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Abstract: We have used two-dimensional NMR spectroscopy to study an intramolecular pyrimplinae—

pyrimidine triplex composed of a WatseCrick paired

DNA duplex and an RNA third strand connected by

two hexakis(ethylene glycol) linkers. The solution structure of the triplex was calculated using restrained
molecular dynamics and relaxation matrix refinement. The overall helical structure of the Weatsok

duplex part of the triplex more closely resembles B-DNA than A-DNA. Thus, binding of a third-strand RNA

in the major groove does not cause a structural transition toward A-DNA. Both the spectroscopic data and the
calculated structures show a narrowing of the minor groove relative to an all-DNA triplex of the same sequence.
The sugar puckers of the DNA residues are mostl{+&®io while the RNA third strand residues show only

partial C3-endo character.

Introduction

Oligodeoxyribonucleotide, oligoribonucleotide, or hybrid
oligonucleotide triplexes can be formed when a single oligo-
nucleotide strand binds in the major groove of a homopttfine
homopyrimidine duplex-8 The third strand will bind either
parallel or antiparallel to the purine strand in the Wats@nick
duplex, depending on the nucleotide sequence. In general, i
the third strand is a homopurine strand or a combination of
purines and thymidines, it will bind in the antiparallel, purine
motif, via reverse Hoogsteen base pairing, G wit€C&nd A
or T with A-T.%~12 |f the third strand is a homopyrimidine
strand, it will bind in a parallel, pyrimidine motif, via normal
Hoogsteen base pairing, T with-A and C" with G-C313715

destabilization of the triplex that is dependent on the neighbor
sequencés—26

The possibility of using the high sequence selectivity of triplex
formation for targeting specific genes makes them a potential
therapeutic tool and an object of many interesting stutfies.
Formation of hybrid triplexes composed of both DNA and RNA

gstrands have much interest due to their possible role in antisense

technology, in which synthetic oligonucleotides are used to block
translation of MRNA. The relative stability of hybrid DNA
RNA triplexes, as for pure DNA or RNA triplexes, depends
strongly on the sequence, length, and solution condifibfis3®
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Figure 1. Folding scheme of the RDD-EG triplex with the residue

(EG)g

Gotfredsen et al.

ribonucleotide (ABI) and the hexakis(ethylene glycol) (“Spacer 18",
Glen Research) phosphoramidites. Coupling times for the ethylene
glycol linker and the RNA residues were increased from 25 s to 10
min. The oligonucleotide was deprotected in a 3:1 agueous ammonia/
ethanol solution at 55C for 12 h and subsequently evaporated to
dryness. The '2ZTBDMS protecting group was removed with 1 M
tetrabutylammonium fluoride/tetrahydrofuran (Lancaster) in excess for

numbering scheme used. The boxed third-strand bases are ribonucle2? N @t room temperature, and the reaction was quenched with water.

otides. The Hoogsteen base pairs are indicated with &r the
protonated cytosines and filled circles for the others. The Watson
Crick base pairs are indicated by filled circles. (E{3)a hexaethylene
glycol loop.

Only six of the eight possible DNARNA hybrid pyrimidine-
purine—pyrimidine triplexes form; the ones with a DNA third
strand and an RNA purine strand are not stdbf:3> Studies

The crude product was concentrated and then desalted on a Sephadex
G25-column eluted with water. The eluted products were subsequently
precipitated with ethanol and purified by denaturing polyacrylamide
gel electrophoresis. The nucleic acid was visualized by UV shadowing,
and the desired bands were cut out, electroeluted, and ethanol
precipitated. The precipitate was dissolved igOHand purified on a
DEAE sephacel column, concentrated by ethanol precipitation, and
desalted on a G15 column. The final conditions of the NMR samples

of stability and structure of chimera nucleic acid triplexes have were~2 mM RDD-EG and 100 mM NacCl (pH 5.7) in 450L of
been conducted mainly by use of UV absorption spectrophoto- 99:999% RO or 90% HO/10% DO.

metry31.35-37 vibrational spectroscopif;38-3%gel electrophore-
sis3! and quantitative affinity cleavage titratidd. These have
given information on triplex formation, sugar conformations,
thermodynamic stability, and their pH dependence. Althoug

not totally in agreement on relative stabilities, all studies indicate

that an RNA third strand bound to a DNA duplex is one of the
most stable chimera triplexes.

