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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'8sAGAGAGAACCCCTTCTCTCTTTTTCTCTCTT-8 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 5AGAGAGAACCCCTTCTCTCT-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 &1 100 mM NaCl and 5 mM

MgCl; 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 Hoogste@rb&se 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 WatSdok base pairs

in double-helical DNA. In the triplex structure, the exchange rates of imino protons in WaSark

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 Wats@nick 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  Applications of triple-helical structures in biotechnology
of a third strand in the major groove of a double-helical and molecular medicine rely upon the ability of triplex-
nucleic acid. Formation of these structures generally requiresforming oligonucleotides to target base sequences in double-
a tract of purines in one strand of the double helix and a helical DNA with a degree of specificity comparable to, or
tract of pyrimidines in the other strand. The base composition even greater than, that of regulatory DNA-binding proteins.
of the third strand can be purine or pyrimidine rich. In YRY  In the antigene strategy, the targeted sites are located within
triple helices, the third strand is pyrimidine rich and binds coding regions or upstream of the genes of interest. Forma-
parallel to the homopurine strand of the double helix. In tion of triple-helical structures at these sites inhibits tran-
contrast, in RRY triple helices, the purine-rich third strand scription in vitro (L0—12) and in vivo (L3, 14). Triplex-
is oriented antiparallel to the homopurine strand of the double forming oligonucleotides can also be used as sequence-
helix (1, 2). specific endonucleases by covalently linking them to DNA-

During the past decades there has been a resurgence afleaving agents such as Fe(ll)-EDTA or copper(Il) phenan-
interest in triple-helical structures of nucleic acids due to throline (L5, 16). Such artificial endonucleases can access
their potential biological roles and applications. A biological rare sites on the genome with high specificity, thus having
role for these structures is suggested by the fact that longgreat value for physical mapping of chromosom&#g).(
tracts of contiguous oligopurines occur in eukaryotic ge- The understanding of the possible biological roles of
nomes at frequencies—®-fold higher than that predicted nucleic acid triple helices, as well as the design and use of
on a statistical basis). Many of these sequences are mirror triplex-forming oligonucleotides, requires understanding how
repeats and can form triple-helical H-DNA structures in the structure and stability of triple helices depend on their
negatively supercoiled plasmid€6). Base sequences base sequences and on solution conditions. High-resolution
capable of forming H-DNA structures have been implicated structures for several YRY and RRY DNA triple helices have
in a variety of biological processes such as transcription been obtained by nuclear magnetic resonance (NMR)
control @), lytic replication of the EpsteinBarr virus spectroscopyl8, 19). The structures have revealed the base
genome T), and homologous recombinatio8, ©). pairing schemes for canonical and noncanonical base triads,
the orientation and the conformation of the third strand, and
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purine nucleotide. of DNA triple helices is strongly influenced by the base
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Ficure 1: (A) Structures of €-GC and FAT triads ). (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;-Watkohydrogen

bonding is indicated by vertical bars, and Hoogsteen hydrogen bonding is indicated by asterisks. The bases shown in bold contain hydrogen-
bonded imino groups.

sequence, length of the strands, and presence of tripletmeasured as a function of the exchange detafgllowing

mismatches and looped-out bases, as well as solution conwater inversion. A weak gradient (0.21 G/cm) was applied

ditions such as temperature, pH, and salt concentration.  during the delay to prevent the effects of radiation damping
The present work extends these previous investigationsupon the recovery of water magnetization to equilibrium.

by providing a characterization of the stability of a DNA The observation was with the jump-and-return pulse se-

triple helix at the level of individual base triads. The DNA quence. The dependence of the intensity of an exchangeable

triple helix investigated belongs to the YRY family (Figure proton resonance on the delays described byZ9)

1B) and is the first intramolecular DNA triplex for which a

model structure was derived from NMR dag5), Moreover, I(z) = 1°+ [1(0) — 1° — Ale Rt kedr 4 g Rer (1)

this triple helix has served as a reference for subsequent

structural studies of triple helixes containing noncanonical with

triads £6) and changes in the intramolecular l0o@g3)( To

compare triple- and double-helical structures directly, we B Kex 0
have also characterized the DNA hairpin corresponding to A=(@— l)Rl + Ky, — R\NI

the duplex part of the triplex structure (Figure 1C).

