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ABSTRACT. The solution properties of the parallel intramolecular DNA triplex d(GAGAGA-oct-TCTCTC-
oct-CTCTCT) (oct= -O-(CHy)s-O-PGQ-0O-(CH,)s-O-PQ-) and the duplex d(GAGAGA-oct-TCTCTC)

have been examined by UV melting and high-resolution nuclear magnetic resonance spectroscopy (NMR).
All nucleotides were primarily in thé& conformation (i.e. near CZndqg in both the duplex and the
triplex. However, the sugars of the Hoogsteen pyrimidine strand had a lower fraction $6taee than

the Watson-Crick strands. Glycosidic torsion angles derived from nuclear Overhauser effect (NOE)
build-up curves were found in the rangd 03’ to —133°, with a clear alternation in magnitude along the
GAGAGA strand in the triplex, whereas the glycosidic torsion angles were more similar in the duplex.
Internucleotide NOEs were also consistent with an overall B-like geometry, rather than the A family.
However, particularly in the Hoogsteen strand, some sequential NOE intensities were intermediate between
those of the B and A forms. Distance and torsion constraints derived from NMR experiments were used
to generate structures and were refined by restrained molecular dynamics. Extensive chemical shift
differences between residues in the triplex and duplex were found for the purine strand, and there were
remarkable differences in the pattern of shift differences for the A and G residues that correlated with
differences in glycosidic torsion angles. Although there are differences in structure between the free
duplex and that in the triplex, they are in important respects similar, indicating that only small
conformational adjustments are needed to make parallel triple helices.

DNA triplexes have been known for almost 40 yedks ( of the Watson-Crick duplex within the triplexes, with some
Recently, interest in such structures has been rekindled aslescribing them as B-like7( 10) and others as A-likeld—
the possibility of using a third DNA strand to hybridize to  16), though the structures solved showed some characteristics
B-DNA was recognized as a potential antigene agent. that were intermediate between the canonical A and B
Because intermolecular triplexes are relatively unstabte ( structures§). Recently, a crystal structure of a DNRNA,
4), much of the published structural work has been concernedtriplex was reportedl(7), in which the Watsor Crick DNA:-
with intramolecular triplexes consisting of a single DNA PNA moiety was clearly more like A-form than B-form
oligonucleotide that folds back on itself, forming an intrinsi- DNA, though it was sufficiently different from either to be
cally stable double hairpin5¢13). The requirement for  given a new structural designation, namely, the P-form.
loops of 4-5 nucleotides to avoid strain has made analysis Furthermore, although they appear rather similar globally,
by NMR difficult, as such triplexes typically contain 30 or there are significant local conformational differences between
more residues. The relatively large number of nucleotides the antiparallel YRR and parallel YRY DNA triplexes 6—
and the stringent sequence requirements for the formationg, 18). In addition, it has been suggested that there may be
of triplexes via Hoogsteen or reversed Hoogsteen pairing of two classes of triplex conformation, determined by the sugar
the third strand have resulted in very crowded NMR spectra. composition of the strand49, 20). It therefore seems likely
Nevertheless, solution structures of such triplexes have beerthat there are at least three structural classes of triplex,
reported $—8, 12, 13. determined by the chemical nature of the strands (DNA,
Triple helices can be formed from DNA strands, RNA RNA, or PNA) and the base composition of the third strand.
strands, PNA strands, and mixtures thereof. There are  \ye have chosen to use an intrinsically flexible nonnucle-

conflicting reports in the literature regarding the conformation iiqe jinker between the strands, either oct or hexa(ethylene

p— . od by the Medical R A Tofth glycol) (21—23). Optimal stability seems be achieved with
IS WOrk was supporte Yy the Medical Researc ouncil o e H H
UK and Oswel Research Producis Co. heptakis(ethylene glycolpg), though the reported difference
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4477; e-mail alane@nimr.mrc.ac.uk. glycol) linkers have been successfully used in structural
;Sgﬁz?ssi'@”gf %B'L‘J’tet]rg'r;yp?gnTeCh“(J'Ogy- studies 18, 21, 22). These linkers have the dual advantages
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® Abstract published idvance ACS Abstractdlovember 1, 1997.  proton NMR resonances that do not overlap with those of
! Abbreviations: PNA, peptide nucleic acid; heg, hexa(ethylene the DNA. We have examined in detail the solution structure

glycol); oct, -O-(CH)e O-PO-O(CHL)sO-POr: DOF-COSY, double _ of (GAGAGA-X-TCTCTC-X-CTCTCT) using both linkers
quantum filtered correlation spectroscopy; rmsd, root mean square ’

