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ABSTRACT: Nuclear magnetic resonance spectroscopy has been used to characterize opening reactions
and stabilities of individual base pairs in two related DNA structures. The first is the triplex structure
formed by the DNA 31-mer 5′-AGAGAGAACCCCTTCTCTCTTTTTCTCTCTT-3′. The structure belongs
to the YRY (or parallel) family of triple helices. The second structure is the hairpin double helix formed
by the DNA 20-mer 5′-AGAGAGAACCCCTTCTCTCT-3′ and corresponds to the duplex part of the
YRY triplex. The rates of exchange of imino protons with solvent in the two structures have been measured
by magnetization transfer from water and by real-time exchange at 10°C in 100 mM NaCl and 5 mM
MgCl2 at pH 5.5 and in the presence of two exchange catalysts. The results indicate that the exchange of
imino protons in protonated cytosines is most likely limited by the opening of Hoogsteen C+G base pairs.
The base pair opening parameters estimated from imino proton exchange rates suggest that the stability
of individual Hoogsteen base pairs in the DNA triplex is comparable to that of Watson-Crick base pairs
in double-helical DNA. In the triplex structure, the exchange rates of imino protons in Watson-Crick
base pairs are up to 5000-fold lower than those in double-helical DNA. This result suggests that formation
of the triplex structure enhances the stability of Watson-Crick base pairs by up to 5 kcal/mol. This
stabilization depends on the specific location of each triad in the triplex structure.

Triple-helical nucleic acid structures are formed by binding
of a third strand in the major groove of a double-helical
nucleic acid. Formation of these structures generally requires
a tract of purines in one strand of the double helix and a
tract of pyrimidines in the other strand. The base composition
of the third strand can be purine or pyrimidine rich. In YRY1

triple helices, the third strand is pyrimidine rich and binds
parallel to the homopurine strand of the double helix. In
contrast, in RRY triple helices, the purine-rich third strand
is oriented antiparallel to the homopurine strand of the double
helix (1, 2).

During the past decades there has been a resurgence of
interest in triple-helical structures of nucleic acids due to
their potential biological roles and applications. A biological
role for these structures is suggested by the fact that long
tracts of contiguous oligopurines occur in eukaryotic ge-
nomes at frequencies 3-6-fold higher than that predicted
on a statistical basis (3). Many of these sequences are mirror
repeats and can form triple-helical H-DNA structures in
negatively supercoiled plasmids (4-6). Base sequences
capable of forming H-DNA structures have been implicated
in a variety of biological processes such as transcription
control (2), lytic replication of the Epstein-Barr virus
genome (7), and homologous recombination (8, 9).

Applications of triple-helical structures in biotechnology
and molecular medicine rely upon the ability of triplex-
forming oligonucleotides to target base sequences in double-
helical DNA with a degree of specificity comparable to, or
even greater than, that of regulatory DNA-binding proteins.
In the antigene strategy, the targeted sites are located within
coding regions or upstream of the genes of interest. Forma-
tion of triple-helical structures at these sites inhibits tran-
scription in vitro (10-12) and in vivo (13, 14). Triplex-
forming oligonucleotides can also be used as sequence-
specific endonucleases by covalently linking them to DNA-
cleaving agents such as Fe(II)-EDTA or copper(II) phenan-
throline (15, 16). Such artificial endonucleases can access
rare sites on the genome with high specificity, thus having
great value for physical mapping of chromosomes (17).

The understanding of the possible biological roles of
nucleic acid triple helices, as well as the design and use of
triplex-forming oligonucleotides, requires understanding how
the structure and stability of triple helices depend on their
base sequences and on solution conditions. High-resolution
structures for several YRY and RRY DNA triple helices have
been obtained by nuclear magnetic resonance (NMR)
spectroscopy (18, 19). The structures have revealed the base
pairing schemes for canonical and noncanonical base triads,
the orientation and the conformation of the third strand, and
the conformational changes induced in the duplex by binding
of the third strand in its major groove. The stability of
triple helical structures has been extensively characterized
by UV absorbance spectroscopy, calorimetric techniques, gel
electrophoresis, and quantitative affinity cleavage titration
(20-24). These studies have shown that the overall stability
of DNA triple helices is strongly influenced by the base
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sequence, length of the strands, and presence of triplet
mismatches and looped-out bases, as well as solution con-
ditions such as temperature, pH, and salt concentration.

The present work extends these previous investigations
by providing a characterization of the stability of a DNA
triple helix at the level of individual base triads. The DNA
triple helix investigated belongs to the YRY family (Figure
1B) and is the first intramolecular DNA triplex for which a
model structure was derived from NMR data (25). Moreover,
this triple helix has served as a reference for subsequent
structural studies of triple helixes containing noncanonical
triads (26) and changes in the intramolecular loops (27). To
compare triple- and double-helical structures directly, we
have also characterized the DNA hairpin corresponding to
the duplex part of the triplex structure (Figure 1C).

