, using Eqs. 6 and 7 assumes that
the potential due to a set of charges equals the sum of the
potentials of the individual charges, a property inherent in
the linear Debye-Hiickel equation but not necessarily
applicable to the full Poisson-Boltzmann equation (Eq. 1).
To test the accuracy of Egs. 6 and 7, we calculated the pKj,

TABLE 1 Intrinsic and apparent pK, values calculated for site
N3 of the protonatable cytosine bases for the triplex () and
hairpin (6) conformations used in the two-state model

Site pKinlr(T) pKinlr(S) pKapp(T) pKapp(S)
Cis 8.4 5.2 8.1 5.1
Cyy 9.5 5.4 8.2 4.7
Cas 9.0 55 7.9 4.9
C; 7.7 4.2 75 4.2

Apparent pK, values were calculated from the intrinsic pK, values
according to Eq. 7 with site-site interaction energies given in Table 2.
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of C;g in the hairpin conformation using a more accurate
two-step approach. First, the Born and background terms
were calculated in the absence of electrolyte by solving the
(linear) Poisson equation. After that, corrections due to
added salt were obtained separately by solving the nonlinear
Poisson-Boltzmann equation. (A detailed description of this
method will appear in a forthcoming article, Petrov et al.,
2005.) The pKj,, of C;g calculated by this method is 5.0,
which is only 0.2 units less than that calculated obtained by
using Eqgs. 6 and 7, suggesting that the interactions are still
within (or near) the linear regime, and that the approximation
is tolerable.

Influence of neighboring cytosines

The definition of an intrinsic pK, assumes that two titratable
sites in a molecule do not interact, and thus pK;,, may be
considered as an approximation to the apparent pK, if the
sites are shielded from one another by distance, solvent, and/
or ions. In the present oligomer, C,; and C,, are neighbors,
whereas C;g has two nucleotides separating it from C,;; in
the triplex form C; is within one base triad of C;g. NMR
measurements have shown that the pK, of cytosine in
a CG-C" triad in a triplex drops from 9.5 to 8.0 when an
adjacent CG-C triad becomes protonated (Asensio et al.,
1998). Tanford and Roxby modified the original Tanford-
Kirkwood method for calculating pK, values by taking into
account site-site interactions (Tanford and Roxby, 1972).
Accordingly, protonation of a particular site w decreases the
pK, of a nearby site v by BW,,,/2.3 units from its intrinsic
value, with W, being the site-site interaction energy. These
site-site interaction energies can be estimated from the
solution of the PB equation using Eq. 6; values for these
energies are presented in Table 2.

The strongest interaction is found between adjacent
cytosines C,; and Cy; (Weay o2z are 1.10 and 0.57 for the
triplex and hairpin states, respectively) and this interaction
decays rapidly as the distance between two titratable sites
increases. It is seen that all site-site interactions energies are
higher in the triplex than in the hairpin, although the
distances between the titratable sites (except those involving
C,) are almost identical. The titratable sites in the triplex are
contained a low dielectric cavity, whereas in the hairpin they
are shielded by the solvent. The site-site interaction energy is
almost symmetric with respect to site indexes because the
main factor in determining its magnitude is the distance
between the sites; minor corrections due to nonlinearity of
the free energy on the potential, as noted above, account for
the slight asymmetry.

The site-site interactions of the fully protonated molecules
were calculated by two different methods. According to the
first method these energy terms are assumed to be additive,
therefore, the total interaction ZV L BW., /2.3 was calcu-
lated as the sum of the pairwise terms W ,,/2.3. However,
these terms are strictly additive only within the linear DH
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TABLE 2 Pairwise site-site interactions W,,,, the total influence of the neighboring sites calculated as a sum of all pairwise site-site
interactions and the resulting apparent pK, values calculated according to Eq. 7 used in the two-state model

Site v — C18 C21 c22 c7 (X, BWar)/(23) BW i toat /23 PKapp
Site u | Triplex
Cis 0.10 0.03 0.18 0.33 0.32 8.05
Cy 0.10 1.10 0.02 1.22 1.23 8.23
Cay 0.03 1.08 0.01 1.13 1.13 7.88
C; 0.18 0.02 0.01 0.21 0.23 7.49
Hairpin
Cis 0.07 0.03 3.87 X 107° 0.10 0.10 5.13
Cy 0.07 0.57 1.00 X 107* 0.64 0.63 472
Ca 0.03 0.58 1.00 x 107* 0.61 0.61 4.87
C, 3.60 X 107° 1.01 X 107 1.40 X 107* 27 %X 1074 3% 1073 4.15

All values are given in pH units.

theory. To test this approximation, we also calculated the
corrections to the pK, of each site BW,, (oa/2.3 explicitly,
assuming that the other three sites were simultaneously
protonated. These values are also presented in Table 2,
columns 6 and 7. The site-site interactions calculated by these
two methods are in extremely good agreement, indicating that
the linear DH approximation is valid for these interactions.

Titration and absorbance curves

The titration curves were calculated according to Eq. 8 using
the intrinsic pK, values of Table 1 and the pairwise site-site
interaction energies of Table 2 by averaging the Boltzmann-
weighted site occupancies over all possible protonation
states. This use of fixed conformations assumes that the free
energy change upon protonation is much larger than that due
to any subsequent structural changes within a particular
(triplex or hairpin) conformation and that structural free
energy changes may be described solely by the free energy

difference between the unprotonated triplex and hairpin
conformations.

The shift between the hairpin and triplex titration curves
(Fig. 3 a) reflects the differences in the pK;, values of their
titratable sites (Table 1). The fact that the two curves are not
exactly parallel results from different shifts between pK,
values for the titratable sites in the two conformations and in
the conformational dependence of W .. The midpoints of the
titration curves are 5.7 and 8.0 for the hairpin and triplex
conformations, respectively.