difference; NOESY, nuclear Overhauser effect spectroscopy; ROESY, This is the first triplex of the YRY kind not containipg a
rotating frame Overhauser effect spectroscopy. mismatch to be solved. At pH 5, where the cytosines on
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the third strand become protonated, Hoogsteen base-pairinglistance was calculated by extrapolating back to zero mixing
with the DNA duplex is stabilized 24 24). We have time (35). An isotropic rotational correlation time of 2.4 ns
undertaken a comparison of the conformational propertieswas determined from the time dependence of the cytosine
of the triplex and the duplex under similar conditions. As H6—HS5 vectors 86, 37). Cross-peak volumes were deter-
the duplex part of the molecule consists of an oligopurine mined using the peak-fitting routine within Felix (Molecular
oligopyrimidine sequence, it is possible that the duplex Simulations Inc., San Diego, CA), whereby the relative
structure is significantly different from that of mixed- volumes were estimated as the product of the peak areas
sequence DNA. There are few examples of duplex structuresalongF2 andF1, divided by the mean peak height. These
of this kind. However, it is known that d(A&d(T), has a volumes were then normalized to the average cross-peak
significantly different structure from that of mixed-sequence volume of the cytosine H6H5 pairs at each mixing time.
DNA (25), and alternating GA/CT sequences have been the  \jolecular Structures.Sugar puckers were analyzed using
object of interest as they can form a variety of different syms of coupling constants ¢, 3>, and¥ »") derived from
structures26, 27). Itis also expected that the conformation pQF-cOSY, NOESY, and in some cases from 1D spectra.
of the DNA duplex would be altered by binding a DNA  The scalar coupling information was supplemented where
strand in the major groovezg). possible with the H1-H4' distance determined from NOESY
build-up rates, and the data were analyzed with the program
MATERIALS AND METHODS pfit as previously describedd$). Standard deviations for
the coupling data were typically 0.5 Hz for- and 1 Hz for
>2 and Y. In some instances, an estimate »f was
Heg and oct linker phosphoramidites for oligonucleotide obtained, which was used only qualitatively to define possible
synthesis were synthesized as previously repor®. (  ranges of sugar conformation. Sugar conformations were
Oligonucleotides were synthesized by standard solid-phasesystematically searched witR values from O to 198,
phosphoramidite methods and purified by HPI3D)( Both pucker amplitudes from 30to 42°, and fraction of theS
the triplex d(GAGAGA)-X-(TCTCTC)-X-(CTCTCT) and the  state from 0.4 to 1 in steps of 53°, and 0.02, respectively.
duplex d(GAGAGA)-X-(TCTCTC) were independently syn- Glycosidic torsion angles were determined from the time-
thesized and analyzed by NMR spectroscopy=>heg or dependent intranucleotide NOEs using the program NUCFIT
oct). The underline denotes the Watsa@rick pairs in the (38), which compares NOEs calculated for nucleotides
triplexes. The nucleotides are numbered sequentially from embedded in a short duplex with the experimental NOEs.

Materials

G1 to T18. The target nucleotide is considered to exist as a mixture of
conformational states, namejy(S)P(S) andy (N)P(N), with
Methods the mole fraction of th& statefs. Different initial values of

x and P were chosen, and for each starting mixture of
conformations, the difference between the calculated and
experimental NOEs is used to drive conformational readjust-
ments using the least-squares Marquatdivenberg algo-
rithm (39). The calculation therefore accounts for spin

Thermodynamic Stability Thermodynamic stabilities of
intramolecular triplexes were determined as a function of
pH by UV melting as previously described81). T, values
were determined from the maximum of the derivative of the
;e#mr?e(r:uﬁe' bAt IoprI-é téletre V\{[as a.?.mgle transntl)on, bué diffusion and conformational averaging of the nucleotides,

- higher p (above pH 6.5) wo ransitions Were obServed,  inin the framework of a two-state equilibrium.
with the lower-temperature transition shifting to lower ) o )
temperatures as the pH was increased. At high pH, the N3-protona_1ted cytosine was crgated within InS|ght. Il
triplex-to-duplex and duplex-to-strand transitions were well- (Molecular Simulations Inc., San Diego, CA) from cytosine
resolved (see Results), so that the parameters for the twoPY rehybridizing theN3 atom, adding a proton, and setting
transitions could be determined independently. The duplex-the formal charge tot1 (Figure 1). The fragment was
to-strand transition was independent of pH, whereas the Minimized and stored in a fragment library under the name
triplex was stabilized by protons. C.H. The modlfled nuclgo'qde was incorporated into the

NMR Spectroscopy.H spectra were recorded at 9.4, triplex by replacing an existing C with CH, where required.

11.75, and 14.1 T on Bruker AM400, Varian UnityPlus, and  Initial triplex structures were made starting with either a
Varian Unity spectrometers, respectively. Oligonucleotide standard B-DNA or A-DNA duplex and docking the third
samples were made up in 0.15 M KCl and 20 mM MgSO strand (in either the A or B conformations) under the
and the pH was adjusted to 5 to a final triplex concentration influence of the NOE-derived distances between this strand
of 2 mM. Spectra ifH,O were recorded using the gradient and the duplex. A more efficient approach was found to be
echo Watergate read puls82f. NOESY spectra were docking the third strand to duplexes that had been refined
recorded in botBH,0 and?H,O. DQF-COSY spectra were  starting from either A or B structures using the experimental
recorded in?H,O. On the Bruker instrument, the time- constraints appropriate to the duplex part. Initial structures
proportional phase incrementation scheme was used to obtairyvere first energy-minimized, followed by restrained molec-
pure absorption mode spectra, whereas on the Varianular dynamics (rMD) at 1000 K including all of the
spectrometers, the hypercomplex method was u8&l (  experimental constraints for 10 ps. The system was cooled
Zero-quantum coherences in NOESY spectra were sup-in steps to 300 K, with final rounds of 10 ps of rMD and

pressed using a variable 1%80ulse in the mixing time34). 1000 steps of restrained conjugate gradient energy minimiza-
Sums of coupling constants were measured from cross-0n.

sections of DQF-COSY spectra. The'HH4' distance was The separate intramolecular DNA duplex was refined using

determined from the ratio of the areas of the HH4'/H1'— a simple rMD protocol starting from either A or B DNA

H2" cross-peaks through Hlin NOESY spectra. The  structures, which were partially randomized at 500 K for
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FiGUre 1: Structures of TAT and CGC triplets.