Two NMR studies on hybrid triplexes have been repcftédl
which show that RNA-DNA—DNA (RDD) triplexes, where

NMR Spectroscopy The NMR experiments were performed on
Bruker DRX500 or AMX500 spectrometers and processed with
XWINNMR. One-dimensional spectra in,B were obtained for a

h range of temperatures from 1 to 48 using a 11spin—echo pulse

sequenc® to suppress the water resonance. Each spectrum was
acquired with 4096 complex points, 128 scans, and a spectral width of
11 364 Hz and apodized with a 8@hase-shifted squared sine bell.
Nuclear Overhauser effect (NOESY) spettrgere obtained in a States-
TPPI mode®® For spectra in BO, the residual KD peak was
suppressed by irradiation during the recycle delay and, in some cases,

the RNA is the third strand, form the expected hydrogen-bonded by additional use of gradients. Suppression gdHn water samples
base triplets. Here we present the first high-resolution NMR was achieved by using a kbin—echo read puls®. The carrier was

structure of an RDD intramolecular triplex (RDD-EG). RDD-

centered on the water resonance, and the excitation maximum for the

EG is composed of two octadeoxyribonucleotides and one Water suppression was set to 13 ppm. Further elimination of the water

octaribonucleotide linked by two hexakis(ethylene glycol)
moieties, designed to form an intramolecular DNA duplex with

signal was achieved by use of gradients.
For assignment purposes, the following spectra were acquired:

an RNA third strand binding in its major groove. The sequence NOESY spectra in BD at temperatures of 10, 25, and 30 with
and numbering scheme of RDD-EG are shown in Figure 1. The Mixing times from 100 to 400 ms, NOESY spectra inCHat

ethylene glycol linkers were used to decrease the spectral
complexity as well as to eliminate possible structural effects
on the triplex caused by the presence of nucleotide loops. In

temperatures of 1 and F@ with a mixing time of 150 ms, TOCS¥Y
spectra at 30C and several mixing times ranging from 40 to 140 ms,
homonuclear TOCS¥NOESY 3D spectrfl at 25°C with NOESY
mixing time of 250 ms and TOCSY mixing times of 8240 ms, and

addition, substitution of ethylene glycol loops renders resistance 5 peteronucleaiH—13C natural abundance HSQC spectrtimA *H—
to nuclease degradation, a possible advantage for in Vivosip correlation spectrum was also acquifed.

applications!! The refined three-dimensional structures show
that binding of a third-strand RNA in the major groove has little

T, relaxation rates were obtained from inversigecovery experi-
ment$®acquired at 30C. Forty variable delays] were used between

effect on the structure of the DNA duplex part. The structure the inversion pulse and the observation pulse. The acquisition
shows that the minor groove is narrow compared to a hormal parameters used were a spectral width of 5000 Hz, 64 scans, and a

B-DNA helix and to an all-DNA triplex of the same sequence
(DDD-EG)#? The sugar puckers for the RNA third strand are
not pure C3endo. The RDD-EG triplex structure is compared
to the structure of DDD-EG.

Materials and Methods

Sample Preparation. AAGAGAGAA-(EG)e-dTTCTCTCT-(EG)-
rUCUCUCUU (RDD-EG) was chemically synthesized on an ABI 392
DNA/RNA synthesizer using commercially available deoxyribo- and
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16171619.
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1998 in press.

recycle delay of 15 s. The 1D data series was transferred to give a 2D
acquisition file, andT; values were fittedI{t] = I[0][1 — 2A exp[—
t/T4]]) using theTy/T, relaxation package from BRUKER.

To obtain data on proton coupling constants, a B@OSY
spectrumt was acquired at 28C. The acquisition parameters used
were a spectral width of 5000 Hz in bothandt;, 2048 points inty,

524 points int;, 40 scans pet; block, and a recycle delay of 1.6 s.
Apodization int; andt, was a 60 phase-shifted squared sine bell. The
spectrum was zero-filled to 4096 points in both dimensions, giving a
digital resolution of 1.22 Hz/point for cross-peak pattern fitting.
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Distance Restraints. Distance restraints for the nonexchangeable over the standard X-PLOR force field. As described previobfstie
protons used for the distance geometry (DG) structure calculation were ceiling of the energy term for the distance restraints was set to 100,
obtained from a NOESY experiment with, = 250 ms in RO at 30 i.e., 1/10 of the value in the publisn&drotocol. In the third step,
°C. For the relaxation matrix structure calculation, the nonexchangeable those modified parameters were returned to their standard values for
NOE restraints were obtained from a set of NOESY spectra,@ D  further refinement by molecular dynamics and energy minimization
acquired with mixing times of 40, 80, 150, and 250 ms at@0 The based on distance restraints. The geometry of the base triplets was
acquisition parameters used were a spectral width of 5000 Hz in both restrained using standard hydrogen bond distances. In addition,
tz andt;, 2048 points irt;, 300 points int;, 32 scans pef block, and planarity restraints with a low weight factor of 3 kcativere applied
a recycle delay of 4.1 s. All spectra were apodized with aptase- to each triplet in all refinement steps. This favors overall planarity of
shifted squared sine bell. The NOE restraints involving the exchange- the triplets if no specific distance restraints cause out-of-plane tilting
able resonances were obtained frorsOH11 echo NOESY spectra of particular bases.