The equilibrium constant K. s for the triplex-hairpin
duplex (7—8) conformational transition in our pH-dependent
two-state model is given by Eqgs. A5—A7 in the Appendix.
This leads to an expression for the absorbance A as a function
of DNA concentration (Cpna), triplex (g,), and duplex (es)
extinction coefficients, and pH (Eq. A13) as

& + &sKoK (pH)

A(pH) =
(PH) = Coxa 1+ KoK (pH)

(10)

FIGURE 3 (a) The theoretical titration
curves (fraction of protonated cytosines, 6
versus pH) calculated for the triplex (dotted)
and duplex (dashed) conformations, respec-

tively. (b) The titration curves (absorbance
versus pH) for which the observable accounts
for the triplex-duplex transition calculated

using Eq. A10 with different Ko: 10® (solid),
107 (dotted), and 10° (dashed). (c) Hill plots
(—logY/(1-Y)) calculated using Eq. Al4 with
different Ko: 10® (solid), 107 (dotted), and 10°
(dashed). (d) Dependence of the Hill coeffi-
cient, ny,, on folding constant K.
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where

A
Kor = = KoK (pH) (11)

is the relative amount of DNA in the duplex (6) and triplex
(1) conformations in the two-state model. In Eq. 10 K|, is the
equilibrium constant for the unprotonated triplex-hairpin
conformational transition and, although difficult to estimate,
can be obtained by fitting an experimental absorption curve.
In Fig. 3 b we show the absorbance as a function of pH for
three values of Ko (10°, 107, and 10®) using the calculated
pK. values and the extinction coefficients ¢s = 0.76 and ¢, =
0.90 (Asensio et al., 1998). The predicted absorbance is seen
to depend strongly on K, Given that the duplex-triplex
transition occurs between 4.5 and 7.0 pH (van Dongen et al.,
1999), the absorbance curves suggest that K lies in the range
10°~108. It then follows that the fully unprotonated oligomer
is more stable in the hairpin than in the triplex conformation
by In(Ky)/8 ~10 kcal/mol. By contrast, the difference in
free energy change gained by protonating all cytosines
in the triplex versus those in the hairpin is BAAG =
2.3 (PKy,. — PKs ) = ~20keal/mol.

To investigate the cooperativity of the triplex-hairpin
transition, we performed a Hill analysis (see Egs. A14 and
A15 in the Appendix). Fig. 3 ¢ shows a plot of —log(Y/
(1 —Y)) versus pH, where Y is the fraction of molecules
with any cytosine protonated (Voet and Voet, 1995), for
several values of K. The slope of this curve at Y = 0.5 (zero
on the ordinate) gives the Hill coefficient (n), which is
shown in Fig. 3 d as a function of log(Ky). Values for ny, are
seen to fall in the range 2.3-2.8 for K, between 10% and 108,
indicating that protonation of the molecule is highly
cooperative (and similar to that in hemoglobin-oxygen
binding) and that protonation and conformation processes
are strongly coupled. Fig. 3 d also shows that cooperativity
vanishes at extreme values of K due to the uncoupling of the
protonation and folding processes.

Simulations of unfolding
Overview

The simple two-state model presented above is useful in
verifying experimental conclusions about the influence of
protonation site position as well as site-site interactions on
pK. values. The calculations also demonstrate a strong
dependence of the pK, values on macromolecular conforma-
tion. Furthermore, this approach explains the general
behavior of experimental titration curves obtained for
triple-helical DNA. The two-state model, however, neglects
any conformational difference between different protonation
substates and so is unable to shed light on the folding or
unfolding pathway, a simple example of which is the opening
of a GC" Hoogsteen pair preceding, and allowing, cytosine
deprotonation (Gueron et al., 1987). Therefore, we have used
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molecular dynamics simulations to investigate the relation-
ship between protonation and subsequent conformational
changes.

Basepair opening

The importance of going beyond a two-state model and
considering the effect of protonation or deprotonation on an
initial conformation is illustrated by the following example.
It has been suggested that deprotonation of cytosine at N3,
which forms a Hoogsteen bond with guanine N7 in the
triplex, is caused by, rather than causes, disruption of the
bond (Leitner et al., 2000). This process can be described by
the scheme

[CG : C+]closed <KO—>£[CG . 'C+]open£CG. ’ C+H+
(12)
and
Kapp = KopenKa~ (13)

If basepair opening is a prerequisite for the triplex-duplex
transition, it should be taken into account in a description of
triplex unfolding. Basepair opening has been studied
experimentally by measuring the exchange rate between
iminoprotons using NMR (Gueron et al., 1987; Leroy et al.,
1988) and has been applied to a 31-mer paperclip DNA
molecule (Macaya et al., 1992a), revealing the following
features (Powell et al., 2001). First, the opening constants
Kopen obtained for AT Hoogsteen pairs are higher than that
for GC™ pairs, indicating the greater stability of the latter due
to background (phosphate) charges stabilizing the positively
charged basepair. Second, K, for GC™* basepairs located
in the center of the molecule are lower than those for GC™ at
the ends, showing increased stability at the center of the
triplex. This observation is consistent with our calculation of
triplex pKj, values discussed above. The increased stability
of the central GC" basepairs also results from positional
constraints imposed by stacking interactions involving the
two neighboring basepairs. This basepair opening has also
been observed in MD simulations (Cieplak et al., 1997; van
Aalten et al., 1999).

Coupling pK, calculations to dynamic structural changes

The two-state model of the triplex-hairpin transition
discussed in a previous section cannot provide insight into
the dynamic mechanism of the process. To couple pro-
tonation with time-dependent structural changes, such as
basepair opening, we combined electrostatic pK, calcula-
tions, as described above, with MD simulations of DNA in
an electrolyte plus water bath. To investigate the triplex-
hairpin unfolding process we started with the molecule in the

fully protonated triplex NMR conformation (denoted 7H™MR
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in Eq. 14 below) and, after adding and relaxing solvent
(water) and counterions, performed a 20-ps equilibration run
to obtain the starting geometry for the system (79). A
complete 1-ns trajectory showed the NMR triplex confor-
mation to be stable with structural changes within ~2.8 A of
the initial NMR structure. However, some local conforma-
tional changes, e.g., reversible basepair opening, especially
for the C;-Gjo Hoogsteen pair located in the CCCG
tetraloop, was observed. Apparent pK, calculations for the
complex (Eq. 7 and Table 2) indicate that at pH 4.5 all
Hoogsteen cytosines should be protonated, consistent with
the observed NMR structure.