Ficure 3: NMR spectrum of d(GAGAGA-oct-TCTCTC-oct-
CTCTCT) in HO. The spectrum was recorded at 600 MHZQ2
and pH 4.5 as described under Methods. The low-field (imino

1—-2 ps in the absence of constraints, using the Amber force proton) region is shown with the assignments (see text).

field with a distance-dependent dielectrie € 4r), the
later is mainly at the N3 of C15. However, Figure 2 shows

electrostatics scaled down by a factor of 4, and the Lennard _ _ [, F _
Jones potential scaled down by a factor of 2. The experi- that theT,, decreases essentially linearly with increasing pH,

mental constraints were then applied and the system wasand there is no indication of an inflection point up to pH
subjected to 1620 ps of rMD at 300 K, followed by 5000 7.5. Hence, the apparenKpmust be much greater than
steps of conjugate gradient minimization. Energies were 7.5. Because th&, at pH 7.5 is only 10C, it is not possible
calculated with the full force field (i.e., all scaling factors to measure the melting at higher pH, and thereforeKa p
set to unity). Parameters were retained with full and low value cannot be determined for this triplex. Furthermore, it
force field scaling for comparison. With the density and is unlikely that the three Hoogsteen cytosines will have
precision of the constraints, the effect of the force field was identical K, values; the terminal residue will have a
rather minor for the duplex. Torsion angles for the refined substantially lower K, value than the internal cytosine
structures were obtained from DISCOVER, and additional residues (J. L. Asensio Alvarez, A. N. Lane, and T. Brown,
parameters describing the helical properties were obtainedunpublished data; and see below). However, to a first
using Curves 5.140). Convergence was monitored by the approximation, the apparenkp for such a curve will be
low residual restraint energy<(L kcal mol?), low potential  the arithmetic mean of thek of the cytosine in the strand
energy, and good stereochemistry assessed by the potentiadtate (ca. 4.5) and in the triplex state. As the apparkat p
energy of the bond length and bond angle deviations > 7.5 this implies a K, in the triplex state of10. This is
compared with simple energy-minimized structures. consistent with recent results on a different intramolecular
triplex, where the K, in the triplex state was shown to be
RESULTS >8.5 @). Given a [X, value of ca. 4.5 for free cytosine

Thermanani Sty UV meting cuves were re. (0 180 appeni@ol 7.8 mples an ncrease o s
corded for numerous triplexes as a function of cation giff inthe f £ di C fth P d
concentration and pH for both the heg and oct linkers. At nerence In the free energy o ) Issociation of the proto?ate
pH 5, only one transition was observed, but at pH values tr;pzl?;é ("‘Sd the unprotonated triplex oRT (4.2 kcal mot

above 6, the melting resolved into two transitions. The _
lower-temperature transition was assigned to the melting of NMR Spectroscopy of the Triplex d(GAGAGA-X-TCTCTC-
X-CTCTCT). We have focused on the triplex with the oct

the triplex to the duplex plus strand stat.( The depen-
dence of thél,, for the triplex-to-duplex transition on pH is  linker, as it is slightly more stable than that with the heg
shown in Figure 2. At all pH values tested, the oct linker linker (Figure 2) and also gave slightly better dispersed NMR

gave a slightly more stable triplex than the heg linker. The spectra (not shown). Figure 3 shows the low-field NMR
triplexes are stabilized by protonation, which we will show spectrum inftH,O. There are numerous resonances between
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FiIGure 4: NOESY spectrum of d(GAGAGA-oct-TCTCTC-oct- FiGURE 5: NOESY spectrum of d(GAGAGA-oct-TCTCTC-oct-

CTCTCT) in HO. The spectrum was recorded at 10 with a CTCTCT). The spectrum was recorded at 600 MHz an8Gith
mixing time of 300 ms. The acquisition times were 0.34 5 iand a mixing time of 250 ms. The acquisition times were 0.37 &in

0.028 s int,. The data matrix was zero-filled to 16 384 by 2048 = -1 0’046 s in,. The data matrix was zero-filled to 8192 by 2048
complex points and apodized with a Gaussian window function. complex points and apodized with a Gaussian function.

15 and 9 ppm. As there is a maximum of 6 Wats@rick exchange by rotation about the C6N6 bond. In this instance,
base pairs, whose imino protons resonate between 12 andhe hydrogen bonding of both amino protons to the thymidine
14 ppm, there must be additional imino and amino proton carbonyl oxygen prevents exchange either by rotation or with
resonances that can be attributed to the formation of solvent and is characteristic of the Hoogsteen-TAase
Hoogsteen base pairs (Figure 1). Resonances near 1 and #iplet. This is clearly visible in Figure 4. The figure also
ppm (not shown) correspond to linker protons, which do not shows additional NOEs that cannot be assigned to exchange-
overlap resonances of the nucleotides. The exchangeableble protons. These include NOEs between the Hoogsteen
protons were assigned using NOESY, as shown in Figure 4.imino protons and nonexchangeable protons, which were
The NH assignments are shown above the spectrum in Figureassigned to the H8 of the purines (see below).

3. These were obtained making use of the,Mfiboth the Nonexchangeable protons were assigned using NOESY,
CN4H, and the AN6H, which in the TAT triples are sharp  TOCSY, and DQF-COSY. The cytosine H6 and H5
owing to hydrogen-bonding interactions with both protons. resonances were first identified in the COSY spectrum, and
NOEs between the two nonequivalent amino protons and tothe thymidine H6 and methyl groups from their characteristic
the imino protons and other amino protons allowed unam- NOE. Sequential connectivitiesrfd C were identified by
biguous assignments to be made for the Hoogsteen strandhe NOEs TH6-CH5, ard C T connectivities were identified
(Figures 3 and 4). We note that only C15 has an observablefrom the CH6-TMe NOEs. These were then connected in
N3H"*, which showed NOEs to both of its N4 amino protons the sequence using the HB{HL1 (i)—H6( + 1)pathway
and also to the N3H of the two neighboring Thy residues, (Figure 5). In this manner, the two pyrimidine strands could
T14 and T16. There were no remaining unassigned reso-be unambiguously assigned. The remaining singlet peaks
nances. Further, there were no additional peaks to the wateiin the 7-8 ppm region belong to the H8 of the A and G
resonance in the NOESY and ROESY spectra, indicating residues and the H2 of the A residues. The latter were
that the remaining CN3H protons would have to be identified by their narrow lines, strong NOES to the Watson
exchanging extremely rapidly. On lowering the pH to 4.5 Crick-paired TNH (see below), NOEs to Hil+ 1) on both