MATERIALS AND METHODS

DNA Samples.The two DNA oligonucleotides were
synthesized on an Applied Biosystems 381A automated DNA
synthesizer using the solid-support phosphoramidite method.
They were purified by reverse-phase HPLC on a PRP-1
column (Hamilton) in 50 mM triethylamine acetate buffer
at pH 7 with a gradient of 10-20% acetonitrile in 32 min.
The counterions were replaced with Na+ ions by repeated
centrifugation through Centricon YM-3 tubes (Amicon Inc.).
Unless otherwise indicated, the final samples were in 100
mM NaCl and 5 mM MgCl2 at pH 5.5 (measured at 10°C).
The sample of the triplex contained 230 OD260 units of DNA
and that of hairpin 140 OD260 units.

NMR Experiments.The NMR experiments were performed
at 10°C on a Varian INOVA 500 spectrometer operating at
11.75 T. One-dimensional (1D) NMR spectra were obtained
using the jump-and-return pulse sequence (28). Proton
exchange rates were measured in experiments of transfer of
magnetization from water and in real-time exchange experi-
ments.

In transfer of magnetization experiments, the water proton
resonance was selectively inverted using a Gaussian 180°
pulse (6.4 ms). The intensity of imino proton resonances was

measured as a function of the exchange delay,τ, following
water inversion. A weak gradient (0.21 G/cm) was applied
during the delayτ to prevent the effects of radiation damping
upon the recovery of water magnetization to equilibrium.
The observation was with the jump-and-return pulse se-
quence. The dependence of the intensity of an exchangeable
proton resonance on the delayτ is described by (29)

with

whereI0 is the intensity at equilibrium,R1 is the longitudinal
relaxation rate, andkex is the exchange rate for the proton of
interest;Rw is the longitudinal relaxation rate of water, and
q ) Iw(0)/I0

w expresses the efficiency of water inversion (e.g.,
q ) -1 for perfect inversion). In each experiment, 27-30
values of the exchange delay were used. To avoid the effects
of spin diffusion, the exchange delays ranged from 2 to 600
ms. The intensity of the exchangeable proton resonance of
interest was fitted as a function of the exchange delayτ to
eq 1, using a nonlinear least-squares program. The errors
reported in the paper are those obtained from the fit.Rw and
q were measured in separated experiments. The transfer of
magnetization experiments allowed measurement of ex-
change rates faster than∼0.2 s-1. For slower exchange rates,
the time dependence of the magnetization (eq 1) is dominated
by the longitudinal relaxation of the imino proton and of
water protons, and the exchange rates cannot be measured
accurately.

In real-time exchange experiments, the exchange was
initiated by adding D2O to a concentrated DNA solution in
H2O, to a final volume fraction of D2O of ∼80%. A total of
64 transients were accumulated for each spectrum with a
total acquisition time of 4 min per spectrum. The intensity
of each resonance was measured using standard deconvo-

FIGURE 1: (A) Structures of C+‚GC and T‚AT triads (5). (B) Base sequence and folded conformation of the DNA 31-mer triplex investigated
(25). (C) Base sequence and folded conformation of the DNA 20-mer hairpin investigated. In panels B and C, Watson-Crick hydrogen
bonding is indicated by vertical bars, and Hoogsteen hydrogen bonding is indicated by asterisks. The bases shown in bold contain hydrogen-
bonded imino groups.

I(τ) ) I0 + [I(0) - I0 - A]e-(R1 + kex)τ + Ae-Rwτ (1)

A ) (q - 1)
kex

R1 + kex - Rw
I0
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lution software (Varian) and fitted as a function of the
exchange timeτ to the equation

whereI(∞) is the intensity in a fully exchanged sample. Due
to the time elapsed between the initiation of exchange and
the first NMR spectrum (7-12 min), the fastest exchange
rate that can be measured in real-time exchange experiments
is ∼10-3 s-1.

The NOESY experiments used to assign the imino proton
resonances of the DNA hairpin were performed with a
mixing time of 150 ms and a regular NOESY pulse sequence
in which each pulse was replaced by a jump-and return pulse
(30).