MATERIALS AND METHODS wherel? is the intensity at equilibriunfyy is the longitudinal
relaxation rate, ankky is the exchange rate for the proton of
DNA Samples.The two DNA oligonucleotides were interest;R, is the longitudinal relaxation rate of water, and
synthesized on an Applied Biosystems 381A automated DNA g = 1,,(0)/1%, expresses the efficiency of water inversion (e.g.,
synthesizer using the solid-support phosphoramidite method.q = —1 for perfect inversion). In each experiment,~230
They were purified by reverse-phase HPLC on a PRP-1 values of the exchange delay were used. To avoid the effects
column (Hamilton) in 50 mM triethylamine acetate buffer of spin diffusion, the exchange delays ranged from 2 to 600
at pH 7 with a gradient of 1820% acetonitrile in 32 min.  ms. The intensity of the exchangeable proton resonance of
The counterions were replaced with N@ns by repeated interest was fitted as a function of the exchange delay
centrifugation through Centricon YM-3 tubes (Amiconnc  eq 1, using a nonlinear least-squares program. The errors
Unless otherwise indicated, the final samples were in 100 reported in the paper are those obtained from th&fitand

mM NaCl and 5 mM MgCJ at pH 5.5 (measured at FC). g were measured in separated experiments. The transfer of
The sample of the triplex contained 230 ggunits of DNA magnetization experiments allowed measurement of ex-
and that of hairpin 140 Ofg units. change rates faster tharD.2 s ™. For slower exchange rates,

NMR ExperimentsThe NMR experiments were performed the time dependence of the magnetization (eq 1) is dominated
at 10°C on a Varian INOVA 500 spectrometer operating at by the longitudinal relaxation of the imino proton and of
11.75 T. One-dimensional (1D) NMR spectra were obtained water protons, and the exchange rates cannot be measured
using the jump-and-return pulse sequen@8).( Proton accurately.
exchange rates were measured in experiments of transfer of In real-time exchange experiments, the exchange was
magnetization from water and in real-time exchange experi- initiated by adding BO to a concentrated DNA solution in
ments. H-0, to a final volume fraction of BD of ~80%. A total of

In transfer of magnetization experiments, the water proton 64 transients were accumulated for each spectrum with a
resonance was selectively inverted using a Gaussiaf 180 total acquisition time of 4 min per spectrum. The intensity
pulse (6.4 ms). The intensity of imino proton resonances wasof each resonance was measured using standard deconvo-
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lution software (Varian) and fitted as a function of the
exchange time to the equation

1(r) = [1(0) — ()] exp(—ke,r) + 1(0) &)

wherel(») is the intensity in a fully exchanged sample. Due
to the time elapsed between the initiation of exchange and
the first NMR spectrum (#12 min), the fastest exchange

rate that can be measured in real-time exchange experiment

is~103sL

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 Exchangé 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 i81)

— kopkex,open
kcl + kex,open

wherek,, is the rate of opening of the base pddy, is the

rate of closing, andexopenis the rate of proton exchange

from the open state. The equilibrium const&gp = Kop/ke
defines the free energy change for the opening reacign (

AG,,= —RTIN Ky, (4)

Kex ®3)
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current model for this intrinsic catalysi8%) 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 Watsorick

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 '";’Open is also directly proportional

Yo the fraction of productive transfes, from the NH group

to the acceptors [eq BE)]. 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 85). Accordingly, the total rate of exchange from
the open state is

kex,open: (8)

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:

(') When kex,open>> kcl (EXl regime)

Kex = Kop (9)

