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ABSTRACT. Recognition of specific sites in double-helical DNA by triplex-forming oligonucleotides has
been limited until recently to sites containing homopurihemopyrimidine sequences:TA and T-CG

triads, in which TA and CG base pairs are specifically recognized by guanine or by thymine, have now
extended this recognition code to DNA target sites of mixed base sequences. In the present work, we
have obtained a characterization of the stabilities 6f&and T-CG triads, and of the effects of these
triads upon canonical triads, in triple-helical DNA. The three DNA triplexes investigated are formed by
the folding of the 31-mers d(GAAXAGGLCCTYTTCTsCTTZTCC) with X=G, T,or C, Y=C, A, or

G, and Z= C, G, or T. We have measured the exchange rates of imino protons in each triad of the three
triplexes using nuclear magnetic resonance spectroscopy. The exchange rates are used to map the local
free energy of structural stabilization in each triplex. The results indicate that the stability of Watson
Crick base pairs in the GA and T-CG triads is comparable to that of Watse@rick base pairs in
canonical triads. The presence of T& and T-CG triads, however, destabilizes neighboring canonical
triads, two or three positions removed from theT&/T-CG site. Moreover, the long-range destabilizing
effects induced by the-TG triad are larger than those induced by th&@ &triad. These findings reveal

the molecular basis for the lower overall stability ofT&- and T-CG-containing triplexes.

Recognition of specific base sequences in double-helical families of triple helices have been limited thus far by the
DNA can be achieved by oligonucleotide-directed formation fact that, in these systems, only GC and AT base pairs can
of triple-helical structures. Extensive experimental evidence be recognized by triplex formation. This limitation has
has shown that formation of the triple-helical structure at prompted sustained efforts to expand the triplex recognition
the targeted sites inhibits the sequence-specific binding of code to the other two WatserCrick base pairs in duplex
proteins to DNA (—4) and specifically alters gene expres- DNA (11, 12). The two most promising base triad combina-
sion 6—8). Moreover, triplex-forming oligonucleotides have tions identified thus far are the novel triadsT@ and T
been coupled with DNA cleaving agents, thus allowing site- CG. In the first triad, a guanine in the third strand recognizes
specific cleavage of genomic DNAQ). Generally, the a TA base pair in duplex DNA1B, 14). In the second, a
targeted sites consist of homopurifleomopyrimidine se-  thymine in the third strand recognizes a CG base fddi). (
quences. The bases in the third strand bind to the homopurineThus, these two triads open a route to achieving recognition
strand of the DNA double helix through specific Hoogsteen of random base sequences in DNA through oligonucleotide-
hydrogen bonds. Two families of structures exist depending directed formation of a triple helix. However, at present, a
upon the base composition and the orientation of the third limitation in this approach is that triple helices containing
strand (0). In pyrimidine—purine-pyrimidine (YRY)! tri- G:TA and T-CG triads are less stable than canonical YRY
plexes the third strand consists of protonated cytosingy (C triple helices. This destabilization depends on the nature of
and thymines (T) and binds parallel to the purine strand of the triad, being greater for triple helices containingCG
the double helix. The Cand T bases recognize respectively triads than for those containing TA triads (12, 14, 16, 17).

GC and AT base pairs by forming'@C and FAT triads. New insights into the molecular origin of these destabilization

In purine—purine-pyrimidine (RRY) triplexes, the third  effects have been gained from the three-dimensional struc-

strand is purine-rich and binds antiparallel to the purine strand tures of several &@A- and T-CG-containing triple helices

in the DNA double helix. In this case, the GC and AT base solved in solution state by nuclear magnetic resonance

pairs are recognized through the formation of&, T-AT (NMR) spectroscopyl8—22). The structures have revealed

and GGC triads. The practical applications of these two that, in GTA and T-CG triads, the base in the third strand
is anchored to the duplex by only one hydrogen bond (Figure

T Supported by a grant from the National Science Foundation (MCB- 1). In contrast, in canonical YRY triple helices, the third
9723694). strand base forms two Hoogsteen hydrogen bonds to each

* To whom correspondence should be addressed: Phone: (860) 685-\Watson-Crick base pair. The structures have also shown
2428, Fax: (860) 685-2211. E-mall. irussu@wesleyan.edu. that the presence of <GA or T-CG triads induces large