To find a specific conformation for which one might
reasonably deprotonate C; (or another cytosine), we ran a 1-
ns simulation starting from 7 and analyzed the resulting
trajectory by plotting the N3(C)-N7(G) hydrogen bond
distances as function of time. A large fluctuation in this
distance would indicate when a basepair opened and one of
the bases becomes more exposed to solvent. This would
suggest when the simulation could be interrupted and the
pKypp values recalculated to determine if a change in the
protonation state of a base was warranted. A proton was
therefore removed (concomitant with charge rearrangement;
see Methods, above) and a new trajectory generated.

The entire process can be summarized by the scheme

NMR  MD 0 MD Tl 1_1 MD 1'2 7_2
4 opsequil. 4 600ps 4 _y+ 2 100ps O _pt 2
MD 3 3 MD 4 4
X T, T\ T, Ty
300 ps _ut 1980 ps _u*
MD 5 0
50, (14)
2000 ps

=
o

Petrov et al.

where superscripts denote a particular conformation, sub-
scripts indicate the number of protonated cytosine bases, and
7 and & refer to the triplex and hairpin structures. This
alternating MD/PB(pK,) procedure was continued until the
molecule was fully deprotonated. This general approach, for
which specifics are related below, was also used to
investigate the initial steps in the hairpin-to-triplex folding
pathway. Our approach explores the behavior of single MD
trajectory and is thus different from the MM/PBSA
(Massova and Kollman, 2000) and MCCE (Georgescu
et al., 2002) approaches that perform electrostatic calcu-
lations on macromolecules in various conformations. A
detailed account of the triplex-hairpin unfolding investiga-
tion now follows.

Instability and deprotonation of the C* CCG tetraloop

Analysis of the triplex structure 79 indicated that all four
basepairs containing protonated cytosines, including those in
the C*CCG loop (Fig. 4 a), were in the closed state (van
Dongen et al., 1999). As mentioned above, analysis of a 1-ns
trajectory displayed major structural changes in the C*CCG
tetraloop (Fig. 4 b) with the N3(C3)-N7(Gyo) and N3(C3 )—
06(Gyg) distances (Fig. 4 ¢) undergoing a significant
increase of ~7 A first at 400 ps and again at 600 ps. A
comparison of snapshots of the initial conformation (72,
almost identical to 7i™MR displayed in Fig. 4 @) and that after
600 ps (r1) showed a distinct opening of the C;-Gig
Hoogsteen basepair (Fig. 4 b). Analysis of the N3-N7
distances in the CG-C™ triads in the triple-helical region also
illustrated the instability of this region. Poisson-Boltzmann
calculations performed on the 7} structure gave a pKopp Of
6.7 for site N3(C7 ), the lowest value among all protonated

o
=)

>
=)

il

#‘WM’ o

FIGURE 4 (a) The NMR conformation of
C; —Gyo in the C*CCG tetraloop (TiMR) of the
triplex. (b) Snapshot of the protonated C*CCG
tetraloop at 600 ps (7}). (¢) The N3(Cy)-

N3(C3) - N7(G,,) distance [A]

g
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Time [ps]

N7(Go) distance during a 1-ns MD simulation
after a 20-ps equilibrium run on 7y® (that is,
starting from conformation 1'2). (d) Snapshot of
the deprotonated CCCG tetraloop after an
additional 1-ns simulation (that is, Té-‘rlns)
to illustrate the separation between bases.
‘T Conformational notation follows that of Eq.
y Q. 14 for this figure and for Figs. 5-8.
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cytosines (Table 3). The C; —Gy basepair opening indicated
by the large fluctuation in the N3-N7 distance would expose
the cytosine N3 atom to solvent, deprotonating it based on its
calculated pK,p, value.

Deprotonation of N3(C7) (to yield conformation Té), along
with the addition of an equilibrated sodium counterion to
maintain system electroneutrality, followed by a 1-ns
simulation, revealed that the CCCG tetraloop expanded
during the first hundred picoseconds due to electrostatic
repulsion between N3(C;) and the N7 and O6 atoms of Gy.
This repulsion led to tilting of G as well as severe changes
in the backbone dihedral angles during the first 100 ps of the
trajectory; a snapshot of basepair C;—G of the CCCG loop
conformation obtained after 1 ns is shown in Fig. 4 d. An
extremely interesting feature of C;—Gpy is the switch
between Hoogsteen pairing in the fully protonated triplex
and Watson-Crick pairing in the fully deprotonated hairpin
duplex (van Dongen et al., 1999). Although we were unable
to observe the flipping of the G, base necessary for this
switch to occur, either during this or later trajectories,
undoubtedly due to the limited nanosecond time regime
investigated by the dynamics, we feel that the noted base
tilting and backbone angle changes strongly hint at the
instability of the loop.

Deprotonation of Czo"

The conformational changes induced by deprotonation of
C;r are not confined to the CCCG loop but are transmitted to
the rest of the molecule. The result of these structural
changes, as well as the influence of solvent interactions, is to
affect the N3-N7 distances of the remaining protonated
G-C™ Hoogsteen pairs. Fig. 5 displays these distances for
the G16—C;2 (Fig. 5 a) and Glz—ClJ’8 (Fig. 5 b) pairs. After
100 ps the N3-N7 distance in the G4~C;, pair, adjacent to
the TTTT tetraloop at the top of the molecule (Fig. 2 a),
increased significantly from 2.9 A to ~5.0 A (Fig. 5 a).
Snapshots of the Gj¢—C;, pair at the beginning of the
trajectory (7}) and after 100 ps (73) are shown in Fig. 5, ¢ and
d, respectively, and show that base C5, has opened out into
the solvent. In contrast, the corresponding distance in the
G12—C{; basepair temporarily increased much less, from 2.8
Ato32A, returning to its initial value at 250 ps (Fig. 5 b).
The same parameter for the G;s—C,, basepair remained

TABLE 3 Apparent pK, values for site N3 of the protonatable
cytosine bases for the triplex conformation during unfolding
(at pH 7.0)