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

(i) When Kex,open<< Kot (EX2 regime)

kex = Kopkex,open

Xt int
+

X,0pen X,0pen

The exchange of the imino proton from the open state . . . .
occurs by two mechanisms. In one, the exchange is catalyzed'e" exchange is slowed relative to that in the open state by

by external proton acceptors present in solution, e.g.;,0
Tris base, and ammonia. Accordingly, the rate of exchange
by external catalysis is proportional to the acceptor concen-
tration 31, 32):

ext _

X,0pen” A[accepto r]

(5)

The rate constarky depends on thekpvalues of the imino
group and of the acceptor:

Ka = keaiF (6)

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

F=(1+10 9" ©)

with ApK = pK(acceptor)— pK(NH). The rate constarks
is normally approximated as, = aka®, whereka? is the

H a factor equal to the equilibrium constant for openikig,.

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-34) is
located in the major groove of the hairpin duplex in an
orientation parallel to the R strand (bases8). The triplex
contains seven canonicalt@C and FAT triads (Figure
1). The NMR resonance of the imino proton in thyming T
was not observed in the spectrum. This indicated that T
does not form Hoogsteen hydrogen bonds with thé&,A
base pair and, thus, is not part of a triagZb)( 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

rate constant for proton exchange in an isolated nucleosidetwo DNA structures. They are shown in Figure 2. In the
o is an empirical coefficient that accounts for any differences DNA triplex, these resonances have been assigned to
between external catalysis in the open state of the base paiindividual bases by Feigon and co-worke?§)( The imino
and that in free nucleosides. Experimental evidence for proton resonances of the hairpin occur in the same spectral
various catalysts indicates that, in double-helical DNA,  region (i.e., 12.514.5 ppm), indicating that the 20-mer is
<1 (33 34). in a double-helical hairpin conformation. We have assigned
The second mechanism for exchange of imino protons each resonance to a specific imino group in the hairpin using
involves proton acceptors in the same DNA molecule. The NOESY experiments (results not shown). The resonances
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Ficure 2: NMR resonances of imino protons in the DNA triplex

(A) and the DNA hairpin (B) investigated in 100 mM NaCl and 5
mM MgCl; in 90% H0/10% DO at pH 5.5 and at 16C.
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Ficure 3: Imino proton NMR resonances of the DNA triplex
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Table 1: Exchange Rates of Imino Protons in the DNA Triplex and
Hairpin Investigated in 100 mM NaCl and 5 mM MggGit pH 5.5
and at 10°C

DNA triplex DNA hairpin
base base pairing Kex(s™1) base pairing  kex(s™)
G, Watson-Crick (4.440.1) x 1042 Watson-Crick 1.9+ 0.1
G4 Watson-Crick (4.440.1) x 10742 Watson-Crick 0.454 0.05
Gs Watson-Crick (4.44 0.1) x 10742 Watson-Crick 0.434 0.07
Tiz3 Watson-Crick 2.7+ 0.2 Watson-Crick 7.0+ 0.7
Ti4 Watson-Crick b Watson-Crick 1.20+ 0.07
Tis Watson-Crick (2.2+0.1)x 10%  Watson-Crick 1.104 0.06
Tis Watson-Crick (1.240.1)x 102  Watson-Crick 1.62+ 0.08
Ty Watson-Crick 10+ 2 Watson-Crick ¢
Cos™ Hoogsteen 424
T2 Hoogsteen (2.6:0.1)x 104
Co7t Hoogsteen 1.&01
Tos Hoogsteen (1.38:0.06) x 104
Cag™ Hoogsteen 6.6: 0.6
T3 Hoogsteen b
Ts1 Hoogsteen 251

a1n the DNA triplex, the imino proton resonances of, G,, and G
overlap (Figure 2). The value df given is obtained from the
overlapped resonancgThe exchange rate is too slow to be measured
by transfer of magnetization from watde{ < ~0.2 s') and too fast
to be measured by real-time exchandex (> ~107% s%). ¢The
resonance is not observable due to exchange broadening by fraying at
the ends of the duplex.