Abbreviations: NMR, nuclear magnetic resonance spectroscopy; L . . .
ppm, parts per million, A, adenine; G, guanine; C, cytosine; T, thymine; Variations in the helical parameters. These structural varia-
Y, either pyrimidine; R, either purine. tions distort the duplex part of the structure and allow novel
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Ficure 1: Structures of the canonicatAT and C™-GC triads (0) and of the novel GT'A and T-CG triads (8—20).

sta}cklng interactions between the base in the third strand and T NGy = CpmTs T AgiTs —Te=C; T\T
neighboring basesl8—20). GTA & N Y \
Complete elucidation of the molecular basis of the stability triblex Te1-G14— G13-Ar2TT1rA10— A9~ G~ }l’
of G-TA- and T-CG-containing triple helices requires * x| x e o2 % T
understanding how these perturbations in conformation affect 3'“C*21—C’20—T19—|G1a"| T17-T16—C'15 -7
the stability of each triad in these structures. One experi-
mental approach that is uniquely suited for obtaining this T-T< — I
information is proton exchang@3d). This method has been 106 T (51 - 92_-(3_(‘:‘4_“_1:5_?7 T
extensively used to define the energetic effects of structural |': L . 5
: e : . : : Te1-G1a—G13~A127CiirA1g—Ag—Gg=5' T
changes in proteins, induced by single amino acid substitu- triplex T *14 :3 *12 *" *10 . % |
tions or by allosteric transitions24). We have also used 3'—C*21—C’20—T19—T18-—T17-—T16—0*15,T/T
proton exchange to characterize the energetic effects of t—
structural modifications in DNA double helices, for example, -1~ — ~Tee
base pair mismatche®%). In the present work, we have . T C31 - ?2"1:3"0.4“1:5'1:6"?7 T\
extended these previous investigations by a study of two C.GC . = .~ | .
. . o . . ; ~1-G14— Gy3~A127Gy47A1g-Ag—Gg—5 T
DNA triple helices containing A and T-CG triads, using triplex TR T B e e /
NMR spectroscopy and proton exchange. The DNA triple 3"C+21'C+20'T19‘C+1s"T17—T1s"C+15~T/T
helices investigated are shown in Figure 2. One triple helix L
(henceforth abbreviated-BA triplex) incorporates a A FIGURE 2: Base sequences and folded conformation of the DNA

triad into an otherwise YRY triplex. The solution structure triplexes investigated. WatseiCrick hydrogen bonds are indicated
of this triple helix has been solved by NMR methods by by dots, and Hoogsteen hydrogen bonds are indicated by asterisks.
Patel and co-workersl@). The second triple helix (hence- The imino proton resonances for the bases shown in bold are
forth abbreviated ICG triplex) contains a ICG triad, and  game as that used in the determination of the structures of the
its solution structure has also been solved by Patel and co-G-TA and T-CG triplexes.
workers @0). Except for the replaced triad, the two triple

helices are identical. Thus, they permit a comparison of the structed and studied a homologous triplex in which a can-
energetic effects of @A and T-CG triads within the same  onical C"-GC triad is present at the same site as thgAs
base sequence context. As a reference for the structuraland T-CG triads in the other two triplexes (henceforth
energetics in these two triple helices, we have also con-abbreviated C-GC triplex).

observable in the NMR spectra. The numbering of the bases is the
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MATERIALS AND METHODS to the time elapsed between the initiation of the exchange

. . and the first NMR spectrum, the fastest exchange rate that
_DNA SamplesThe DNA oligonucleotides were synthe- .14 he measured accurately in these experimentsxs 4
sized on an automated DNA synthesizer (Applied Biosystems ;-3 -1

381A? using phosphonate Ch?”.“s”y for_ theT@ and T The 2D NOESY experiments were carried out for the C
CG triplexes and phosphoramidite chemistry for the@®C ¢ yipjex using the water flip-back WATERGATE NOESY
triplex. They were purified by reverse-phase HPLC on a |, jqe sequenc@(). A total of 512 increments were used in

PRP-1 column (Hamiltqn) in 50. mM triethylammc.)n.ium the second dimension at a spectral resolution of 5 Hz/point.
acetate buffer at pH 7 (with a gradient 6f32% acetonitrile The mixing time was 100 ms.

it? 39 min).dThe cqfunte(ionshwerehreplacgd with+Nansb Theory of Imino Proton Exchang&he exchange of imino
y repeated centrifugation through Centricon YM-3 tubes ,i,n5 with solvent protons in nucleic acids occurs by

(Amicon Inc). The final samples were in 100 mM NacCl openi ; . :

. pening of the base pairs. During opening, the hydrogen bond
and 5.ml\g l;/lgoqoat pH 4.6f(mer?s%red at_Sf). Thegaomples holding the imino proton breaks, and the proton is moved
contained 240 OF, units for the GTA triplex, 140 ODyso into a state where it is accessible to proton acceptors.

units for the FCG triplex, and 230 OR units for C-GC  accordingly, the rate of exchange of a given protonds)(

triplex.