and the temperature to °Z, the broad resonance at 14.85 Watson-Crick strands, and the absence of NOEs to thé H2
ppm appeared (Figure 3) that integrated to less than oneH2" region. The purines were then sequentially assigned
proton. We presume that this is from protonation of C17N3. by the H8-H1'—H8 pathway. H2and H2' resonances were
This resonance shows the effects of exchange as it is muchassigned using the intraresidue NOEsS-+H42" and H8/H6-
broader than the N3Hof C15, which implies a larger HZ2' and further verified as H¥H2' and H1—H2'" cross-
dissociation rate constant and presumably a lowgnalue. peaks in the DQF-COSY spectrum. H&sonances were
We found no evidence of any other broad peaks that might assigned using the H8/H§{H3'(i)—H8/H6( + 1) pathway

be attributed to the terminal C13N3H This could either and by the COSY H2-H3' cross-peaks. Proton assignments
be due to a very fast exchange with solvent or t&kayalue are available as Supporting Information.

close to that of free cytosine, i.e. 4:3.5 (41), or both. A NOEs were observed between the H8 of the purine
low pKj, for the terminal cytosine would be expected, as it residues and the Hbf thei + 1 residue in the third strand

is exposed to solvent. The presence of the Hoogsteen aminqFigure 5). Together with the NOEs between H8 and imino
protons at their characteristic shift indicates that the terminal protons (Figure 4) and between the Nptotons of the two

C does form a hydrogen-bonded triplet, however. We cytosine residues in each base triple, we conclude that the
tentatively conclude that C13 is not fully protonated at pH third strand forms Hoogsteen base pairs to the purine strand.
5. The AdeN6H were both sharp and exhibited NOEs to  Nucleotide Conformations A few H1' resonances are
the two hydrogen-bonded TN3H. In duplex DNA, these resolved in 1D spectra. They showed either triplet or double-
amino protons are broad and difficult to observe owing to doublet splitting patterns, withi» > 14 Hz, which indicates
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Table 1: Nucleotide Conformatiohs
triplex duplex

base Ps (deg) fs % E —y (deg) R P; (deg) fs % E —y (deg) R
G1 135 0.88 0.05 110 0.12 159 0.94 2.1 124 0.062
A2 144 0.90 0.54 124 0.095 162 0.96 1.8 116 0.056
G3 141 0.83 1.6 108 0.13 164 1.0 1.4 114 0.039
A4 154 0.86 0.39 133 0.126 164 0.95 1.0 118 0.018
G5 151 0.88 0.63 110 0.071 164 1.0 1.0 118 0.013
A6 192 0.76 3x 104 107 0.071 183 0.96 0.36 123 0.053
T7 151 0.91 0.043 111 0.092 167 0.98 1.5 119 0.082
C8 166 0.69 0.047 113 0.19 164 0.85 0.61 126 0.025
T9 148 0.74 0.21 107 0.18 141 0.88 0.26 122 0.01
C10 113 0.59 0.094 122 0.176 127 0.7 0.1 117 0.089
T11 133 0.83 0.11 106 0.09 151 0.83 0.24 117 0.089
C12 80-190 0.8 2.4x 104 107 0.089 96-180 0.75 nd anti nd
C13 151 0.69 0.57 110 0.16
T14 148 0.8 0.28 103 0.12
Ci15 151 0.64 0.02 125 0.3
T16 158 0.89 0.9 112 0.068
Cc17 121 0.53 0.7 122 0.09
T18 136-195 0.81 5.5¢ 104 117 0.25

aSugar parameters were determined from coupling constants using the program pfit and glycosidic torsion angles were determined using the

program NUCFIT 88) (see text)Ps is the pseudorotational phase angle of the magpcénformer fs is its mole fraction, ad % E is thepercent
error between calculated and observed coupling contgnssthe glycosidic torsion angle ariRlis the NOE residual index.

Qu®
Q0@

T16

006 ©° °Ofapp aa
A2 Goob @5
63

chemical shift/ppm

Ficure 6: DQF-COSY spectrum of d(GAGAGA-oct-TCTCTC-
oct-CTCTCT). The spectrum was recorded at 500 MHz an8iC30
with acquisition times of 0.455 s ity and 0.07 s irn;. The data
matrix was zero-filled once ity and twice int; and apodized using

a slightly resolution-enhancing Gaussian function. The final digital
resolution was 1.1 Hz/point if2 and 4.39 Hz/point irfF1.

that the sugars of these residues are inSlwenformation.
The DQF-COSY spectrum (Figure 6) showed characteristic
antiphase patterns for the HIH2' and H1—H2" cross-
peaks, from which values &f; could be measured. For all
residuesy ; was>13 Hz, which indicates that the dominant
conformation isS. This observation effectively rules out
models of this triplex that are in the A conformation.

At 30 °C, the correlation time determined from the NOE
build-up curve of the cytosine HeH5 vectors was 2.4 ns.

T16 show a clear pattern af+ — — in the fine structure,
whereas the HI-H2" peaks show the expected alternating
+ — + — pattern typical ofS conformations containing a
small (<20%) admixture of the C3endoconformation. In
contrast the Ht-H2' cross-peaks of C13, C10, and C17
shows a simplet — pattern with a large gap in between
them owing to cancellation of the antiphase components.
Similarly, the H1I—-H2" cross-peaks of these residues appear
very similar to the H1-H2' cross-peaks, indicating th&l»

~ 3]y It is notable also that the apparent valuedef is
largest for the cytosine residues. The sums of the coupling
constants and the MiH4' distance were analyzed as
previously described3§). In many instances, a unique sugar
conformation was not consistent with the data, whereas a
two-state model was. Assuming that the minor conformer
has a value oP of ca. &, we have analyzed the conforma-
tions of the sugar puckers in terms of the pseudorotation
angle of the major$ conformerPs, and the mole fraction

of this conformerfs. As Table 1 shows, the residues in the
purine strand have a high fraction of tBeonformation f;

> 0.8) with pseudorotation phase angles in the range-130
15C°. In the Watson-Crick pyrimidine strand, the confor-
mational purity is typically lower, in the range 600% S.