the exchange rates arel02 s* or slower. This class
contains only triplex protons: G-N1H and T-N3H protons
of Watson-Crick base pairs (i.e., £G4, Gs, T1s, and Tig)
and T-N3H protons of Hoogsteen base pairs (i.gs and
T,g). 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 lll, the exchange
is too slow to be measured in experiments of transfer of
magnetization from watek{ < ~0.2 s'%) and too fast to
be detectable in real-time exchange measureméats>(
~107%s™Y). The imino protons of T, and T 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 K value [K = 4.76 at 10°C (36)], which allows
larger concentrations of acetate base to be obtained in the

during real-time exchange measurements. Experimental conditionspH range in which the triplex structure is stable. The

are the same as in Figure 2. The exchange time (in minutes) is

indicated for each spectrum.

concentration of acetate was varied from 0 to 0.45 M at pH
5.5 (corresponding range of the concentration of acetate base

of the bases located close to the ends of the duplex, i.e., G 0—0.38 M) in the presence of 100 mM NaCl and 5 mM
Tis and Ti3, were identified by their gradual broadening upon MgCl.. Catalysis by acetate was observed for N3H protons
increasing temperature. of the thymines in the third strand, excepti. TAn example

The exchange rates of imino protons in both DNA of acetate catalysis is shown in Figure 4 fog No catalysis
structures were measured using transfer of magnetizationby acetate was observed for imino protons of protonated cyto-
from water and real-time exchange experiments. A repre- sines or for those of WatserCrick base pairs in the DNA
sentative series of spectra during real-time exchange is showririplex. This result is illustrated in Figure 4, which shows
in Figure 3. Spectra from transfer of magnetization experi- that the exchange rates of cytosine N3H protons are constant
ments are provided as Supporting Information. The exchangeupon increasing the acetate base concentration to 0.34 M.
rates are summarized in Table 1. Depending on the exchange The exchange of imino protons in the DNA hairpin was
rate three classes of protons can be distinguished. In class Ifurther characterized in order to obtain the kinetic parameters
the exchange rates range from 0.4 to 42. Shis class for base pair opening in this structure. The exchange rates
contains the N3H protons of the protonated cytosines (i.e., were measured in transfer of magnetization experiments at
Cas™, Cy7t, and Gg™) and of the terminal thymines (i.e. 3l pH 8.26 using Tris as an external catalyst. The rationale for
Too, and Tzy) in the triplex and G-N1H and T-N3H protons  choosing these experimental conditions was 2-fold. First, the
of the Watson-Crick base pairs in the hairpin. In class Il, pK value of Tris [8.61 at 10C (37)] is close to the K's of
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1.210% o SR trations. The equilibrium constants for openikg, were
| . calculated from the fits to eq 3 assuming that the rate con-
‘ ] stantska for proton transfer to Tris base arex2 10/ M~
: . s™1 for T-N3H and 5x 10" M~* s7* for G-N1H (39). The
810+, t obtainedK,, values are 4. 1075 for the AsT;6 base pair
* T and 4.3x 1077 for the GCy7 and GCis base pairs. These
| o ] values are typical for WatsefCrick base pairs in double-
4104t T ] helical DNA (39—41).
L/ - ] DISCUSSION
podec ol IS NSNS NSNS RN
~ ° 0 0.05 01 015 0.2 0.25 0.3 0.35 04 The exchange of imino protons investigated monitors dis-
) tinct fluctuations of the DNA triplex structure. On one hand,
g 7 ‘L ARARRRRARRAS BRSRRRE the exchange of T-N3H and G-N1H in the duplex part of
60 - A 32275 1 the structure occurs through opening of AT and GC Watson
50 'ﬂ, :' cog b Crick base pairs. On the other hand, the exchange of T-N3H
i : X .
B g o E and C™-N3H in the third strand reflects the opening of TA
40 I . T l i , and C'G Hoogsteen base pairs. Since the exchange properties
30 } ; L 1 : E of imino protons in WatsonCrick base pairs are different
20 ‘:} 3 from those of imino protons in Hoogsteen base pairs, we
i . : ' discuss each of these types of protons separately.
. ; ] | E
10 E’Tfﬁf’*:— - if""ffé ] Imino Proton Exchange and Opening of Wats@rick
o ‘ Lyl L Base Pairs in the DNA TripleAs shown in Table 1, the