NMR ExperimentsThe NMR experiments were performed Ko Ko
at 5°C on a Varian INOVA 500 spectrometer operating at Koy = __Op ex,0pen 2)
11.75 T. One-dimensional (1D) NMR spectra were obtained Ko kex,open

using the jump-and-return pulse sequen2é).( For the ) ) o
measurements of proton exchange rates, we have used twé/hereko, is the rate of opening of the base pd; is the
methods: transfer of magnetization from water and real-time rate of closing, andcxopenis the rate of proton exchange
exchange. The choice of the method was dictated by thefrom the open state. The equilibrium constégg = kop/ka
values of the exchange rates to be measured; namely, trans'S related to the free energy change for the opening reaction
fer of magnetization experiments were used to measureby (23)

exchange rates higher than 0:3,sand real-time exchange

experiments were used to measure exchange rates lower than AG,,= —RTInK,, ®3)
4x103sL _

In transfer of magnetization experiments, the exchange was N the open state of the base pair, the exchange of the
initiated by inverting selectively the water proton resonance imMino proton occurs by two mechanisms. In one, the
using a Gaussian 18@ulse (5.7-5.9 ms). A weak gradient ~ €xchange is catalyzed by external proton acceptors present
(0.21 G/cm) was applied during the exchange delay following in solution, e.g., water, OH and buffers. In the other, the
water inversion to prevent the effects of radiation damping Proton acceptors are the nitrogens in the other base of the
upon the recovery of water magnetization to equilibrium. Open base pair; for example, for an open WatsGnick AT
At the end of the exchange delay, a second Gaussian pulsdase pair, the acceptor of the N3H proton of thymine is the
(1.7-1.8 ms) was applied to bring the water magnetization N1 group in adenine. Accordingly, the rate of exchange from
back to the oz axis. The observation was with the jump- the open state is2, 32)
and-return pulse sequence. Twenty-two values of the ex- _
change delay in the range from 2 to 600 ms were used in Kex,open= Kalacceptor}+ '”;Yopen 4
each experiment. The relaxation delay between successive
scans was 8 s. The longitudinal relaxation rate of water{0.5 wherek, is the rate constant for proton transfer to an external
0.6 5) was measured in separate experiments. The exchang@cceptor andkly ,pe,is the rate of internal catalysis. The
rates were calculated from the dependence of the intensityefficiency of proton transfer to external and internal acceptors
of the proton resonance of interest on the exchange delay ass determined by the fraction of productive transfé¥sjn
we have previously describe@{-29). Due to effects of  the transient hydrogen-bonded complex between the imino

the longitudinal relaxation of the protons of interest and of group NH and the acceptor. The fractisrdepends on the
water protons, the lowest exchange rate that can be measuregk values of the imino group and of the acceptor:

reliably using the transfer of magnetization method-&3
stat5°C. F=(1+ 1071 5)

In real-time exchange experiments, the DNA samples in
water were dried down to 68 30 uL by flushing with argon. with ApK = pK(acceptor)— pK(NH).
The exchange was initiated by adding 3400f D20 such Two regimes for proton exchange in nucleic acids have
that the final volume fraction of D was between 86% and  peen observe®@, 33): (i) In the EX1 regime, wheHex open
95%. The time elapsed between the initiation of exchange >
and the first NMR spectrum varied between 4 and 6 min. A
total of 96 transients were accumulated for each spectrum Koy = kOp (6)
with a total acquisition time of 3.85 min per spectrum. The

intensity of each resonance was fitted as a function of the 5nq the exchange is rate-limited by the opening of the base
exchange delayto the equation: pair. (i) In the EX2 regime, wheheyopen<< Ke:

I(t) = [1(0) — 1(o0)] exp(—Kgy) + 1() (1) Kex = KopKex.open (7)

wherel () is the intensity in a fully exchanged sample. Due and the measured exchange rate is proportional to the
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Ficure 3: NMR resonances of imino protons in the DNA triplexes 723 | “A12-Ns
investigated in 100 mM NaCl and 5 mM MgCat pH 4.6 and at 7.37 Jﬁm‘jg
5°C. The resonance assignments for th& &and T-CG triplexes 7.4 ) JZA12-H2
are from Patel and co-workerq, 20). F2 754 j\ﬁ;(_)—st
(ppm) | Prais
equilibrium constant for opening of each base pair and to 771 | AsNe
the rate of proton transfer from the open state. 781 | As-Ns
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RESULTS o Atz-Ne
8.0
Solution Structures and Assignments of Imino Proton 146 144 142 140 138 136 134 132
Resonances in the DNA Triple Helicesvdistigated.The F1 (ppm)

solution structures of the<GA and T-CG triplexes have been  FIGURE 4: Expanded regions of théi—'H NOESY spectrum of

R ; the C™-GC triplex in 90% HO/10% DO at pH 4.6 and at 5C.
solved by Patel and co-workers using NMR spectroscopy (A) Sequential connectivities between imino protons in Watson

(19, 2,0)' ,BOth .trllplexes belong to the YRY ]‘amlly and Crick base pairs (& Ts-G11-Ts-Te-Gg) and in Hoogsteen base pairs
contain, in addition to the GA or the T-CG triad, three (T1s-Cig'-T17Tae). (B) Connectivities between imino and amino
canonical C-GC and three canonical-AT triads (Figure protons and between imino and aromatic protons;§A; T3, T17*
2). The imino proton resonances of these two triplexes, andAiTs, and Tie-AgTe triads. The horizontal lines indicate thymine
thelr aSSlgnments’ are Shown |n Flgure 3 The |m|n0 proton imino prOtOnS that have connectivities to the same adenine amino
resonances from the Hoogsteen bases of tHeAGand T- protons.
CG triads (i.e., @ and Ty, respectively) occur at 11.0 and base pairs have NOESY connectivities to A-C8H protons in
11.1 ppm, respectively, upfield from the spectral region the same JAT triad, namely, T~A1o, Tie-Ag, and Tig-A1.
shown in Figure 3, where they overlap with resonances of Moreover, the thymine imino protons in Watse@rick and
the imino protons of thymines in the two loops. The Hoogsteen base pairs also show connectivities to both amino
resonances of imino protons from the termingf™Gind Gs* protons of the adenine in the same triad, i.g.amd T;g to
bases are not observed. For these protons the exchange withi,, Ts and T;7 to Ao, and Ts and Ty6 to Ag (Figure 4B).
solvent is very fast, and their resonances are broadenedThese results, and the connectivities between exchangeable
beyond detection. and nonexchangeable protons (not shown), confirm that the
For the C-GC triplex we have characterized its solution C*-GC oligonucleotide folds in solution into a YRY triple-
structure using 20H NOESY experiments. Formation of helical structure.
the triple-helical structure was indicated by the appearance Proton Exchange in the DNA Triple Helicesbstigated.
of imino proton resonances from Hoogsteen base pairs andWe have measured the rates of exchange with solvent for
by the characteristic downfield shift of amino proton the imino protons in the three triple-helical structures.
resonances of protonated cytosines. The imino proton Representative examples from proton exchange measure-
resonances of the '@GC triplex are shown in Figure 3. ments are shown in Figure 5. The upper panel in the figure
Expanded regions of tHel—H NOESY spectra for the same illustrates results from transfer of magnetization experiments
triplex are shown in Figure 4. Sequential connectivities by showing the dependence of the intensity of the imino
between imino protons are observed for the central bases inproton resonance ind®n the exchange delay. For this proton
the Hoogsteen strand (i.e.4siCi1s™-T17T1g) @and in the duplex  the exchange rates are, within experimental errors, the same

part of the structure (i.e., &T3s-G11-Ts-Te-Gg). For the latter, in the three triple helices. The lower panel in the figure
the connectivity between imino protons in{&and Ga is illustrates results from real-time exchange experiments. After
not resolved because the chemical shifts of these resonanceitiation of the exchange by addition of,D to the sample,
are close to each other (Figure 3). Formation of tHeGC the intensity of the imino proton resonance from; T

triplex was confirmed using all of the other NOESY decreases with time. The exchange in the canoni¢aGC
signatures of triple-helical structure34j. For example, as triplex is slower than that in the GA triplex. For the same
shown in Figure 4B, the imino protons in HoogsteetAT  proton in the TCG triplex the exchange is too fast to be
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1 ; : . } exchanged with deuterium, indicating that their exchange