The Hoogsteen strand showed the lowest conformational
purity, especially for the three cytosine residues, and
somewhat lower pseudorotation phase angles.

The trends in sugar conformations observed in this triplex
are similar to those reported for a different intramolecular
triplex (10), where the lowesl; values were also observed
for the cytosine residues, in both the Hoogsteen and the
Watson-Crick strands. This is in contrast with published
structures that indicate pure conformational states for all

Under these conditions, the line widths are smaller than the hucleotides §—8, 18). When the populations of ti@and
coupling constants, so that the DQF-COSY spectra can beN States are nearly equal, numerous conformationally sensi-

used for analysis of the sugar conformatiod$)( The
estimated line widths for Hland for H2 and H2" are 1.5-2

and 5-6 Hz, respectively. The cross-peaks in Figure 6 show
considerably different fine structure for some residues,
indicating significantly different sugar conformations. For
example, the cross-peaks for HH2' for A4, A2, T14, and

tive NOEs are strongly affected, which significantly influ-
ences the structure determination when tight distance bounds
are used42).

The glycosidic torsion angles were determined by fitting
NOE build-up curves using the program NUCFB8| with
mixing times of 50, 100, 150, 200, and 250 ms. Sugar
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conformations were searched in the neighborhood of those 0.6 [~ T
found from analysis of the coupling constants (Table 1), with 0.4 F
nonlinear regression at each starting conformation (typically ]
48 starting conformations/nucleotide). In all cases, the best _ %2 [ I E@
] Hu

ke . [F, ap ﬂﬂm%

u LI
pucker was in the range100° to —13C° and that for theN O ]

fit to the data (lowesR factor) was found for a conforma- E& 0

tional blend in which the glycosidic torsion angle for tBe i 02 I

pucker was near-16C°. The calculations converged inde- 0.4 1 ]
pendently of the starting structure, and the high ratio of data .96 |- .
(ca. 20 observations) to parameters (3) means that the N
nucleotide conformations are well-determined. The nucle- ®® g1 a2 a3 as G5 Ae T7 c8 Te c10 T11 12

otide conformations determined in this way are given in Fgure 7: Chemical shift differences between d(GAGAGA-
Table 1. The glycosidic torsion angles are typical of TCTCTC-CTCTCT) and d(GAGAGA-TCTCTC). The chemical
nucleotides found in the B family of conformations, with zhiftl ed)iffﬁg?r?ciigfdsaet[aeitaegugggn; vgﬁéesclflcgrat\itﬁd fIg][ otrrirﬁ*aet)i(on
Vallies of the punn?s on averagd 12 i 10°, and—111° Plégitive diffgrences are downfield. Open bgrps, H8g/]6; solid bars',
+6°and—115 + 8 for the Watsor-Crick and Hoogsteen 1 widely hatched bars, M2 horizontally striped bars, H2
pyrimidine strands, respectively. Hence, the nucleotides arenarrowly hatched bars, M3
predominantly found in the range typical of B-DNA, though
there is a substantial fraction of A-like conformations for and G residues. However, the large differential shifts of the
the cytosines in the Hoogsteen strand. The Highalue minor-groove protons suggests conformational changes rather
obtained for Cyt 15 needs comment. A lower value was than direct ring current effects and suggests that the con-
actually achieved for ayn conformation; however, this  formational changes are not uniform along the sequence. This
structure was inconsistent with internucleotide NOEs (seeis perhaps not surprising as the mode of stacking of a
below). Some additional conformational averaging could protonated C is likely to be very different from that of an
affect the observed NOE intensities for this residue, which unprotonated C or a T.
is best accommodated in the three-dimensional structural The nycleotide conformations were analyzed in the same
model as a normainti glycosidic torsion angle (see below). yay as described for the triplex helix. The valuesyafin
Interestingly, there is an alternation in the magnitude of the e 1y rine strand were essentially identical in the duplex and
glycosidic torsion angles that parallels the alternating se- yjpjexes. Small differences i indicate that there may
quence. . _ ___ be some change in the average conformation of the sugars.
Further information about the nucleotide conformations The sugars of the purines have essentially pure conforma-
was obtained from measurementsjof. The rotamer for  tions, which are nearer G2ndoin the duplex than in the
the torsion angley was estimated from the value Bt and - yipjex (Table 1). The pyrimidine strand shows somewhat
relative NOE intensities H8/H6 to MB1S". For most of  |5rger differences in sugar conformation, especially for the
the nucleotides} » was estimated as10 Hz, which, given  cytosine residues, with apparently a decrease in order in the
a coupling constaritlz4 of 3—4 Hz, requires that botbys triplex compared with the duplex.
andJys- are less than-67 Hz. This shows that the dominant
torsion abouty is near 60 (g*). One exception was noted,
namely, T7, whereds ~ 16 Hz. For this nucleotide,
rotamers other thag™ must be significantly occupied.