0 0.05 01 015 0.2 0.25 0.3 0.35 04
Acetate Base (M)

Ficure 4: Dependence of the exchange rates of N3H protons of
Tag (upper graph) and of protonated cytosines (lower graph) in the
DNA triplex on the concentration of acetate base atC0

exchange rates of T-N3H and G-N1H in the duplex part of
the triplex structure are in the range fromx210~4 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

1ok "‘"’****"ﬂ the present work (i.e., 100 mM NaCl and 5 mM Mg@k
4] pH 5.5), the exchange of imino protons occurs in the absence
. 80 ot of external catalysts. As explained in the Theory of Imino
A ! R 4 Proton Exchange section, under these conditions, the ex-
X 60 s 1 change is catalyzed by proton acceptors in the same DNA
- 40- o 5 molecule, namely, the C-N3 group for the exchange of
, .," X G-N1H and the A-N1 group for the exchange of T-N3%)
20! ,v’ . The exchange rates observed experimentally are slower than
[ } the exchange rates resulting from this intrinsic catalysis by
0(‘)“ O_‘05 o1 015 o2 a factor corresponding to the equilibrium constant for opening

Kop (g 10). Therefore, determination of the equilibrium

constants for opening requires knowledge of the rates of
intrinsic catalysis,k'e[‘)iOpen 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,
the Kop values were determined from the dependence of the
exchange rates on Tris concentration at pH 8.26 (namely,
G-NH1 and T-N3H groups [10.1 for thymidine and 9.6 for K, values are 4.2 1075 for AsTigand 4.3x 1077 for G4Cy7
guanosine at 10C (38)]. Hence, Tris is an efficient catalyst and GCis base pairs). The rates of intrinsic catalysis at pH
for the exchange of these imino protons (eq 7). Second, by5.5 were calculated from eq 10, using the determikggl
using a higher pH value, the concentration of Tris base could values and the exchange rates given in Table 1. This
be increased in the range in which the exchange of thesecalculation assumes that tkg, values in the DNA hairpin
protons approaches the EX1 regime. An example of the at pH 5.5 and in the absence of added catalyst are the same
dependence of the exchange rate on the concentration of Trisas those in the presence of Tris at pH 8.26. This assumption
base is shown in Figure 5 for the imino proton a§.TThe is justified by the following: (i) in double-helical DNA,
exchange rates were fitted as a function of base catalystexternal and intrinsic catalysis occurs from the same open
concentration to eq 3. The fits provided directly the values state of the base paiB%), (ii) in the DNA hairpin, the

Tris Base (M)

Ficure 5. Dependence of the exchange rate of N3H proton of
Ti6 In the DNA hairpin on the concentration of Tris base.
Experimental conditions: 100 mM NaCl and 5 mM Mg@k pH
8.26 and at 10C. The curve corresponds to the nonlinear least-
squares fit to eq 3, which yieldgp, = 182+ 21 st andKqka =
793+ 80 M1sL

of the opening ratek,,;: 182+ 21 s* for the AsT16 base
pair and 5+ 1 s for the G,C;7 and GC;s base pairs. The
opening rates of the A3 and A/ T14 base pairs could not

exchange rates of imino protons i As, G4Ci7, and GCis
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

be determined accurately because the imino proton reso-equilibrium constants for opening determined from the Tris
nances of these base pairs overlapped at higher Tris concendependence of the exchange rates are similar to those
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Table 2: Estimates of the Equilibrium Constants and Free Energies constants for opening of2#A; and TeAs base pairs in the