: NMR 0 1 1 2 2 3 3 4 4
Site 7, T4 T, T3 T3 75 T T3 7 T

Cig 8.1 80 80 81 7.7 77 76 176 65 6.6
Cyy 8.2 79 82 82 77 78 88 89 74 74
Cyp 79 82 83 83 72 72 68 68 61 7.2
C; 75 74 67 67 55 55 54 56 59 59

The pK,p, values for the unprotonated sites are shown in bold (the notation
corresponds to that in Eq. 14).
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unchanged, fluctuating around its initial value of 2.9 A. As
a control, we monitored these distances in the initial system
with C; protonated and found that they fluctuated around
their initial values with no significant changes. These
observations strongly suggest that deprotonation of C; not
only induces changes in the tetraloop conformation but is
also responsible for structural changes throughout the entire
molecule and is a key event in initiating the subsequent
transformation toward full deprotonation and the unfolded
hairpin duplex state (van Dongen et al., 1999). In a study of
the reactivity of intermolecular triplexes, Shimizu et al.
(1994) showed that a triad (either TA-T or CG-C ™) adjacent
to a loop displayed increased reactivity to OsO, and so
concluded that this is an unstable region. This would explain
an enhanced sensitivity of G16—C;2 to local structural
perturbations.

The energy of deprotonation of C; induces conforma-
tional changes in the tetraloop. Relaxation of the loop in turn
leads to energy transfer either along the dihedral angles of
the sugar-phosphate backbones or through the base triads by
altering the helical parameters, or both. Full rotation about
the most flexible dihedral angles «, 8, and & is capable of
transferring ~2.5-2.8 kcal/mol, as found from the AMBER
ff94 force field (Cornell et al., 1995). These values
correspond to the maximal energy transfer through the
sugar-phosphate backbone. The force constants for slide and
shift, the two principal helical degrees of freedom for stacked
Watson-Crick bases (Gardiner et al., 2003), are in the range
1-2 kcal/(mol per A?) (Olson et al., 1998). Analysis of the
same trajectory showed the largest change occurred for the
slide parameter, which is a translation of one basepair with
respect to its neighbor toward the backbone (shift is
a translation perpendicular to slide and moves a basepair
into the major or minor groove in B-DNA). Fig. 6 displays
the slide parameter for the Watson-Crick and Hoogsteen
basepairs as a function of time for trajectory 75 (0~100 ps)
before deprotonation of C5, and for the first 100 ps after
deprotonation (trajectory 73). (As helical slide has not yet
been parameterized for Hoogsteen stacking, Watson-Crick
values—see Olson et al., 1998—were used.) During the
trajectory the slide changed by 1.5-2.0 A, corresponding to
a basepair-basepair interaction energy of 6-8 kcal/mol.
There is a slight indication (Fig. 6) that this structural
perturbation propagates primarily along the duplex stem,
reaching the TTTT loop at ~70 ps and just before the
observed base flipping of C3,. As the amount of slide energy
is much larger than that which could be transmitted along the
sugar-phosphate backbone, energy transfer through basepair
stacking appears to be responsible for disruption of the weak
G16—-C,, basepair, and leads to conditions for the deproto-
nation of C5,.

Returning to the observation concerning the increased
G6-C;, distance after 100 ps of trajectory 73, we then
extracted the DNA coordinates and recalculated the pK,p,
values (Table 3). The pK,,, of C; in the CCCG tetraloop was
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found to have been further lowered from 6.7 to 5.5,
indicating that reprotonation of C; and reformation of the
Hoogsteen-paired loop structure is unlikely at this point. The
pKapp values of the third-strand cytosines also decreased
with the largest decrease observed for CJ,, from 8.3 to 7.2
and in agreement with the N3-N7 distance analysis
discussed earlier. The preference among the three third-
strand cytosines for C;, to deprotonate first is not, as might
first be thought, due to its position near one end of the
molecule where the negative electrostatic potential is
weaker. If this were so then the pK,y, for this base would
be the lowest of the three for structure 75, when in fact it is
the highest (or at least equal, within error). Rather this
preference is due to basepairing instability near the TTTT
loop, as mentioned above. Also, structural changes resulting
from deprotonation of the C*CCG loop were transmitted to
the other end of the molecule, further destabilizing the G¢—
C;, basepair. The result after 100 ps of dynamics is a rolling
and tilting of C,, from its original position, exposing the
protonation site to the solvent (Fig. 5, ¢ and d). The
instability of CG-C™ triads adjacent to the TTTT loop has
also been inferred from measurements of cytosine pK,,,
values (Leitner et al., 2000). These values were found to be
lower by a few units than those measured for cytosines near
the interior of DNA structures, suggesting that the H3 atom
of a cytosine adjacent to a loop may no longer be involved in
Hoogsteen pairing but exposed to solvent.

Deprotonation of C1g"

On the basis of the sudden and stable increase in the
N3(C3,)-N7(G6) distance after 100 ps of the 7i—73
trajectory, we interrupted the simulation at this point and
deprotonated C,, (to give 1'%). Recalculated pK,p, values are
given in Table 3. After updating the charges (including an
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FIGURE 5 The N3-N7 distance for the (@)
G16-C5, and (b)) G;—C|; basepairs of the
triplex during a 1-ns MD simulation after
deprotonation of C; (starting from conforma-

H"  tion rl). Snapshots of the C,—G5—C;, triad at
(¢) 0 ps (1) and (d) 100 ps (2).

added counterion), the simulation was restarted from these
coordinates and a 1-ns trajectory generated. The N3-N7
distances for the two remaining Hoogsteen pairs (G1,—C g
and G,—C3,) were then analyzed as before; Fig. 7 a displays
these data for the G,—C pair. The transient instability of
G12—Cj observed during the first 200 ps of the previous
trajectory (Fig. 5 b) is perhaps evident in the more severe
fluctuations seen in Fig. 7 a. However, an obvious point at
which to interrupt the simulation was much more difficult to
discern in this case; we chose, somewhat arbitrarily, 300 ps
(T%). Recalculation of the pK,p, values showed that for this
conformation C was indeed more likely to be deprotonated
than C;,, although most (80%) would remain protonated.
The slight conformational changes in the triad coordinates
may be gleaned by comparing Fig. 7, b (’T%) and ¢ (’T%). To
model those molecules for which C;; was deprotonated at
this point, we updated the charges based on the neutral base
(T?), added a counterion, and generated a 2-ns trajectory,
starting at the interrupted coordinates.