Theory of Imino Proton Exchange.In nucleic acids, the
exchange of imino protons with solvent protons occurs by
transient opening of the base pairs. In the open state, the
imino proton is accessible to proton acceptors, and its
hydrogen bonds are broken. The open state is short-lived
and thermodynamically unfavorable. Accordingly, the rate
of exchange of a given proton is (31)

wherekop is the rate of opening of the base pair,kcl is the
rate of closing, andkex,open is the rate of proton exchange
from the open state. The equilibrium constantKop ) kop/kcl

defines the free energy change for the opening reaction (32):

The exchange of the imino proton from the open state
occurs by two mechanisms. In one, the exchange is catalyzed
by external proton acceptors present in solution, e.g., OH-,
Tris base, and ammonia. Accordingly, the rate of exchange
by external catalysis is proportional to the acceptor concen-
tration (31, 32):

The rate constantkA depends on the pK values of the imino
group and of the acceptor:

wherekcoll is the rate of collision between the imino group
and the acceptor andF is the fraction of productive transfers
of the proton in the transient hydrogen-bonded complex
between the imino group NH and the acceptor:

with ∆pK ) pK(acceptor)- pK(NH). The rate constantkA

is normally approximated askA ) RkA
0, wherekA

0 is the
rate constant for proton exchange in an isolated nucleoside.
R is an empirical coefficient that accounts for any differences
between external catalysis in the open state of the base pair
and that in free nucleosides. Experimental evidence for
various catalysts indicates that, in double-helical DNA,R
e 1 (33, 34).

The second mechanism for exchange of imino protons
involves proton acceptors in the same DNA molecule. The

current model for this intrinsic catalysis (35) assumes that,
in the open state, the two bases remain close to each other
and form an outer-sphere complex with a water molecule.
The proton acceptors are the nitrogens in the other base of
the open base pair; for example, for an open Watson-Crick
AT base pair, the acceptor of the N3H proton of thymine is
the N1 group in adenine. The rate of exchange resulting from
this intrinsic catalysis,kex,open

int , is also directly proportional
to the fraction of productive transfers,F, from the NH group
to the acceptors [eq 7 (35)]. Experimental evidence provided
by Gueron and co-workers indicates that the same open state
of the base pair is involved in both external and intrinsic
catalysis (35). Accordingly, the total rate of exchange from
the open state is

The base pair opening parameters that can be obtained
from measurements of exchange rates depend on how the
rate of proton exchange from the open state compares with
the rate of base pair closing. According to eq 3, one
distinguishes two limiting cases:

(i) When kex,open. kcl (EX1 regime)

i.e., exchange is limited by the rate of base pair opening. In
this case, the exchange rate provides directly the rate of
opening.

(ii) When kex,open, kcl (EX2 regime)

i.e., exchange is slowed relative to that in the open state by
a factor equal to the equilibrium constant for opening,Kop.

RESULTS

The two DNA molecules investigated are shown in Figure
1. The DNA 31-mer has been first studied by Feigon and
co-workers (25). These authors have shown that, in acidic
solutions, the 31-mer folds into an intramolecular YRY
triplex: the pyrimidine strand segment Y (bases 24-31) is
located in the major groove of the hairpin duplex in an
orientation parallel to the R strand (bases 1-8). The triplex
contains seven canonical C+‚GC and T‚AT triads (Figure
1). The NMR resonance of the imino proton in thymine T24

was not observed in the spectrum. This indicated that T24

does not form Hoogsteen hydrogen bonds with the A1T20

base pair and, thus, is not part of a triad (25). The base
sequence of the DNA 20-mer is the same as that in the duplex
part of the triplex. As shown below, in solution, this 20-mer
forms a double-helical hairpin structure.

The NMR resonances of interest to the present study are
the proton resonances originating from imino groups in the
two DNA structures. They are shown in Figure 2. In the
DNA triplex, these resonances have been assigned to
individual bases by Feigon and co-workers (25). The imino
proton resonances of the hairpin occur in the same spectral
region (i.e., 12.5-14.5 ppm), indicating that the 20-mer is
in a double-helical hairpin conformation. We have assigned
each resonance to a specific imino group in the hairpin using
NOESY experiments (results not shown). The resonances

I(τ) ) [I(0) - I(∞)] exp(-kexτ) + I(∞) (2)

kex )
kopkex,open

kcl + kex,open
(3)

∆Gop ) -RT ln Kop (4)

kex,open
ext ) kA[acceptor] (5)

kA ) kcollF (6)

F ) (1 + 10-∆pK)-1 (7)

kex,open) kex,open
ext + kex,open

int (8)

kex ) kop (9)

kex ) Kopkex,open (10)
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of the bases located close to the ends of the duplex, i.e., G2,
T18, and T13, were identified by their gradual broadening upon
increasing temperature.