for Opening of Individual Base Pairs in the DNA Triplex DNA triplex can be estimated as 9 10°® and 4x 1075,
Investigated at 10C respectively (Table 2).
triad base pair Kop AGo? The different mechanisms for exchange of T-N3H protons
CostGsCio Cos'G, 4 % 10-6b 70 in Hoogsteen TA and WatserCrick AT base pairs explain
G.Cig 4 x 10710¢ 12.1 why these two types of protons exhibit different responses
TaeAsT1s TaAs 9x10° 6.5 to catalysis by acetate (Results section). The efficiency of
AsTg 4x 107 95 acetate in catalyzi imi i
N o 70 yzing the exchange of the imino proton in
C27 ‘G4C17 Cz7 G4 2x 10 8.6 . . .
GiCyr 4 % 10-10¢ 121 free thymine is relatively low because acetatefs yalue
TogAsT1e To6As 4x10° 7.0 [4.76 (36)] is much lower than thek of T-N3H [10.1 at 10
. A5-|116 7x 10 jb 10.5 °C (38)]. Thus, the rate constant for acetate-catalyzed
Cas"+GeCas ng?CGS . igwc 1-291 exchange of T-N3H protons should be& x 10° M1 st
TorArTia ToAs na o [egs 6 and 7 withor = 6 x 108 M1 s1 at 10°C (45)],
A:T1a nl/a n/a and for the concentrations of the acetate base investigated,
TarrAsTis 1311'58 gl 10 ;g X openfO acetate catalysis should be less thar 10° s™2.
glis X . | ine imi i i ;
none Ao 3% 104 45 For thymine imino protons in WatsetCrick AT base pairs,

. - - - - this rate is significantly lower than the rate of intrinsic
In keal/mol.® Calculated assuming a rate of closing of' K0'. catalysis (3x 10* s%), explaining why the effect of acetate

¢ Calculated from the overlapped resonance (see footrot .

Table 1). 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 CG Hoogsteen Base Pairs in the DNA Triplex.

%The exchange of imino protons in protonated cytosines is
most likely dominated by intrinsic catalysidg), 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 HoogsteenGCbase pair to, for
example, a WatsonCrick GC base pair. For the 'G

determined using other catalys&3]. Using this approach,
we have found that the values kgﬁvopenin the DNA hairpin
at 10°C are 3x 10* s* for the AT base pair and ¥ 1C°
s 1 for the GC base pairs. These values are comparable t
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 thémlues of
the groups involved in proton transfer (eq 7). For example
for an open AT base pair, theKpof the proton acceptor

[PK(A-N1) = 3.7 in adenosine3g)] is 6.4 units lower than Hoogsteen base pair, th&palues of C-N3H and G-N7

the K of the proton donor [K(T-N3H) = 10.1 @8)]. e 44 5 velv) diff N 2.4 oH
Therefore, the fraction of productive proton transfers between gg?tip(z(lf Z ._Zaz)d Irioéc;ﬁtsrzifux)i)g S\Ila(tast byc?igky GC P
these two groupsH) is ~4 x 1077 (eq 7). For an open GC pe = =22 : '

base pair the difference irkgs between G-N1H and C-N3

:Jhase palr,l mtrmiut:hcaialyss should be Imore tefﬁue?]t S|trr1]ce is 5.2 units (vide supra). Therefore, on the basis of eq 7, the
€ [K values of the two groups are closer to each other efficiency of intrinsic catalysis in the exchange of the

[namely, K(G-N1H) = 9.6 in guanosine andK{C-N3H) =~ N3 proton should be-6 x 1CP-fold higher than that

=4.4 |n_cyt|d|ne 68)].' Consequently, in these base palirs, for a G-N1H proton. Using our determination of the rate of
the fractionF should increase to % 10°%, and the rate of S . int -
intrinsic catalysis for G-N1H protons (namek; =1

intrinsic catalysis should be enhanced at least 1 order of I . s *.oPeht
magnitude, in accordance to our findings x 1P s7Y), this predicts a rate of intrinsic catalysl{hOpen
e Lo - for the C"-N3H proton of 6x 10° s %