—s—G.TA triplex rates are faster tharvd x 1073 s™L. In contrast, for the
os | ‘:Ef&‘;‘r‘i’;?;‘x 1 canonical triplex, the exchange of several imino protons can
> be monitored in these experiments.
% » The exchange rates of all imino protons in the three DNA
g06 ] triplexes are summarized in Table 1. As the data show, the
§ range of values spans 5 orders of magnitude, from 100 to 4
= 04 - - x 107 s71, Within this range, the exchange of several imino
% i protons is too fast to be measured in real-time exchange
z experiments (i.ekex > 4 x 102 s71) and too slow to be
02 r ] measured in transfer of magnetization experiments Kg.,
< 0.3 sY. For these protons we have tried to define the
0 : ) : ' exact value of the exchange rate by measurements at different
0 0.1 0.2 03 0.4 temperatures. The range of temperatures that could be used
Exchange delay () was limited by the stability of the triple-helical structure to
R . v ' ' temperatures lower than P&. We have found that, in this
5 :jgfé“c"t‘s'z‘x temperature range, the exchange rates of the imino protons
08 [\ % ' e ] of interest remained in the range fromx4102to 0.3 s?,
2 QC{ which is not accessible to our NMR measurements.
g %
E 06 %, ] DISCUSSION
H %o . . . :
2 oal % ] Imino Proton Exchange in the Canonicalf@GC Triple
E %% Helix. The exchange of imino protons in DNA triple helices
3 [ N %%s% results from the fluctuations in the structure that yield open,
0.2 r %%%W% ] solvent-accessible states for Hoogsteen and WaiSoick
080%0000000620200] T, G, and C bases. The wide range of values of the
o . J , : exchange rates reflects (i) variations in the rates of opening
0 50 100 150 200 and closing of individual bases throughout the structure (eqs

Exchange delay (min) 2 and 7) and (ii) different efficiencies of proton transfer from

Ficure 5. Examples of the dependence of the intensity of imino the open state, which depend on the chemical nature of the
proton resonances on the exchange delay. Upper panel: exchanggnino group and of the acceptor (eq 5). We have previously

of the imino proton in @ measured in transfer of magnetization : b : -
experiments. Lower panel: exchange of the imino protonqn T shown that, in YRY DNA triple helices and under experi-

measured in real-time exchange experiments. mental conditions similar to those used in the present work,
the imino proton in the open state is transferred to other
C*GC triplex T.CG triplex functional groups in the same DNA molecule or to water

(28). Internal catalysis dominates the exchange of imino

T T16T19 T17 protons in Hoogsteen'GG and in Watson Crick base pairs.
Ts 13 o For protonated cytosines, the acceptor of the N3H proton is
the N7 group of the guanine in the samé&-G base pair
(Figure 1). The K value of this acceptor group Ifp= 2.0
(35)] is only 2.4 pH units lower than that of the cytosine

imino group [K = 4.4 35)]. Therefore, the efficiency of
M internal catalysis is high, €.d¢y gpen™ 6 x 10° s at 10
BSMIN e P AN, °C, and the exchange is in, or close to, the EX1 regif@. (
The high efficiency of internal catalysis also explains why
v the rates of exchange of cytosine imino protons are large
22Mn e s (Table 1). For WatsonCrick base pairs, thelpvalues of

the imino groups [9.6 and 10.1 for G-N1H and T-N3H,

W1 min respectively 85)] are much higher than those of the acceptors
_MMM-.M

[3.7 and 4.4 for A-N1 and C-N3, respectivelg5j]. As a

SR result, internal catalysis is less efficient, i.@,}yopen% 100
160 150 140 130 ppm 160 150 140 130 ppm 1P stat 10°C (28). For Watsor-Crick base pairs located
FiGure 6: Selected imino proton spectra of thé-GC and FCG in the center of the triple-helical structure (e.gizPs, G11Ca,

triplexes during real-time exchange measurements #.5The and AoTs) the exchange rates are further decreased by their

exchange time (minutes) is given for each spectrum. The spectra, PP ; ;
at the top of the figure are control spectra taken in 9039H0% lower equilibrium constants for opening. For base pairs