Deprotonation of Cz1"

The remaining protonated Hoogsteen pair is G15—C,; and the
N3-N7 distances during the penultimate simulation are
shown in Fig. 8 a, where a significant increase can be seen at
1980 ps. This conformational change was reversible as long
as the protonation state of C5; remained unchanged.
Snapshots of the C2—G15—C£’1 triad geometry at the start
(Fr?) and end (’r‘l‘) of the run are shown in Fig., 8 b and c,
respectively. To check if the implied base opening was
fortuitous, we generated a second trajectory starting from
conformation 73 but with bases C}; and C;, simultaneously
deprotonated. A similar increase in the N3(C;,)-N7(Gys)
displacement was observed at 1450 ps (data not shown).
Apparent pK, values for N3 (C;l) calculated at the start (T?)
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and end (7{) of the trajectory are listed in Table 3, with the
substantial decrease from 8.9 to 7.4 evident. Also listed are
the pK,pp values after deprotonation of C;; (7§), which
shows a unit increase in the pK,p, for N3(Cy,) resulting from
a strong site-site interaction with neighboring C,;. A final
2-ns trajectory was generated after the last deprotonation to
verify stability of the fully deprotonated structure. Fig. 9
compares the NMR structure (MR Fig. 9 a) with that
obtained at the end of the final simulation (78, Fig. 9 b),
illustrating the separation of the third strand as well as
expansion of the CCCG tetraloop.

Summary of unfolding

A picture of the initial part of the unfolding dynamics
may be obtained by splicing together the separate

0 1.1 2/.2 3.3 4,4 5
7.4_>T4/7-3_>7-3/7-2—>7-2/71—)7]/TO—>TO segments. The

presence of the third strand influences the double-helical
region by pushing the Watson-Crick basepairs toward the
minor groove. This distortion is characterized by an x
displacement of —2.5 + 0.9 A (versus the averages —5.4 A
and —0.7 A for the canonical A and B forms, respectively;
Cieplak et al., 1997). Also, the analysis of this super-
trajectory indicated that the sugar puckers remain in the
range of 126 = 23° (versus ~190° and ~12°), which
corresponds to C1’-exo and C2'-endo conformations, and
the values of the dihedral angle 6 are found to be in a range of
117 = 25° (versus ~80° and ~130°). These observations
suggest that triple-helical DNA assumes a conformation
intermediate between the canonical A and B forms. Our data
are in a good agreement with experimental results (Radhak-
rishnan and Patel, 1994; Macaya et al., 1992b).
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FIGURE 7 (a) The N3(Cj)-N7(Gj,) distance during a 1-ns MD
simulation after deprotonation of C;z (starting from conformation T%).
Snapshots of the C57G127C1+8 triad at (b) O ps (T%) and (c) 300 ps (Tg)A

This combined MD/PB approach suggests that the C"CCG
tetraloop in the particular triplex plays the role of a confor-
mational switch, supporting the contention of van Dongen
et al. (1996) Deprotonation of C; not only induces local
changes in the loop structure but, we believe, also leads to
conformational changes in the helical stem. The data show
that the G16—C,, Hoogsteen pair is much less stable than either
the G15—-C,; and G;,—C ;“8 pairs and that prior deprotonation of
C;' could also help influence G16—C;’2 to open first.
Subsequent deprotonation of C5, then aids the opening first
of G15—C}y and then of Gy5—C5;, with their loss of protons.
Deprotonation of these four cytosines is seen as cooperative in
the sense that structural changes induced by Hoogsteen pair
repulsion after loss of the binding proton as well as site-site
interactions play lead roles. In fact, the presence of the latter
accounts for the nonzipper order of basepair opening.
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FIGURE 8 (a) The N3(Cj;)-N7(Gjs) distance during a I-ns MD
simulation after deprotonation of Cj; (starting from conformation 73).
Snapshots of the C,—G5—C5; triad at (b) 0 ps (3) and (c) 1980 ps (7}).

The simulation of unfolding was not continued after the
fourth and final cytosine deprotonation as it appeared, as
indicated by a few sample trajectories that full or even partial
extension of the third strand was now governed by
electrostatic and solvent-mediated effects in the diffusive
time regime and, as such, were too long for the nanosecond
dynamics investigated here. To obtain a more nearly
complete view of the entire pathway, we therefore repeated
the above MD/PB procedure but from the point of view of
folding by beginning with the unprotonated hairpin duplex
structure of Fig. 2 c.

Dynamics simulations of folding
Summary of folding

The main question we wanted to address in simulating the
folding pathway is whether the sequence of cytosine pro-
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tonation would be the reverse of that found for deprotonation
during unfolding. We were also interested in the stability of
the CCCG tetraloop. The folding simulation began with
the hairpin duplex coordinates used for the equilibrium
studies (labeled 88 in Eq. 15 below and shown as a cartoon in
Fig. 10 a and in detail in Fig. 2 ¢). In analogy with the
unfolding scheme shown in Eq. 14, we give that for folding

80(10a) —— 85(10a)
+3H"
X %5;(1019) 83(10c) 83(10d)
MD 4 4 0
o 08 ™, (15)

where the notation in parentheses refers to the cartoons of
Fig. 10. Calculated pK,p, values for particular conforma-
tions of the hairpin are listed in Table 4. These show that,
for the extended hairpin structure (88), all cytosines remain
unprotonated at neutral pH, hence implying the stability of
the hairpin duplex under this condition. Lowering the pH to
4.5 to initiate folding, results in the protonation of all
cytosines in the extended third strand. However, C; in the
CCCG tetraloop would remain unprotonated (67%) and
retain its Watson-Crick pairing with G;o. Because pro-
tonation of most of the titratable sites occurs immediately
upon lowering of the pH (the three sites are already
exposed to solvent), we may already conclude that the
sequence of events involved in folding do not mirror those
of unfolding.
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FIGURE 9 (a) The NMR triplex conforma-

tion 7yMR compared with (b) the final confor-

mation 73 obtained after a 2-ns simulation on

4
the fully deprotonated structure 7.