The equilibrium constants for opening of WatseDrick _ o o _
base pairs in the DNA triplex were estimated on the basis A dominant contribution from intrinsic catalysis to the
of eq 10 from the exchange rates measured experimentally€xchange of imino protons in protonated cytosines is also
(Table 1) and the rates of intrinsic catalysis determined as indicated by our experimental observation that the exchange
described above. The values arec4078, 7 x 10°°, and 9 rates of these protons are independent of the concentration
x 1075 for AsT1s, AsT1e and AT13 base pairs, respectively;  Of the acetate base (Figure 4). Acetate is expected to be a
the Ko, value obtained from the overlapped resonance of the 9ood catalyst of the exchange of these protons sincekits p
three GN1-H imino protons is & 10720 (Table 2). value (K = 4.76) is similar to that of the GN3H group

Exchange of Thymine Imino Protons and Opening of TA _(pK =4.4). TPe Eredmted rate constanlt folr acetate catalysis
Hoogsteen Base Pairs in the DNA Tripl@he exchange of iS4 x 10° Mt s [for ke = 6 x 10°M™* 571 (45)]. Hence,
imino protons in Hoogsteen TA base pairs may be expectedfor the concentrations of acetate base investigated (i.e.,
to occur by transfer of the T-N3H proton to the N7 group of 0—0.34 M), the rate of acetate-catalyzed exchahgg,,.,

adenine in the open TA base pair. However, this mechanismshould reach a value of 1.4 10° s'*. The lack of an

is unlikely since, in free adenine, the N7 group does not observable effect of acetate upon the exchange rates therefore
protonate 88, 43). Therefore, in the absence of added implies that the rate of intrinsic catalysilé;;o,Den is larger
catalysts, it is more likely that water itself is the acceptor of than 1.4x 10° s7%, in accordance to the prediction made
these protons. In free thymine, the rate of water-catalyzed above based onkpvalues.

exchange is~30 s at 10°C and at pH<5.5 (44). This The high efficiency of intrinsic catalysis suggests that the
rate should be comparable to the rate of exchange of theexchange of imino protons in‘@G base pairs is in, or close
T-N3H proton in the open state of a Hoogsteen TA base to, the opening-limited regime. For this to be true the rate