The exchange rates of imino protons in both DNA
structures were measured using transfer of magnetization
from water and real-time exchange experiments. A repre-
sentative series of spectra during real-time exchange is shown
in Figure 3. Spectra from transfer of magnetization experi-
ments are provided as Supporting Information. The exchange
rates are summarized in Table 1. Depending on the exchange
rate three classes of protons can be distinguished. In class I,
the exchange rates range from 0.4 to 42 s-1. This class
contains the N3H protons of the protonated cytosines (i.e.,
C25

+, C27
+, and C29

+) and of the terminal thymines (i.e., T13,
T20, and T31) in the triplex and G-N1H and T-N3H protons
of the Watson-Crick base pairs in the hairpin. In class II,

the exchange rates are∼10-3 s-1 or slower. This class
contains only triplex protons: G-N1H and T-N3H protons
of Watson-Crick base pairs (i.e., G2, G4, G6, T16, and T18)
and T-N3H protons of Hoogsteen base pairs (i.e., T26 and
T28). The exchange rates of the imino protons in Watson-
Crick base pairs of the triplex are lower than those in the
hairpin by factors of up to 5000. In class III, the exchange
is too slow to be measured in experiments of transfer of
magnetization from water (kex < ∼0.2 s-1) and too fast to
be detectable in real-time exchange measurements (kex >
∼10-3 s-1). The imino protons of T14 and T30 in the triplex
fall in this class.

To elucidate the mechanism of exchange of imino protons
in the DNA triplex, we have also investigated the effects of
external catalysis by added proton acceptors. The catalyst
investigated was acetate. The choice of acetate was dictated
by its low pK value [pK ) 4.76 at 10°C (36)], which allows
larger concentrations of acetate base to be obtained in the
pH range in which the triplex structure is stable. The
concentration of acetate was varied from 0 to 0.45 M at pH
5.5 (corresponding range of the concentration of acetate base
0-0.38 M) in the presence of 100 mM NaCl and 5 mM
MgCl2. Catalysis by acetate was observed for N3H protons
of the thymines in the third strand, except T31. An example
of acetate catalysis is shown in Figure 4 for T28. No catalysis
by acetate was observed for imino protons of protonated cyto-
sines or for those of Watson-Crick base pairs in the DNA
triplex. This result is illustrated in Figure 4, which shows
that the exchange rates of cytosine N3H protons are constant
upon increasing the acetate base concentration to 0.34 M.

The exchange of imino protons in the DNA hairpin was
further characterized in order to obtain the kinetic parameters
for base pair opening in this structure. The exchange rates
were measured in transfer of magnetization experiments at
pH 8.26 using Tris as an external catalyst. The rationale for
choosing these experimental conditions was 2-fold. First, the
pK value of Tris [8.61 at 10°C (37)] is close to the pK’s of

FIGURE 2: NMR resonances of imino protons in the DNA triplex
(A) and the DNA hairpin (B) investigated in 100 mM NaCl and 5
mM MgCl2 in 90% H2O/10% D2O at pH 5.5 and at 10°C.

FIGURE 3: Imino proton NMR resonances of the DNA triplex
during real-time exchange measurements. Experimental conditions
are the same as in Figure 2. The exchange time (in minutes) is
indicated for each spectrum.

Table 1: Exchange Rates of Imino Protons in the DNA Triplex and
Hairpin Investigated in 100 mM NaCl and 5 mM MgCl2 at pH 5.5
and at 10°C

DNA triplex DNA hairpin

base base pairing kex(s-1) base pairing kex(s-1)

G2 Watson-Crick (4.4( 0.1)× 10-4 a Watson-Crick 1.9( 0.1
G4 Watson-Crick (4.4( 0.1)× 10-4 a Watson-Crick 0.45( 0.05
G6 Watson-Crick (4.4( 0.1)× 10-4 a Watson-Crick 0.43( 0.07
T13 Watson-Crick 2.7( 0.2 Watson-Crick 7.0( 0.7
T14 Watson-Crick b Watson-Crick 1.20( 0.07
T16 Watson-Crick (2.2( 0.1)× 10-4 Watson-Crick 1.10( 0.06
T18 Watson-Crick (1.2( 0.1)× 10-3 Watson-Crick 1.62( 0.08
T20 Watson-Crick 10( 2 Watson-Crick c
C25