The glycosidic torsion angles in the duplex are slightly
larger (ca. 10) on average than in the triplex and are more
uniform along the sequence in the duplex than in the triplex
. (Table 1); the alternation along the sequence seen in the
NMR _Spectroscopy of the Duplex d(GAGAGA-oct triplex is not present in the duplex. This may be related to

TCTCTC). In order to obtain information about possible the strong alternating pattern of chemical shift changes that
changes in conformation between the parent duplex and the 9 9p g

intramolecular triplex, we have analyzed the intramolecular were observed between the duplex and triplex (Figure 7).

duplex d(GAGAGA-oct-TCTCTC) under identical condi- ' 10WVeVer the changes in conformation of the WatsGrick
tions of salt concentration, pH, and temperature. The spectranUCIGOtIdes are qu’te small on. adding the third §trand.
were well dispersed (see below), and assignment of the Molecular Modeling. In the triplex, the sequential NOEs
proton signals was straightforward. The proton assignmentsin general were found to be typical of B-like helical
are available as Supporting Information. structures, e.g., HYC-H2"(i — 1) > H8()—H2(i — 1),
There were numerous large changes in chemical shifts of €xCcept for some steps in the Hoogsteen strand, where these
the purine strand in the duplex compared with the triplex NOE intensities were almost equal. This could indicate an
(Figure 7), as would be expected as the third strand hydrogenintermediate structure or be the result of conformational
bonds directly to the purine strand. In contrast, the changes@veraging. Calculations have shown that the ensemble
for the Watson-Crick pyrimidine strand were much smaller, averages of 50:50 mixtures @i and S states produces
reflecting their greater distance from the Hoogsteen bases Sequential H2and H2'—H8/6( + 1) NOEs of similar
The difference between the shifts for the adenines and theintensity and therefore similar apparent distanet. (
guanines was particularly pronounced. Thus, the chemical In addition to the expected sequential NOEs that typify
shifts of H8, H2'" and H3 of the Ade residues showed right-handed helices, we have identified numerous NOEs
substantial negative changes, whereas the largest changdsetween the third strand and the two Wats@rick strands.
for the Gua residues occurred for Hind H2', which were These NOEs confirm the orientation of the third strand and
positive. Protonation of the cytosines should reduce their the Hoogsteen base-pairing. In addition, they provide
aromaticity and therefore ring current fields. This may in valuable restraints for the determination of the three-
part account for the differences md(H8) between the A dimensional structure of the triplex.
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Table 2: Statistics of the Structure Refinenfent

rmsd values (A)

triplex (docked structures) duplex (refined structures) refined triplexes
BA AB AA Bini Aini Bf Af AAini BB BBf
BB 1.13 1.03 1.06 Bini 3.21 1.35 1.48 BBf 2.13 1.33 0.51
BA 1.09 1.22 Aini 2.97 291
AB 0.99 Bf 0.37 0.69
Af 0.44
Upm Uf Ub Uang

(kcal mol?) (kcal mol) (kcal mol) (kcal molt)

triplex —120.9+ 7 0.32+ 0.06 4.3+ 0.5 58.9+ 1.2

duplex —90.5+ 2.6 0.57£0.16 2.7+ 0.3 35.7£ 0.4

a Pairwise rmsd values were calculated for all atoms for refined structures starting from different initial structures. For the triplex, BB refers to
B-DNA duplexes docked wit a B DNA third strand, BA refers to B-DNA duplexes docked with an A-DNA strand etc. BBf are the final refined
triplex structures, BB are the intermediate B-like triplex structures, and AAini is a triplex in the A conformation for all strands (see text). For the
duplex, ini and f refer to initial and final (refined) structures starting from A or B conformations. Bf versus Bf and Af versus Af are pairwise
comparisons between different MD runs using different random number dgggdJs, Uy, andUang are the potential energy, the residual restraint
energy, the bond energy, and the bond angle energy, respectively.

The NOE intensities in the duplex are typical of a right- angles were found for backbone atoms, particularly the
handed B-like helix, as expected from the analysis of the backbone atoms in the Hoogsteen strand. These models
nucleotide conformations (Table 1). ignore the effects of conformational averaging in the nucle-

Structure of the Triplex.Restraints for the nucleotides otides, which is especially prevalent in the cytosine residues
were taken from the detailed analysis of the time-dependentand in the third strand in general. Because we have
NOEs and coupling constants as described above. Thedetermined the conformations of the nucleotides as a mixture
nucleotides were considered to consist of a mixture of two of SandN states, the models have accounted for averaging
conformational states, namely(SP(S) and y(N)P(N). of each nucleotide but not directly for the internucleotide
Within the context of this model, we have derived the interactions. We are currently calculating ensembles of
parameters corresponding to the more highly popul&ed structures to comply directly with the experimental data.
state. Intranucleotide distances and torsion anglendo, Further starting points were A and B duplexes minimized
plus y for some residues) were calculated and used asin the presence of constraints appropriate to the duplex. These
relatively tight restraints for the structure calculations. After two initial structures refined to B-like duplexes that had an
initial rounds of calculations had produced a family of rmsd of 0.8 A, indicating that the constraints determine the
consistent structures, the intranucleotide constraints wereconformation. These structures were used for docking of
tightened further, and addition rounds of rMD were carried the third strand, followed by rMD and energy minimization.
out. This procedure was found to be more efficient and gave a