pair, kg;fopen Hence, on the basis of eq 10, the equilibrium of exchange from the open state must be larger than the rate
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of base pair closing (eqs 3 and 9). The rates of closing of Thus, one expects the free energy change for opening these
C*G base pairs are expected to be similar to those in double-bases to be higher than in double-helical DNA. However, it
helical DNA [i.e., 10—10° s 71 (40, 41)]. Hence, it is likely is interesting to note that, in Watse€rick AT base pairs
thatkex open> ko @and the exchange rates of ®I3H protons of T-AT triads, the hydrogen-bonding pattern for thymines
measured experimentally (Table 1) are close to the rates ofis the same as that in a DNA double helix. Moreover, analysis
opening CG base pairs in CGGC triads. On the basis of of NMR-derived triplex structuresl@) shows that placing
these arguments, we have estimated the equilibrium constantshe third strand in the major groove of the double helix does
for opening of CG base pairs by assuming a value of 10 not introduce significant steric hindrance for opening of
s 1 for the rates of closing of these base pairs. The valuesthymines in either the major or the minor groove. Despite
of Kop @and opening free energies obtained with this assump-these structural characteristics, the stabilization free energies
tion are shown in Table 2. Higher values of the closing rates for AT base pairs in the triplex are significantly higher than
would result in lowelKq, values; hence, our estimates most those in double-helical DNA (Table 2). This suggests that
likely provide upper limits for the equilibrium constants for the opening transitions probed by the exchange of thymine
opening for these bases. imino protons in WatsonCrick base pairs may involve
Site-Resaled Structural Energetics in the DNA Triplex. larger perturbations of the triplex structure at or near the
The results obtained in the present work allow us to map exchanging proton.
the stability of the DNA triplex structure at the level of Our present results also provide new insights into the
individual base pairs and distinct base pairing interactions. opening kinetics and stabilization free energies of Hoogsteen
The exchange of imino protons reflects those conformational base pairs in the DNA triplex. As shown in Table 2, the
fluctuations in the DNA triplex which yield an open, equilibrium constants for opening of Hoogsteen base pairs
exchange-competent state of the imino group. Accordingly, in the central part of the triplex range from2 1077 to
the local stabilization energies derived from exchange rates9 x 1076 These values are comparable to those normally
represent the free energy changes associated with theséound for Watsor-Crick base pairs in double-helical DNA
conformational fluctuationsAGep) (32). [4.2 x 10°%and 4.3x 1077 in the DNA hairpin investigated
One important result of the present investigation is that and other results4Q, 41)]. This finding implies that, in a
the equilibrium constants for opening of individual base pairs canonical YRY triplex such as the one investigated here,
in the duplex part of the triplex structure are much lower the stability of Hoogsteen base pairs is comparable to that
than those in a DNA double helix. In the double-helical of Watson-Crick base pairs in duplex DNA. As in duplex
hairpin investigated, the equilibrium constants for opening DNA, the base pairs formed by Hoogsteen interactions
are 4.2x 105 for AsTigand 4.3x 1077 for G4C17 and GCys appear to open one at the time, independently of each other.
(Results section). Formation of the triple-helical structure The exchange rates of Hoogsteen imino protons, however,
reduces these equilibrium constants up to 6000-fold (Table depend on the location of the base pairs in the structure. As
2). Hence, relative to DNA double helices, the Watson in the case of double-helical DNA, the exchange of the last
Crick base pairs in the triplex are further stabilized by extra two bases, J, and T, is faster, being affected by fraying
free energies of up to 5 kcal/mol (eq 4). This stabilization is at the end of the strand. Moreover, for Hoogsteen imino
significant only for Watsor Crick base pairs located in the protons located in the "fend part of the structure the
central part of the triplex structure. For terminal base pairs, exchange rates are higher than those in central triads. For
such as 7o and T3, the exchange rates and the opening instance, the exchange rate ofs Ts approximately 2-fold
equilibrium constants are comparable to those in double- higher than that of 7s. Similarly, among the three 'CGC
helical DNA (Tables 1 and 2). For the AT base pairs located triads present in the structure, the highest exchange rate is
in the central part of the triplex the exchange rates also observed for C,s (Table 1). These observations provide
depend on the exact location of the base pair in the structure .additional support to the suggestion that the triads located
As shown in Table 1, the exchange rate fgg if five times at the 3-end of the structure are less stable than the other
larger than that for J. This difference clearly reflects a  central triads in the triplex.

destabilization of the Al'1g base pair relative to the A In summary, the results presented in this paper demonstrate
base pair (Table 2). This effect may be related to the loca- that, in a YRY triplex, the binding of a third strand in the
tion of the AgT1s base pair toward the'®nd of the tri- major groove of double-helical DNA significantly stabilizes

plex structure (this directionality is defined relative to that the Watsonr-Crick base pairs against the structural fluctua-
of the purine WatsonCrick strand). As shown by Feigon tions responsible for imino proton exchange. This stabiliza-
and co-workersZ5), in this part of the structure the,fA1 T2 tion appears to be dependent on the location of the base triad
triad does not form. Hence, these observations suggest thatelative to the ends of the triplex and on steric constraints
the B-end part of the triplex structure is less stable than the imposed by the loop connecting the third strand to the rest
rest, possibly due to conformational constraints imposed by of the structure. Similar dependencies are observed for the
the short, three-base loop connecting the two pyrimidine stabilization free energies of Hoogsteen base pairs. The DNA

strands. investigated in the present work is one of only a few DNA
In the DNA triplex, the energetic cost of the structural canonical triplexes for which proton exchange has been
fluctuations which bring the imino protons of Watse@rick characterized at the level of individual triad®). Thus, no

base pairs into the open, solvent-accessible state is expectethferences can be drawn yet on the dependence of the local
to be higher than that in double-helical DNA. For ex- stabilization energy on base sequence. Characterization of
ample, formation of the open state for the guanine in a nucleic acid triple helices containing different base sequences
C*+GC triad should perturb the hydrogen bonds involved in and selected noncanonical base triads will provide this

both Watson-Crick and Hoogsteen base pairing (Figure 1). important information.
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