+ Hoogsteen 42( 4
T26 Hoogsteen (2.6( 0.1)× 10-4

C27
+ Hoogsteen 1.8( 0.1

T28 Hoogsteen (1.30( 0.06)× 10-4

C29
+ Hoogsteen 6.6( 0.6

T30 Hoogsteen b
T31 Hoogsteen 25( 1

a In the DNA triplex, the imino proton resonances of G2, G4, and G6

overlap (Figure 2). The value ofkex given is obtained from the
overlapped resonance.b The exchange rate is too slow to be measured
by transfer of magnetization from water (kex < ∼0.2 s-1) and too fast
to be measured by real-time exchange (kex > ∼10-3 s-1). c The
resonance is not observable due to exchange broadening by fraying at
the ends of the duplex.
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G-NH1 and T-N3H groups [10.1 for thymidine and 9.6 for
guanosine at 10°C (38)]. Hence, Tris is an efficient catalyst
for the exchange of these imino protons (eq 7). Second, by
using a higher pH value, the concentration of Tris base could
be increased in the range in which the exchange of these
protons approaches the EX1 regime. An example of the
dependence of the exchange rate on the concentration of Tris
base is shown in Figure 5 for the imino proton of T16. The
exchange rates were fitted as a function of base catalyst
concentration to eq 3. The fits provided directly the values
of the opening rateskop: 182 ( 21 s-1 for the A5T16 base
pair and 5( 1 s-1 for the G4C17 and G6C15 base pairs. The
opening rates of the A3T18 and A7T14 base pairs could not
be determined accurately because the imino proton reso-
nances of these base pairs overlapped at higher Tris concen-

trations. The equilibrium constants for openingKop were
calculated from the fits to eq 3 assuming that the rate con-
stantskA for proton transfer to Tris base are 2× 107 M-1

s-1 for T-N3H and 5× 107 M-1 s-1 for G-N1H (39). The
obtainedKop values are 4.2× 10-5 for the A5T16 base pair
and 4.3× 10-7 for the G4C17 and G6C15 base pairs. These
values are typical for Watson-Crick base pairs in double-
helical DNA (39-41).

DISCUSSION

The exchange of imino protons investigated monitors dis-
tinct fluctuations of the DNA triplex structure. On one hand,
the exchange of T-N3H and G-N1H in the duplex part of
the structure occurs through opening of AT and GC Watson-
Crick base pairs. On the other hand, the exchange of T-N3H
and C+-N3H in the third strand reflects the opening of TA
and C+G Hoogsteen base pairs. Since the exchange properties
of imino protons in Watson-Crick base pairs are different
from those of imino protons in Hoogsteen base pairs, we
discuss each of these types of protons separately.

Imino Proton Exchange and Opening of Watson-Crick
Base Pairs in the DNA Triplex.As shown in Table 1, the
exchange rates of T-N3H and G-N1H in the duplex part of
the triplex structure are in the range from 2× 10-4 to 10
s-1. Comparable values have been found by Cain and Glick
(42) for an intramolecular YRY DNA triplex with and
without a disulfide bridge cross-linking the pyrimidine strand
to the duplex. Under the experimental conditions used in
the present work (i.e., 100 mM NaCl and 5 mM MgCl2 at
pH 5.5), the exchange of imino protons occurs in the absence
of external catalysts. As explained in the Theory of Imino
Proton Exchange section, under these conditions, the ex-
change is catalyzed by proton acceptors in the same DNA
molecule, namely, the C-N3 group for the exchange of
G-N1H and the A-N1 group for the exchange of T-N3H (35).
The exchange rates observed experimentally are slower than
the exchange rates resulting from this intrinsic catalysis by
a factor corresponding to the equilibrium constant for opening
Kop (eq 10). Therefore, determination of the equilibrium
constants for opening requires knowledge of the rates of
intrinsic catalysis,kex,open

int . We have calculated these rates
on the basis of our present data on the DNA hairpin as
follows.

As described in the Results section, for the DNA hairpin,
theKop values were determined from the dependence of the
exchange rates on Tris concentration at pH 8.26 (namely,
Kop values are 4.2× 10-5 for A5T16 and 4.3× 10-7 for G4C17

and G6C15 base pairs). The rates of intrinsic catalysis at pH
5.5 were calculated from eq 10, using the determinedKop

values and the exchange rates given in Table 1. This
calculation assumes that theKop values in the DNA hairpin
at pH 5.5 and in the absence of added catalyst are the same
as those in the presence of Tris at pH 8.26. This assumption
is justified by the following: (i) in double-helical DNA,
external and intrinsic catalysis occurs from the same open
state of the base pair (35), (ii) in the DNA hairpin, the
exchange rates of imino protons in A5T16, G4C17, and G6C15

base pairs in the absence of Tris at pH 8.26 are the same as
those at pH 5.5, and (iii) in general, for DNA duplexes, the
equilibrium constants for opening determined from the Tris
dependence of the exchange rates are similar to those

FIGURE 4: Dependence of the exchange rates of N3H protons of
T28 (upper graph) and of protonated cytosines (lower graph) in the
DNA triplex on the concentration of acetate base at 10°C.