Internucleotide NOE intensities were converted into loose higher yield of structures having good stereochemistry and
distance constraints according to relative NOE cross-peaklow residual violations. After an acceptable number of
intensities measured from NOESY spectra and were classi-structures had been obtained that satisfied the experimental
fied as s(trong) €2.6 A), m(edium) €3.5 A), and w(eak) restraints, the best eight, chosen according to their potential
(3—5A). Hydrogen-bond constraints based on the chemical energy, residual energy violations, and maximum distance
shifts and exchange behavior of the imino and amino protonsor torsion violations, were subjected to further refinement.
and cross-strand NOEs were used for the Wat&nick base The intraresidue constraints were tightened to reflect the
pairs, and additional constraints for the Hoogsteen pairs wereobserved NOE intensities and coupling constants, and the
supplied. In total, we have quantified 295 NOEs. For the system was heated to 1000 K for 1 ps without constraints,
structure calculations, 279 NOE-derived conformationally with the electrostatic potential scaled by 0.2 and the
sensitive distance constraints were used, which included 90Lennard-Jones term by 0.5, minimized for 500 cycles with
intranucleotide, 152 sequential, and 29 cross-strand distancesconjugate gradients with constraints, followed by 10 ps of
Including 27 hydrogen-bond constraints, a total of 306 rMD at 300 K and 4000 steps of energy minimization using
distances (17/residue) was used. In addition, torsion con-conjugate gradients. The scaling factors were then returned
straints were supplied as follows: 3216y, and 189, for to unity for determination of the energy of the system. This
a total of 352 restraints (19.5/residue). There are 132 resulted in the final energies and rmsd values as shown in
undetermined torsion angles in the structure (ignoring the Table 2. The pairwise rmsd values for these structures was
linkers), which gives a ratio of experimental data to degrees 0.51+ 0.12 A. These structures had rmsd values of #33
of freedom of 2.67:1. 0.11 A to the minimized, docked structures and 2.13 A to a

Initial triplex structures were generated as described in triplex in the A conformation for all three strands. Further-
the Methods section. Table 2 gives the statistics of the more, the restraint violations were few and very small (no
refinements. The initial docked structures refined to an violations >0.1 A or 2) (final total restraint energy; =
average rmsd of 1.& 0.1 A. The agreement with the data 0.32+ 0.06 kcal motl). The bond lengthly,) and bond
and between different starting structures shows that theangle Uang energies were also small (Table 2), i.e., no larger
models are stereochemically reasonable and quite well-than those obtained from unrestrained energy minimization
determined. The nucleotide conformations in particular are of DNA triplexes. Hence the structures agree well with the
well-determined, but large fluctuations in position or torsion experimental data and have good stereochemistries.
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Table 3: Averaged Torsion Angles and Helicoid Parameters in the Triplex and Buplex

o o) P y % twist rise X-disp pr tw inc
triplex —70+3 126+ 6 125 74+ 2 —123+5 35 3.15 -3 -19 —5.7
duplex —-69+1 126+ 4 130 58+ 2 —-123+ 4 36 3.1 —-2.5 —22 -0.7
B-DNA —-41 139 192 38 —-98 36 3.38 -0.71 3.7 -5.9
A-DNA —-50 79 13 41 —154 32.7 2.56 —-5.4 13.7 19.0
YR:RP na na S na —70/~110 30 3.6 -1.9 na na
RY-Y¢ na na 124 na —130 30 3.4 -1.9 na na
YR-R4 —131 128 142 118 —121 38 3.3 -2.9 —-11 —5.4
YR-Y® na 906-120 S na na 31 3.2 —-1.4 na na
YR-Yf na na S na na 29 3.1 —-2.9 na na

apr tw is the propeller twist and inc is the base-pair inclination to the helix axis. na, not avall&tséerences. ¢ Reference’. ¢ Referencel8.
¢ Referencel2. f Referencel3.

As many of the backbone torsion angles are determined0.16 kcal mot!. The values of; are somewhat larger than
by default and are highly dependent on the details of the for mixed sequence B-DNA in solution, and the propeller
force field, we have concentrated on those that are directly twist is large and negative. Although the twist and inclina-
determined by the experimental data or that are strongly tion are typical of the B-form, the rise is significantly smaller,
correlated with these torsions, namelyy, 6, ando.. Table and the displacement of the helix axis into the minor groove
3 shows a summary of the torsion angles averaged over theis relatively large compared with standard B-DNA. How-
refined structures. In addition, we have used the Curves ever, although the convergence from A and B DNA duplex
program to calculate additional helical parameters, which arewas good, the data probably do not determine the value of
also summarized in Table 3. In general, the twist and rise the axis displacement very well in the duplex, as simple
are reasonably well determined by the experimental @8 ( energy minimization also tends to move the helix axis into
but other parameters such as X-displacement and inclinationthe minor groove. Nevertheless, the axis displacement is
are less well determined by the data and depend to somearger in the triplex than in the duplex. Similarly, the
extent on the modeling process. However, these latter magnitude of the propeller twist is not well-determined,
parameters are characteristic of global helix morphologies though for the present molecules, a large value was consis-
and are commonly quoted. It is notable that the variation tently found.
of torsion angles is greatest in the Hoogsteen strand, both ¢ gyrctures of the duplex in the free and triplex state

between residues, and between structures. are in many respects very similar; the rmsd between the free
The duplex part of the triple helix is characterized by duplex and the duplex part of the triplex was 0-880.17
relatively high values ofy, a low rise, and a substantial A which is only slightly larger than the rmsd values for the
displacement of the helix axis toward the minor groove. The refined triplexes and the refined duplexes. This suggests that
latter is unexpected, as a large ligand has been placed in thghe duplex is predisposed to accepting the pyrimidine strand
major groove. However, triple helices are also unusual in jnto jts major groove and only minor readjustments of the

that they are based on a polypuripelypyrimidine sequence,  guplex are needed to form this triplex.
which does not necessarily have the same structure as a