D,0. The imino proton resonances of thé-GC triplex which located close to the ends of the structure (e.g4CGand
show changes in intensity during real-time exchange are indicated. GsC7) the low efficiency of internal catalysis is compensated,
measurable in real-time exchange experiments. This resultn Part, by the larger equilibrium constants for opening of
is shown in Figure 6. As one can see, in the first spectrum €se base pairs, and the exchange rates are higher.
acquired after the initiation of exchange (i.e., exchange delay In contrast to WatsonCrick and Hoogsteen CG base

of 6.5 min), the imino protons in this triplex have already pairs, the exchange of imino protons in Hoogsteeh Base
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Table 1: Imino Proton Exchange Rates'fsat 5°C: C™GC Triplex (Upper Row), GTA Triplex (Middle Row), and TCG Triplex (Lower

Row)
Cl Cc2 T3 C4/A4/G4 T5 T6 Cc7
(4.1+0.3)x 10 (1.2+0.1)x 10°® 4 x 108 < ke <0.3
(21+0.2)x 103 4 x 103<ky<0.3 4x 103 < k< 0.3
4 x 103 < kex< 0.3 1.3+0.1 4x 102 <ky<03 4x10°<ky<0.3
Gl14 G13 A12 G11/T11/C11 Al10 A9 G8-5
1.69+0.06  0.43£0.01 4x 108 <k <0.3 4.2+ 0.1
1.91+0.04 0.39+0.01 (1.3+0.1)x 10°3 41+01
2.104+0.08 0.41+ 0.02 46+0.3
3-Cct21 C20 T19 C18/G18/T18 T17 T16 €15
a 45+ 2 (9.9+0.9)x 104 24+01 (3.0+0.3)x 104 (0.9+0.1)x 103 a
a 100+ 12 (2.5+0.3)x 1073 b (9.2+0.9) x 104 (1.0+0.1)x 10 a
a 65+ 3 0.35+ 0.01 b 4x 103 < ki< 0.3 0.40+ 0.01 a

a|mino proton resonance is not observalslémino proton resonance overlaps the T-N3H resonances from the loops.

pairs most likely occurs by direct transfer of the proton from
the open state to water. The rate of this transfer is small,
i.e., Kex.open™ 30 s%(36), explaining why the imino proton

Effects of GTA and FCG Triads upon the Stability of
Canonical Triads.The exchange rates of imino protons in
canonical triads can be used to map the energetic effects

exchange for thymines in the Hoogsteen strand is very slowthat the GTA or the T-CG triad has upon the rest of the

(Table 1).

Imino Proton Exchange and Stabilities of theT@ and
T-CG Triads. The exchange rates obtained in the present
work allow us to characterize the stabilities of the Watson
Crick base pairs in the GA and T-CG triads. This

triple-helical structure. According to the local opening model
for proton exchange2@), the free energy change in the
opening reactionAGep, (eq 3), is a measure of the structural
stability at the site containing the imino proton. Therefore,
any structural perturbation that affects that stability at that

characterization is based on the exchange rates of iminosite should result in a change in the rate of exchange of the

protons in T, in the GTA triplex and in G in the T-CG
triplex. The exchange rate of theTimino proton in the
G-TA triplex (kex = 1.3 x 1073 s7%, Table 1) is similar to
those of imino protons in WatserCrick AT base pairs in
the canonical triplex, e.g., 1.2 103 s * for the AoTs base
pair. This result indicates that the stability of theA, base
pair in the GTA triad is comparable to that of AT base pairs
in canonical FAT triads. Similarly, for the imino proton of
the G1G4 base pair in the TCG triplex, the exchange rate
(1.3 s'Y) is of the same order of magnitude as those of imino
protons in WatsonCrick GC base pairs in the canonical
triplex, i.e., G3C,, G14Cy1, and GC; (Table 1). This suggests
that the stability of the CG base pair in theCiG triad is

also comparable to that of GC base pairs in canonical triads.

One should note, however, that the Wats@rick GC base

pairs used for this comparison are all located within two
positions from the ends of the triplex. Due to this location,
their stabilities are probably lower than that of a central GC
base pair. A more informative comparison would be to the
G11C4 base pair in the canonical triplex. Unfortunately, for

imino proton contained in that site. This change in stabiliza-
tion free energy is related to the observed change in exchange
rate by

K
OAG,,= —RTIn* = —RTlnk°+X
o Kop X

(8)
where the primed symbols refer to the perturbed %ite.