FIGURE 5: Dependence of the exchange rate of N3H proton of
T16 in the DNA hairpin on the concentration of Tris base.
Experimental conditions: 100 mM NaCl and 5 mM MgCl2 at pH
8.26 and at 10°C. The curve corresponds to the nonlinear least-
squares fit to eq 3, which yieldskop ) 182 ( 21 s-1 andKopkA )
793 ( 80 M-1 s-1.
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determined using other catalysts (33). Using this approach,
we have found that the values ofkex,open

int in the DNA hairpin
at 10°C are 3× 104 s-1 for the AT base pair and 1× 106

s-1 for the GC base pairs. These values are comparable to
those previously found for an intermolecular DNA duplex
at 15°C (35). Moreover, the values are in good agreement
with the predictions made on the basis of the pK values of
the groups involved in proton transfer (eq 7). For example,
for an open AT base pair, the pK of the proton acceptor
[pK(A-N1) ) 3.7 in adenosine (38)] is 6.4 units lower than
the pK of the proton donor [pK(T-N3H) ) 10.1 (38)].
Therefore, the fraction of productive proton transfers between
these two groups (F) is ∼4 × 10-7 (eq 7). For an open GC
base pair, intrinsic catalysis should be more efficient since
the pK values of the two groups are closer to each other
[namely, pK(G-N1H) ) 9.6 in guanosine and pK(C-N3H)
) 4.4 in cytidine (38)]. Consequently, in these base pairs,
the fractionF should increase to 7× 10-6, and the rate of
intrinsic catalysis should be enhanced at least 1 order of
magnitude, in accordance to our findings.

The equilibrium constants for opening of Watson-Crick
base pairs in the DNA triplex were estimated on the basis
of eq 10 from the exchange rates measured experimentally
(Table 1) and the rates of intrinsic catalysis determined as
described above. The values are 4× 10-8, 7 × 10-9, and 9
× 10-5 for A3T18, A5T16, and A8T13 base pairs, respectively;
theKop value obtained from the overlapped resonance of the
three GN1-H imino protons is 4× 10-10 (Table 2).

Exchange of Thymine Imino Protons and Opening of TA
Hoogsteen Base Pairs in the DNA Triplex.The exchange of
imino protons in Hoogsteen TA base pairs may be expected
to occur by transfer of the T-N3H proton to the N7 group of
adenine in the open TA base pair. However, this mechanism
is unlikely since, in free adenine, the N7 group does not
protonate (38, 43). Therefore, in the absence of added
catalysts, it is more likely that water itself is the acceptor of
these protons. In free thymine, the rate of water-catalyzed
exchange is∼30 s-1 at 10 °C and at pH<5.5 (44). This
rate should be comparable to the rate of exchange of the
T-N3H proton in the open state of a Hoogsteen TA base
pair, kex,open

ext . Hence, on the basis of eq 10, the equilibrium

constants for opening of T26A3 and T28A5 base pairs in the
DNA triplex can be estimated as 9× 10-6 and 4× 10-6,
respectively (Table 2).

The different mechanisms for exchange of T-N3H protons
in Hoogsteen TA and Watson-Crick AT base pairs explain
why these two types of protons exhibit different responses
to catalysis by acetate (Results section). The efficiency of
acetate in catalyzing the exchange of the imino proton in
free thymine is relatively low because acetate’s pK value
[4.76 (36)] is much lower than the pK of T-N3H [10.1 at 10
°C (38)]. Thus, the rate constant for acetate-catalyzed
exchange of T-N3H protons should be∼3 × 103 M-1 s-1

[eqs 6 and 7 withkcoll ) 6 × 108 M-1 s-1 at 10 °C (45)],
and for the concentrations of the acetate base investigated,
kex,open

ext for acetate catalysis should be less than 1× 103 s-1.
For thymine imino protons in Watson-Crick AT base pairs,
this rate is significantly lower than the rate of intrinsic
catalysis (3× 104 s-1), explaining why the effect of acetate
upon the exchange rates is not detectable. In contrast, for
thymine imino protons in Hoogsteen TA base pairs, the rate
for acetate catalysis exceeds that for water catalysis and the
effect of acetate is observed (Figure 4).