To investigate the effect of third-strand protonation on the
folding dynamics, we ran a 3-ns MD simulation starting from
conformation &9, at the end of which the extended third
strand of the molecule was bent by ~90° with respect to the
double-helical region (6; and shown in Fig. 10 b). To verify
that this bend was due to reduced electrostatic repulsion
between the extended strand and the duplex, we also
generated a 2-ns trajectory based on the fully unprotonated
structure 8) and observed no significant global conforma-
tional change during the run. Analysis of the helix param-
eters for the 88 duplex region showed the x displacement to
lie in the range —1.6 + 0.8 A. This value is more positive
than that calculated for the folded triple-helical structure and
indicates that the hairpin conformation at neutral pH is closer
to the canonical B-form of DNA than the triplex structure.
However, this value, along with data of the time-averaged
sugar puckers (118 = 34°) and dihedral angles (123 * 21°),
still suggests that the hairpin structure lies between the A and
B forms.

As complete protonation of the extended strand followed
by three nanoseconds of simulation had moved the pathway
into the diffusive regime, we suspended the MD/PB
procedure at this point. However, the results of the method
have allowed us to elicit the essential features of the folding
mechanism. To summarize, the unprotonated hairpin is
stable at neutral pH. Lowering of the pH to 4.5 immediately
leads to protonation of all extended-strand cytosines and
a reduction in the electrostatic repulsion between this strand
and the duplex. This decrease appears to be enough for the
extended arm to bend approximately at right angle to the
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FIGURE 10 The artificially generated (a) hairpin and (b—d) partially
folded hairpin conformations used to investigate the folding pathway. The
hairpin conformation (a, 58) was constructed as described in the text in
connection with Fig. 2 ¢; conformation (b, 8;) was obtained by protonating
the three cytosines on the extended arm of the hairpin and running a 3-ns
MD simulation; conformations (c, 5%) and (d, 8%) were artificially
constructed from the hairpin conformation by changing dihedral angles in
the TTTT tetraloop and equilibrating the structures (see the text for
additional details).

duplex, at which point diffusive fluctuations cause it to
approach closer to the duplex, ultimately providing a con-
formation suitable for Hoogsteen pairing between bases of
the third strand and the duplex to occur. Before or after this
pairing, G in the CCCG loop flips over and Hoogsteen-
pairs with a protonated C;’ . To gain insight into the sequence
of events involved in the reorganization of the CCCG loop,
we performed several additional MD simulations which we
now describe.

Conformational changes in the CCCG tetraloop

To investigate the stability of the unprotonated CCCG loop
in the Watson-Crick conformation, we artificially created
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TABLE 4 Apparent pK, values for site N3 of the protonatable
cytosine bases for the hairpin during folding (at pH 4.5)

Site &) (10a) 89 (10a) 8} (106) &% (10c) &3 (10d) &% &}
Cig 5.2 5.1 5.2 5.3 63 65 64
Ca 5.4 4.7 5.1 5.4 58 59 59
Cx 5.5 4.9 5.6 6.0 63 64 64
ot 4.2 4.2 4.2 4.3 4.3 44 44

The pK,p, values for the protonated sites are shown in bold (the notation
corresponds to that in Eq. 15).

two hairpin structures intermediate between the triply-
protonated 83 conformation and the NMR triplex (7jyMR) in
the same manner as the extended hairpin 8) was made
(including 20 ps of MD equilibration). These conformations,
6% and 82, in which the angles between the third strand and
the duplex are ~20° and 5°, are shown in Fig. 10, ¢ and d,
respectively, and were intended to model the later stages of
folding. In the sequence {89, 8}, 83, 83} of comparative
structures, C;—Go forms a Watson-Crick pair and the third-
strand bases C;’S, C;’l, and C;z are protonated. Calculated
pKpp values for these conformations are listed in Table 4
and show that bending the protonated third strand with
respect to the duplex from 180° (8(3)) to 90° (8;) to 20° (8%)
has little effect on the proclivity for N3(C) to protonate. A
1-ns MD simulation on conformation 8% also showed the
C7—Gy pair to remain intact in the Watson-Crick bonding
pattern with a final, essentially unchanged pK,, for N3(C)
of 4.23. From these data we infer that it is only when the
extended strand approaches to <<5° of the duplex that N3(C;)
is protonated at pH values near 4.5.

We therefore focused more closely on a comparison
between the CCCG loop structure in the unprotonated
hairpin conformation (8) and that with the 5° third-strand-
duplex bend (83). Two 1-ns MD trajectories were
generated, one starting from the unprotonated extended
conformation (88) and a second starting from the triply-
protonated, partially-bent conformation (8;) and the
N3(C;)-N1(Gy() distances compared (Fig. 11, a and b).
For the latter trajectory the analysis of the data disclosed
large fluctuations, indicating that H-bonds in the C;—Gyq
pair had become weaker. This results from the approach of
T,7 to basepair Te—A; adjacent to pair C;—Gyo, inducing
the former to open by a few degrees (Fig. 11 ¢). This then
leads to an unwinding of the double-helical fragment as
shown by a change in the twist measured for C;—Gyq
relative to Te—A; (Fig. 11 d), consequently weakening the
H-bonds in the CCCG loop. In the first significant
fluctuation during the 6% trajectory, this distance has
increased from 2.95 A to 3.17 A by 165 ps (Fig. 11 b),
compared to the average value of 2.96 A for the 58 (Fig. 10
a). At this point the distance decreases back down, only to
repeat this cycle ~160 ps later. As seen in Fig. 10 d, there
is some correlation with the change in twist angle.
Extracting the coordinates of the conformation at 165 ps
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(8‘3‘) provided a slight increase in the pK,p, for N3(C;) to
4.4. Protonating this structure (82) and running a 2-ns MD
simulation revealed a partial rearrangement of the C*CCG
loop (G flips out of the stack, but does not turn over);
however, the complete Watson-Crick-to-Hoogsteen transi-
tion for C;’ —Gjo was not observed.