The data presented in Table 1 indicate that the exchange
rates of imino protons in triads located in the vicinity of the
G-TA/T-CG site are different from the corresponding ones
in the canonical triplex. One example is the R 1,13 triad,
located on the '3side of the GTA/T-CG site (this direc-
tionality is defined relative to the purine strand in the
triplexes). In this triad, the imino proton exchange rates in
both Watson-Crick and Hoogsteen bases are increased in
the substituted triplexes as compared to the canonical triplex.
Interestingly, these increases are larger in th€Q@ triplex
than in the GTA triplex. For example, relative to the
canonical triplex, the exchange rate of the imino proton in

this base pair, the value of the exchange rate falls into the the Hoogsteen 1-A1, base pair increases 2.5-fold in the G

range that is not accessible to NMR measurements.
Our present results do not allow a characterization of the
stabilities of the Hoogsteen bases in theT& and T-CG

TA triplex and 350-fold in the TCG triplex. These increases
correspond to unfavorable changes in the stabilization free
energy of the TA Hoogsteen base pair of 0.5 and 3.2 kcal/

triads for two reasons. First, the imino proton resonances of mol, respectively (at 8C). A similar pattern is observed

Gigand Tgin the two substituted triplexes overlap the imino

for the Ty»A19T5 triad, which is located on the'Side of

proton resonances from the loops (see Results section). Thushe GTA/T-CG site. The exchange rates of the imino proton
their individual exchange rates cannot be measured. Secondin the Watsor-Crick base pair of this triad are increased at

according to the structures ofTA and T-CG triplexes 19,

20), formation of GTA and T-CG triads involves a single
Hoogsteen hydrogen bond from the amino groups @fa@&d
Cy4, respectively (Figure 1). This hydrogen-bonding pattern
does not involve the imino protons ofig&and T;g and leaves

least 3.3-fold in the two substituted triplexes. For the
Hoogsteen base pair in the same triad the exchange rate
increases 3-fold in the GA triplex and more than 10-fold

2 This equation is valid only in the EX2 regime of exchange (eq 7).

these protons accessible to solvent. Therefore, were theFor protons whose exchange is in the EX1 regime (eq 6), the equation

resonances of these imino protons resolved in the spectra
their exchange rates would not have been indicative of the

stability of the Hoogsteen base inrTA and T-CG triads.

is valid only if the structural perturbation does not affect the rate of
base pair closing. Moreover, in using this equation to calculate the
change®AG,p, we make the assumption that the structural perturbation
does not affect the rate of proton exchange from the open state (eq 7).
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in the T-CG triplex. Therefore, the 1*A10Ts triad is also account for the observed changes in proton exchange rates.

destabilized relative to the canonical triplex by 0.6 to, at least, For example, at the trinucleotide segmentG15-T1g in the

1.3 kcal/mol (at 5°C). third strand, both 5 and 3-bases are destabilized although
The energetic effects of theTA and T-CG triads extend  on the 5-side the stacking is enhanced and on thsi@e

to canonical triads at positions removed from the site of the the stacking is poor. The complementarity between the

substitution. Examples of these long-range effects are thestructures of the two triplexes and their dynamics probed

Hoogsteen Te:Ag and Go'Giz base pairs and the Watsen by proton exchange is even more evident for th€G

Crick Gu'C, base pair (Table 1). As for the other triads, triplex. The structure of this triplex shows that the magnitude

these effects are larger in thedG than inthe GTAtriplex.  and the pattern of the perturbations induced by thé @

For instance, the stability of the Hoogsteer-As base pair  triad are very similar to those observed in theT& triplex

is the same in the CGC and GTA triplexes but is decreased (20 In contrast, our results indicate that the destabilization

by 3.3 kcal/mol in the TCG triplex. The only exception 10 4f canonical triads in the TG triplex is larger than that in

this trend is the Hoogsteeng Gz base pair for which the the GTA triplex.

exchange rate suggests that the stability in th€AXriplex . - .
is lower than that in the TG triplex. The global stability of GTA- and T-CG-containing triple