Exchange of Imino Protons in Protonated Cytosines and
Opening of C+G Hoogsteen Base Pairs in the DNA Triplex.
The exchange of imino protons in protonated cytosines is
most likely dominated by intrinsic catalysis (46), in which
the acceptor of the cytosine imino proton is the G-N7 group.
The efficiency of intrinsic catalysis in this case can be
estimated by comparing a Hoogsteen C+G base pair to, for
example, a Watson-Crick GC base pair. For the C+G
Hoogsteen base pair, the pK values of C+-N3H and G-N7
groups (i.e., 4.4 and 2.0, respectively) differ by only 2.4 pH
units (∆pK ) -2.4). In contrast, for a Watson-Crick GC
base pair the difference in pK’s between G-N1H and C-N3
is 5.2 units (vide supra). Therefore, on the basis of eq 7, the
efficiency of intrinsic catalysis in the exchange of the
C+-N3H proton should be∼6 × 102-fold higher than that
for a G-N1H proton. Using our determination of the rate of
intrinsic catalysis for G-N1H protons (namely,kex,open

int ) 1
× 106 s-1), this predicts a rate of intrinsic catalysis,kex,open

int ,
for the C+-N3H proton of 6× 108 s -1.

A dominant contribution from intrinsic catalysis to the
exchange of imino protons in protonated cytosines is also
indicated by our experimental observation that the exchange
rates of these protons are independent of the concentration
of the acetate base (Figure 4). Acetate is expected to be a
good catalyst of the exchange of these protons since its pK
value (pK ) 4.76) is similar to that of the C+-N3H group
(pK ) 4.4). The predicted rate constant for acetate catalysis
is 4× 108 M-1 s-1 [for kcoll ) 6 × 108 M-1 s-1 (45)]. Hence,
for the concentrations of acetate base investigated (i.e.,
0-0.34 M), the rate of acetate-catalyzed exchange,kex,open

ext ,
should reach a value of 1.4× 108 s-1. The lack of an
observable effect of acetate upon the exchange rates therefore
implies that the rate of intrinsic catalysis,kex,open

int , is larger
than 1.4× 108 s-1, in accordance to the prediction made
above based on pK values.

The high efficiency of intrinsic catalysis suggests that the
exchange of imino protons in C+G base pairs is in, or close
to, the opening-limited regime. For this to be true the rate
of exchange from the open state must be larger than the rate

Table 2: Estimates of the Equilibrium Constants and Free Energies
for Opening of Individual Base Pairs in the DNA Triplex
Investigated at 10°C

triad base pair Kop ∆Gop
a

C25
+‚G2C19 C25

+G2 4 × 10-6 b 7.0
G2C19 4 × 10-10c 12.1

T26‚A3T18 T26A3 9 × 10-6 6.5
A3T18 4 × 10-8 9.5

C27
+‚G4C17 C27

+G4 2 × 10-7 b 8.6
G4C17 4 × 10-10c 12.1

T28‚A5T16 T28A5 4 × 10-6 7.0
A5T16 7 × 10-9 10.5

C29
+‚G6C15 C29

+G6 7 × 10-7 b 7.9
G6C15 4 × 10-10c 12.1

T30‚A7T14 T30A7 n/a n/a
A7T14 n/a n/a

T31‚A8T13 T31A8 ∼1 ∼0
A8T13 9 × 10-5 5.2

none A1T20 3 × 10-4 4.5
a In kcal/mol. b Calculated assuming a rate of closing of 107 s-1.

c Calculated from the overlapped resonance (see footnotea in
Table 1).
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of base pair closing (eqs 3 and 9). The rates of closing of
C+G base pairs are expected to be similar to those in double-
helical DNA [i.e., 107-108 s -1 (40, 41)]. Hence, it is likely
thatkex,openg kcl and the exchange rates of C+-N3H protons
measured experimentally (Table 1) are close to the rates of
opening C+G base pairs in C+‚GC triads. On the basis of
these arguments, we have estimated the equilibrium constants
for opening of C+G base pairs by assuming a value of 107

s -1 for the rates of closing of these base pairs. The values
of Kop and opening free energies obtained with this assump-
tion are shown in Table 2. Higher values of the closing rates
would result in lowerKop values; hence, our estimates most
likely provide upper limits for the equilibrium constants for
opening for these bases.

Site-ResolVed Structural Energetics in the DNA Triplex.
The results obtained in the present work allow us to map
the stability of the DNA triplex structure at the level of
individual base pairs and distinct base pairing interactions.
The exchange of imino protons reflects those conformational
fluctuations in the DNA triplex which yield an open,
exchange-competent state of the imino group. Accordingly,
the local stabilization energies derived from exchange rates
represent the free energy changes associated with these
conformational fluctuations (∆Gop) (32).