From these observations, and in agreement with the
sequence of events observed in the folding study discussed
earlier, the data suggest that transformation from an
unprotonated Watson-Crick C;—Gy( pair to a protonated
Hoogsteen C;' —Gjp pair is probably coupled to structural
changes induced by binding of the third strand to the duplex.
This would suggest that although deprotonation of the
C'CCG tetraloop might act as a conformational switch
during unfolding of the triplex by inducing the third strand to
dissociate from the duplex, binding of the third strand to the
duplex during folding is the switch that induces opening of
C7—G, leading to protonation of C; and rebinding with G
as a Hoogsteen pair. This is, of course, speculative but
consistent with the data.

Van Dongen et al. (1996) have hypothesized two possible
mechanisms for the formation of the C;’ -Gy basepair.
According to their first mechanism the Watson-Crick-to-
Hoogsteen transition results directly from the lowering of the
pH and is subsequently followed by protonation of C;. In
this case the conformational changes in the CCCG loop
would be independent of third-strand folding. Our dynamics
data tend to discount this. Alternatively, they suggested that
the transition might be mediated by conformational changes
in the duplex that are induced by folding of the third strand,
in agreement with the view posited above. However, longer
timescale studies appear necessary to clarify this picture.

400 600 800

|
0 W}WWW

1000
Time [ps]
DISCUSSION

The hairpin/triplex transition of DNA is a complex process
that is driven by the exchange between the electrostatic
energy of protonation/deprotonation and the internal (bond)
energy of the macromolecule, aided by interactions with the
solvent. A simple two-state equilibrium model is useful in
explaining the general behavior of the experimental titration
curves and can in fact be used to provide an estimate of the
free energy difference between the unprotonated (or pro-
tonated) endstates. This model also shows that protonation
and folding of this H-DNA oligomer are coupled and highly
cooperative. The observation that evolutionary processes
commonly take advantage of cooperativity lends support for
a biological role for H-DNA.

A more detailed approach is required to investigate
intermediate states along the folding pathway and the
combined MD/PB method used here seems noteworthy. Of
particular interest is the asymmetry in the protonation/
deprotonation sequence for the pH-induced folding/unfold-
ing of this molecule. Also, it appears that the C*CCG
tetraloop plays a central role in the unfolding transition.
Containing the first cytosine to deprotonate, the loop may act
as a conformational switch, initiating structural changes
throughout the molecule, thus inducing deprotonation and
dissociation of the third strand in preparation for unfolding.
Perhaps a better description of the CCCG loop would be as
a conformational lock. Only when the third strand is
protonated and in close proximity to the duplex, and perhaps
Hoogsteen-paired with it, does it appear that the CCCG loop
protonates, with the guanine base flipping from its Watson-
Crick position to form a Hoogsteen pair, essentially locking
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the entire structure in place. Unfolding the molecule then
requires that the structure first be unlocked through depro-
tonation of the C*CCG loop.

Finally, we make one comment regarding the lack of
a C*CCG tetraloop in H-DNA for which the system studied
here was used as a model (van Dongen et al., 1996). The
effect of a conformational change in the tetraloop leading to
deprotonation of the first cytosine in the third strand (C5,)
may be viewed as a structural perturbation due to the binding
by, or at least influence of, another molecule (protein, drug,
or cation) six-basepairs distant, and may thus not be entirely
irrelevant to the regulatory role of H-DNA in transcription
and replication.

In summary, the complementary use of a two-state
equilibrium model and a combined MD/PB dynamic ap-
proach has provided a fairly detailed picture of this simple
yet rich system. Extension of these techniques to similar
problems such as the magnesium-induced folding of RNA
should be equally rewarding.

APPENDIX

Consider a molecule (DNA) that can assume two conformations, which we
designate as 7 (triplex) and 6 (duplex). Consider also that this molecule and
hence each conformation possesses N (necessarily nonidentical) protonat-
able sites. We identify the protonation state of a conformation by the total
number of sites which are protonated, thus giving N + 1 possible states for
each conformation and ranging from fully unprotonated to fully protonated.
Within each of these protonation states are N;=(N!)/((N —i)li!) pro-
tonation substates determined by the specific sites that are protonated. The
70 conformational transition can be described by the two-state equilibrium
constant

z

1%

X
|
I
=
I
i
T

(AD)

Z

=)
1

Il
o
Il

=

where A and T are total concentrations of duplex and triplex, and i and j
indicate the protonation state and substate of the particular conformation,
respectively. To express K, s in terms of pH, we require the free energy
change as a function of pH between the fully unprotonated state (6o = 6¢;;
no second subscript is necessary since this state is unique) and a particular
protonation substate. (We could also start from the fully protonated state 8,4.)
That is, we want the equilibrium constant Kg for the protonation scheme

(A2)

5
80 + IHJr (—U Sij

as well as the corresponding expression for the 7-conformation. Assuming
that no structural changes contribute to the free energy upon protonation, the
Bashford-Karplus method can be used to obtain the equilibrium constant for
reaction A2 (Bashford and Karplus, 1990):
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K; = 7[H+]i exp (2.3 in‘j‘(pKimw —pH) — Ein‘joijWW ,
u wy

(A4)

where x* denotes a protonation state ‘‘vector’’ for a site u which takes the
value 1 or 0 depending on whether substate ij of site u is protonated or not.
Equation A4 also contains a correction term W,,,, (W, = 0) that accounts
for the interaction between mutually protonated sites in a substate.
Combining Eqgs. Al, A3, and A4, along with the corresponding expression
for the 7-conformation, gives the desired result for the -6 equilibrium
constant of

K, s = K,K(pH), (A5)
where
[7o]

is the high-pH limit of K, s corresponding to the free energy change
(BAG, = —2.3 pK) for the transition between unprotonated conformations,
and the pH-dependent part of the equilibrium constant is contained in the
quantity