The energetic effects observed in the present work for the N€lices has been previously measured by UV meltitfy (
G-TA triplex are very similar to the effects that we have 37 quantitative affinity cleavagel), and gel electrophore-
recently reported for the triple helix formed by the 32-mer SiS (15). The results have shown thatdG-containing triple
oligonucleotide d(AGATAGAACCCCTTCTATCTTATA- helices are less stable thanT@-containing triple helices.
TCTGTCTT) @9). This oligonucleotide also forms a YRY ~ For example, Dervan and co-workers have measured the
triple helix with a central GTA triad (18). However, this association equilibrium constants for formation of triple-
triple helix is one triad longer than the -TA triplex helical complexes between a 15-base oligonucleotide and a
investigated in the present work, and the base sequence i242 base pair DNA fragment using quantitative affinity
different. As in the triplex investigated here, the stability of cleavage titration4). Substitution of a canonical triad by
the TA base pair in the GA triad in the longer triplex was  the GTA triad was found to decrease the overall stability
found to be comparable to that of AT base pairs in the duplex of the triplex by 1.5-1.7 kcal/mol (at 22C). In the presence
part of the structure. Moreover, destabilization effects were of the T-CG triad, the stability of the triplex was found to
observed for triads two positions removed from thél & be even lower, namely, by 2:2.3 kcal/mol. These changes
site. This similarity between the two triple helices suggests most likely contain energetic contributions from many more
that the effects of the G'A triad do not depend strongly on interactions than those probed in the present work by the
base sequence context. exchange of imino protons. Therefore, a quantitative com-

The availability of solution structures for two of the DNA  parison between the two sets of results is not possible.
triple helices investigated allows an unique opportunity to Nevertheless, our present findings provide several new
compare structural variations to the dynamic changes probedinsights into the molecular mechanisms that are responsible
by proton exchange. For the-TA triplex the structure  for the differences in the free energy of triplex formation
reveals perturbations in both the duplex part and in the third gpserved by Dervan and co-workefsl). First, our results
strand (9). The duplex part of the structure is generally gyggest that the lower overall stability of TA- and T-CG-
underwound, with an average helical twist of°3as  c¢ontaining triplexes is not due to an intrinsically lower
compared to 33and 36 in A-form and B-form, respec-  giapility of these two triads. Instead, they show that the
tively). The only exception to this trend is at tha-®s Step  geapility of Watsor-Crick base pairs in these two triads

where thz hel'?l t\lethlncreaszs t$°3—AS a resalt, thz approaches that in canonical triads. Second, a significant
intrastrand stacking at the ¢47s):(Awo-Tu) Step is enhanced. i tion to the lower stabilities of GA- and T-CG-

Egé;??g:"trr?esgrri?]r&?:'lég‘;cljirg?trﬁ:;g;cba“_?_ns;géhfirs::]uecwrecontammg triplexes most likely results from the destabiliza-

, 9 187 119 = ; tion effects that these triads have upon neighboring, canonical

bases at the'3nd. At the T+Gis Step the helical twist ; )

. . . . triads. According to our present results, as well as other

increases to 72 and this results in a novel stacking S
recent results from our laborator29), these destabilization

interaction between 1§ and Gg. The opposite effect is .
observed at the {gT19 Step where the helical twist decreases effegs are long range and can extend t(.) triads two or three
positions removed from the <GA/T-CG site. These long-

to —20° and the stacking between &7 19 is greatly reduced. . - .
At the 3-end of the strand, the axial rise at thgsC-Cyy* range effects also explain why-@G-containing triplexes

step increases from 3.4 te4.5 A. The presence of these have a lower overall stability thgn-(BA—containing triplexes.
perturbations in the structure certainly predicts changes in/AS our results show, the-TG triad affects a larger number
the stability of individual triads. However, the correlation ©Of neighboring triads than the-GA triad does. Moreover,
between the nature of the structural variations and the the magnitude of the long-range effects induced by the
changes in proton exchange rates that we have observed id *CG triad is also larger than that of the effects induced by
not immediate. For example, on the basis of the structure,the GTA triad. The general validity of these suggestions
one may assign the destabilization of Wats@rick base ~ could be established by mapping the stability of individual
pairs in the GTA triplex to the fact that the double helix is  base pairs in DNA triplexes using proton exchange, over a
underwound. However, this mechanism would not explain range of solvent conditions, such as pH and ionic strength,
the higher exchange rates for the bases within the regionsknown to affect the free energy of formation of these
with increased helical twist, namely,,As and T,7-Gys. structures. This work is currently in progress in our labora-
Similarly, variations in the stacking interactions do not tory.
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