One important result of the present investigation is that
the equilibrium constants for opening of individual base pairs
in the duplex part of the triplex structure are much lower
than those in a DNA double helix. In the double-helical
hairpin investigated, the equilibrium constants for opening
are 4.2× 10-5 for A5T16 and 4.3× 10-7 for G4C17 and G6C15

(Results section). Formation of the triple-helical structure
reduces these equilibrium constants up to 6000-fold (Table
2). Hence, relative to DNA double helices, the Watson-
Crick base pairs in the triplex are further stabilized by extra
free energies of up to 5 kcal/mol (eq 4). This stabilization is
significant only for Watson-Crick base pairs located in the
central part of the triplex structure. For terminal base pairs,
such as T20 and T13, the exchange rates and the opening
equilibrium constants are comparable to those in double-
helical DNA (Tables 1 and 2). For the AT base pairs located
in the central part of the triplex the exchange rates also
depend on the exact location of the base pair in the structure.
As shown in Table 1, the exchange rate for T18 is five times
larger than that for T16. This difference clearly reflects a
destabilization of the A3T18 base pair relative to the A5T16

base pair (Table 2). This effect may be related to the loca-
tion of the A3T18 base pair toward the 5′-end of the tri-
plex structure (this directionality is defined relative to that
of the purine Watson-Crick strand). As shown by Feigon
and co-workers (25), in this part of the structure the T24A1T20

triad does not form. Hence, these observations suggest that
the 5′-end part of the triplex structure is less stable than the
rest, possibly due to conformational constraints imposed by
the short, three-base loop connecting the two pyrimidine
strands.

In the DNA triplex, the energetic cost of the structural
fluctuations which bring the imino protons of Watson-Crick
base pairs into the open, solvent-accessible state is expected
to be higher than that in double-helical DNA. For ex-
ample, formation of the open state for the guanine in a
C+‚GC triad should perturb the hydrogen bonds involved in
both Watson-Crick and Hoogsteen base pairing (Figure 1).

Thus, one expects the free energy change for opening these
bases to be higher than in double-helical DNA. However, it
is interesting to note that, in Watson-Crick AT base pairs
of T‚AT triads, the hydrogen-bonding pattern for thymines
is the same as that in a DNA double helix. Moreover, analysis
of NMR-derived triplex structures (19) shows that placing
the third strand in the major groove of the double helix does
not introduce significant steric hindrance for opening of
thymines in either the major or the minor groove. Despite
these structural characteristics, the stabilization free energies
for AT base pairs in the triplex are significantly higher than
those in double-helical DNA (Table 2). This suggests that
the opening transitions probed by the exchange of thymine
imino protons in Watson-Crick base pairs may involve
larger perturbations of the triplex structure at or near the
exchanging proton.

Our present results also provide new insights into the
opening kinetics and stabilization free energies of Hoogsteen
base pairs in the DNA triplex. As shown in Table 2, the
equilibrium constants for opening of Hoogsteen base pairs
in the central part of the triplex range from 2× 10-7 to
9 × 10-6. These values are comparable to those normally
found for Watson-Crick base pairs in double-helical DNA
[4.2 × 10-5 and 4.3× 10-7 in the DNA hairpin investigated
and other results (40, 41)]. This finding implies that, in a
canonical YRY triplex such as the one investigated here,
the stability of Hoogsteen base pairs is comparable to that
of Watson-Crick base pairs in duplex DNA. As in duplex
DNA, the base pairs formed by Hoogsteen interactions
appear to open one at the time, independently of each other.
The exchange rates of Hoogsteen imino protons, however,
depend on the location of the base pairs in the structure. As
in the case of double-helical DNA, the exchange of the last
two bases, T30 and T31, is faster, being affected by fraying
at the end of the strand. Moreover, for Hoogsteen imino
protons located in the 5′-end part of the structure the
exchange rates are higher than those in central triads. For
instance, the exchange rate of T26 is approximately 2-fold
higher than that of T28. Similarly, among the three C+‚GC
triads present in the structure, the highest exchange rate is
observed for C+25 (Table 1). These observations provide
additional support to the suggestion that the triads located
at the 5′-end of the structure are less stable than the other
central triads in the triplex.

In summary, the results presented in this paper demonstrate
that, in a YRY triplex, the binding of a third strand in the
major groove of double-helical DNA significantly stabilizes
the Watson-Crick base pairs against the structural fluctua-
tions responsible for imino proton exchange. This stabiliza-
tion appears to be dependent on the location of the base triad
relative to the ends of the triplex and on steric constraints
imposed by the loop connecting the third strand to the rest
of the structure. Similar dependencies are observed for the
stabilization free energies of Hoogsteen base pairs. The DNA
investigated in the present work is one of only a few DNA
canonical triplexes for which proton exchange has been
characterized at the level of individual triads (42). Thus, no
inferences can be drawn yet on the dependence of the local
stabilization energy on base sequence. Characterization of
nucleic acid triple helices containing different base sequences
and selected noncanonical base triads will provide this
important information.
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