B v
Y exp|2.3 fo; (pKim# —pH) — Ein’;xiijw
v

ij Iz

K(pH) = 8
> exp| 2.3 3. (P, — PH) = Y xiW,
ij Iz wy
(A7)

The equilibrium constant has the obvious limits corresponding to the fully
protonated and unprotonated states of

lim K, 5 = B i K. 5= %] (A8)

low pH [74] high pH [To}

Proton exchange NMR measurements can be used to obtain K,_5 at different
pH. The apparent equivalence point is the pH at which the triplex and duplex
concentrations are equal, and corresponds to the condition K, 5 = 1. By
using Egs. Al and AS, and along with the conservation requirement

A + T = CDNAa (A9)

where Cpna is the total concentration of DNA, the total concentration of
each conformation is given by

o CDNAKoK(pH)
APH) =77 KoK (pH) (ALD)
and
. Coxa
T(pH) = ;s KK i) (Al1)

For a measured property of the system that depends linearly on the
concentrations of the conformations and is independent of protonation
substates, such as the absorbance A, we can write

A =¢gA+e,T, (A12)
where &5 and ¢, are the extinction coefficients of the duplex and triplex
conformations, respectively, and are assumed to be independent of pH.
Equations A10-A12 allow us to express the absorbance in terms of pH:
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& + KoK (pH)

A(pH) = .
(PH) = Cona 1 + KoK (pH)

(A13)
The low- and high-pH limits of Eq. A8 show that the absorbance curve
displays the expected sigmoidal shape. Using Eq. A13 to fit an absorbance
curve allows one to determine the sole fitting parameter K, and hence the
free energy for the unprotonated conformational transition.

A similar analysis can be used to calculate the Hill coefficient (1)
describing the cooperativity of the transition. The Hill coefficient is given by
the slope of —log(Y/(1 —7Y)) versus pH at ¥ = 0.5, where Y is the

protonated fraction of DNA (Voet and Voet, 1995). Following the notation
above, the protonated fraction is given by

N N N N
PN
i=1j=1 i=1j=1
Y= NJNi : N N
8o+ ) 2 [85] + 1o+ Y Y [mil
i=1j=1 i=1j=1
N N; N N;
PRI
i=1j=1 i=1j=1
~ X N N N (Al4)
0o t Z 6] + Z (7]

with the second line of Eq. A14 following from K = 6¢/7o > 1. Use of Egs.
A3, A4, and A6 then give

Y B y
—— =Yexp|23Y 2 (pKy,, — PH) — = Y Xix! W,
-y % . 2%

_ . B —
+K, 1 Zexp 2.3 in’;(pKimW—pH) - EZXGLXUWW ,
ij ® v

(A15)

which, when plotted as —log(Y/(1 —Y)) versus pH, yields the Hill
coefficient.
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	AppendixConsider a molecule (DNA) that can assume two conformations, which we designate as &tau; (triplex) and &delta; (duplex). Consider also that this molecule and hence each conformation possesses N (necessarily nonidentical) protonatable sites. We identify the protonation state of a conformation by the total number of sites which are protonated, thus giving N
+1 possible states for each conformation and ranging from fully unprotonated to fully protonated. Within each of these protonation states are 
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where &Delta; and T are total concentrations of duplex and triplex, and i and j indicate the protonation state and substate of the particular conformation, respectively. To express K

&tau;-&delta;
 in terms of pH, we require the free energy change as a function of pH between the fully unprotonated state (&delta;
0
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&delta;
01; no second subscript is necessary since this state is unique) and a particular protonation substate. (We could also start from the fully protonated state &delta;
4.) That is, we want the equilibrium constant 
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as well as the corresponding expression for the &tau;-conformation. Assuming that no structural changes contribute to the free energy upon protonation, the Bashford-Karplus method can be used to obtain the equilibrium constant for reaction A2 (Bashford and Karplus, 1990):
(A4)
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where x



 denotes a protonation state &ldquo;vector&rdquo; for a site 
 which takes the value 1 or 0 depending on whether substate ij of site 
 is protonated or not. Equation A4 also contains a correction term W



 (W




&equiv;0) that accounts for the interaction between mutually protonated sites in a substate. Combining Eqs. A1, A3, and A4, along with the corresponding expression for the &tau;-conformation, gives the desired result for the &tau;-&delta; equilibrium constant of
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is the high-pH limit of K
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 corresponding to the free energy change (
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=&minus;2.3 pK0) for the transition between unprotonated conformations, and the pH-dependent part of the equilibrium constant is contained in the quantity
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The equilibrium constant has the obvious limits corresponding to the fully protonated and unprotonated states of
(A8)
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Proton exchange NMR measurements can be used to obtain K

&tau;-&delta;
 at different pH. The apparent equivalence point is the pH at which the triplex and duplex concentrations are equal, and corresponds to the condition K

&tau;-&delta;

=1. By using Eqs. A1 and A5, and along with the conservation requirement
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where C
DNA is the total concentration of DNA, the total concentration of each conformation is given by
(A10)
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For a measured property of the system that depends linearly on the concentrations of the conformations and is independent of protonation substates, such as the absorbance A, we can write
(A12)
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where &epsiv;

&delta;
 and &epsiv;

&tau;
 are the extinction coefficients of the duplex and triplex conformations, respectively, and are assumed to be independent of pH. Equations A10-A12 allow us to express the absorbance in terms of pH:
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The low- and high-pH limits of Eq. A8 show that the absorbance curve displays the expected sigmoidal shape. Using Eq. A13 to fit an absorbance curve allows one to determine the sole fitting parameter K
0 and hence the free energy for the unprotonated conformational transition.
A similar analysis can be used to calculate the Hill coefficient (n
h) describing the cooperativity of the transition. The Hill coefficient is given by the slope of 
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 versus pH at Y
=0.5, where Y is the protonated fraction of DNA (Voet and Voet, 1995). Following the notation above, the protonated fraction is given by
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with the second line of Eq. A14 following from K
0
=
&delta;
0/&tau;
0
&gg;1. Use of Eqs. A3, A4, and A6 then give
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which, when plotted as 
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 versus pH, yields the Hill coefficient.
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