mixed sequence duplex. The structure of G¢a{T),, for DISCUSSION
example, is significantly different from that of mixed-
sequence duplexegh), and alternating GA sequences have  Ten superimposed structures of the refined triplex are
been reported to form alternative structures under someshown in Figure 8. The Hoogsteen strand lines the major
conditions 26). It is therefore important to compare the groove of the WatsonCrick duplex and makes contacts with
structure with that of the appropriate duplex. the purine strand. The positions of the bases are well-
Structure of the WatserCrick Duplex. Restraints for the ~ determined by the data, and a significant amount of the rmsd
duplex were determined as described above, and comprisedises from relatively poor definition of some of the backbone
in total 140 distances (60 intraresidue, 50 sequential, 15 positions, especially where no restraints pncould be
exchangeable proton distances, and 15 H-bonds) plus 36obtained (see above). The major groove of the duplex is
torsion f§, y, and ) constraints (i.e., 14.7 restraints/ divided into two unequal grooves by the Hoogsteen strand,
nucleotide on average). Because the nucleotides had a highwvith widths approximately in the ratio 1:2 (purine side versus
conformational purity according to the detailed analysis of pyrimidine side), which is more clearly shown in the space-
the coupling constants (Table 1), the structures were analyzedilling picture (Figure 9). The WatsoenCrick bases show a
as a single family of conformations. Structures starting from considerable propeller twist (Table 3) that is consistent with
A or B DNA converged to a pairwise rmsd over all atoms Vvalues observed in other DNA triple helicek2( 18) and
of about 0.44+ 0.11 A and 0.37 0.17 A, respectively, = DNA duplexes 41); the bases of the Hoogsteen strand lie
and for all structures 0.5 0.12 A (Table 2). The average further out of the mean planes formed by the Wats@Gnick
torsion angles and helicoid parameters are shown in Tablebase pairs. This in fact brings the pyrimidines of the
3. These data indicate that the duplex is in the B family of Watson-Crick and Hoogsteen strands relatively close.
conformations. However, its structure differs significantly Figure 10 shows the stacking pattern of the -CGtriple
from the canonical B structure, as shown by the parameterson the 3 TA-T triple. There is extensive base overlap
in Table 3 and the energy of restraint violations of 199 kcal between the two purines. Considerably less overlap is
mol~ for the B-DNA structure. For comparison, the refined present in the WatserCrick TC step or the Hoogsteen T
duplexes gave a final restraint violation energy of 057  step. However, the stacking interactions for the two



14510 Biochemistry, Vol. 36, No. 47, 1997 Bartley et al.

Ficure 8: Solution structure of d(GAGAGA-oct-TCTCTC-oct-CTCTCT): stereoview of 10 superposed triplex structures. The structures
are shown looking at the backbone of the Hoogsteen strand in the major groove of the Wais&rduplex.

DNA triplexes. The averaged values of some parameters
are shown in Table 3. One of the YR triplexes and the
YR-Y triplexes contain a mismatch in the center of the
molecule. Furthermore, we have analyzed our data according
to a two-state conformational model for each nucleotide, and
constraints were applied that are appropriate for the major
conformer. This is likely to lead to differences in detall
compared with other methods of data analysis. However, it
is clear that many features of the triple helices are quite
similar, with a main difference being the slightly lower rise
that we find in our structure. The major result is that in all
of the DNA triple helices so far examined, the sugars are
largely in theS domain, the glycosidic torsion angles are
near—120°, andy is primarily in the commorg™ rotamer.
However, the nucleotides show extensive averaging in the
FicurRe9: Space-filled structure showing the bisection of the major Pyrimidine strands, which necessarily means that some of
groove into two unequal grooves by the Hoogsteen strand. the helicoid features are not particularly well-determined.
Nevertheless, it seems clear that in the-YRnotif, the axis
displacement into the minor groove is large-@A) and

the helical rise is lower than in canonical B-DNA but larger
than in the A conformation, with 10-512 base pairs/turn.

‘%:2/ The YRR and YRY motifs can be superimposed surpris-
ingly well (7, 8), despite the nonisomorphous third strands
running in opposite directions. Nevertheless, there are
significant differences in local conformations, notably for
the nucleotides. In the YR structure, the glycosidic

Ficure 10: Base stacking in the C10&315'/T9A4-T16 steps torsions angles cover a wide range fres§0" to —115,

(left) and in the C10G3/T9A4 of the free duplex (right). with pseudorotation angles near *q€1-exq, whereas in
our YR'Y structure the glycosidic torsion angles are more

pyrimidine strands are different. In the W_atsdﬂrick TC uniform and near-12C, with the pseudorotation angles near
step, the_methyl group points out O.f the major groove toward 126-144°. This difference may in part determine the large
the solution and makes no direct interactions, while the O2 difference in stability of triplexes containing parallel pyri-

lies over the face of the cytosine ring. In contrast, in the midine strands (stable) and antiparallel purine strands

C" T (Hoogsteen) step, the methyl group lies under the face tabl Th ientati f th é’ . Fh third strand

of the C residue. It is also clear that the base stacking (u'ns a e).. € orientation of the bases In the third stran
will determine the stacking and optimization of hydrogen-

interactions in the WatserCrick duplex are somewhat N . . : )
different in the free duplex compared with the triplex (Figure Ponding interactions with the WatseCrick purine strand.

10), which parallels the differences determined in some of N this investigation we have shown that the pyrimidine-
the helicoid parameters (Table 3) and the different nucleotide fich third strand slots into the major groove in a parallel
conformations (Table 1). orientation without major distortion of the preformed duplex.

Although overall the structures of the duplex are very In general the stability of a triplex will depend on the
similar in free and complexed duplexes, there are notable propensity of the third strand to adopt a conformation that
differences in detail. These seem particularly clear in the can fulfil this criterion. Design of third-strand oligonucle-
nucleotide conformations (cf. Table 1). Itis also instructive otides containing “triplex stabilizing” modified bases must
to compare the present results with those obtained for othertake into account this constraint.
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20. Han, H., and Dervan, P. B. (199Kucleic Acids Res. 22,
2837—-2844.

Seven tables (NMR assignments, torsion angles, sugar 21. purand, M., Peloille, S., Thuong, N. T., and Maurizot, J. C.

conformations, cross-strand NOEs, curves analyses, and

(1992)Biochemistry 319197-9204.

thermodynamic data) and three figures (NOESY spectra of 22. Dittrich, K., Gu, J., Tinder, R., Hogan, M., & Gao, X. (1994)

the triplex and the duplex and DQF-COSY spectrum of the
duplex) (13 pages). Ordering information is given on any
current masthead page.
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