acquired at 1 and 1% with a mixing time of 150 ms. The acquisition All 20 initial structures were carried through to the third refinement
parameters used were a spectral width of 11 364 Hz in bathdty, step. At this point the coordinate sets were sorted according to overall
2048 points intz, 290 points int;, 64—96 scans pet; block, and a energy terms. The first 10 of these coordinate sets were subjected to
recycle delay of 1.9 s. relaxation matrix refinement consisting of a short simulated annealing

Torsion Angle Restraints To determine the coupling constants  protocol with inclusion of the NOE potential. The nonexchangeable
in the deoxyriboses, the HtH2' and H1—H2" cross-peaks in a DQF- restraints for resolved cross-peaks were converted to cross-peak volumes
COSY spectrum were fitted using the FORTRAN program CHEOPS for each of the four spectra, while the hydrogen bond restraints and
(Schultze and Feigon, unpublished program). Acceptable correlation the restraints obtained from the exchangeable resonance and overlapping
coefficients ranging from 91 to 97% were obtained for 12 of the 16 nonexchangeable resonance cross-peaks were left as distances.
DNA residues. The dihedral angles andv, were then determined Several test calculations were also done to assess the effect of the
from these coupling constants by use of the program PSEUROT, planarity and hydrogen bond restraints on the final structures. First, a
which fits them to a two-state model for the sugar pucker. The family of structures was generated using only the hydrogen bond and
pseudorotation amplitudes were left constant &tf88 the fit, so that planarity constraints as input for the structure calculations. This gave
two pucker values and their relative population were obtained. The models in which the three strands are properly base paired, but the
values ofv; and v, associated with the majority conformation were triplex is almost completely unwound and has a greatly increased rise
used for restraints in the X-PLOR calculations. The RNA sugar giving an elongated double-ladder-like appearance. Second, test
dihedral angles were left unrestrained because of the lack of data for calculations were run without the planarity restraints. This results in
this type of analysis, due to the absence of ldRd unassignable M3  somewhat more poorly defined structures. However, these structures
resonances. also agree slightly less well with the experimentally observed peak

Structure Calculations. Distance restraints between nonexchange- integrals as measured by their averdg}® factors (0.1176 without
able protons used for the initial structure calculation were obtained planarity vs 0.1158 with planarity for each ensemble of 10 structures).
from the 250-ms mixing time NOESY experiment. Cross-peaks were We note that the planarity restraints do not restrict the base triplets to
picked and integrated using the AURELIA software pack&gdhe be perfectly planar and that the triplets in the refined structures
obtained NOESY peak lists were used in a semiautomatic assignmentcalculated with planarity restraints have buckle ranges frohi® to
procedure. An expanded peak list was generated containing all possiblel2® and propeller twist ranges from-28° to 17°. These ranges
assignments closer than 0.01 ppm in each dimension from the chemicalcorrespond very closely to values observed in oligonucleotide crystal
shift list. As an additional decision criterion, the expanded list also structures. Finally, a test calculation was done without using hydrogen
contained the correspondingHH distances from a preliminary model  bond restraints for the base pairs. This results in very poorly defined
for each possible cross-peak assignment. The expanded list wasstructures where not all base pairs are formed. However, this clearly
inspected, corrected by hand, and reimported into AURELIA for is notin agreement with the additional non-NOE experimental data on
obtaining distances and peak integrals in an X-PLOR readable format. the line widths and chemical shifts of the observed imino and amino
For the DO spectra, the distances were calibrated using the strongestproton signals (with the exception of th&tgrminal triplet).
resolved H5-H6 cross-peak set to 2.4 A. All lower limits were set to The helical parameters were calculated from the duplex portion of
2.0 A, and the upper bounds for most of the peaks were set to the the triplex structures using the program CURVES.
calibrated distance plus a margin of 0.5 A, except fo_r the methyl groups )y Melting Spectroscopy UV melting studies were carried out
where 1.5 A was added. In the case of overlapping cross-peaks, angn 5 varian Cary1E spectrophotometer with a temperature probe. The
upper bound b5 A was used. Peaks that consistently gave rise t0 peating rate was 0.5C/min. For determination of th@p, the first
VIoI_atlons in initial rounds of calculatlo_n were evaluatec_i forincorrect  gerivative was plotted and the melting temperature read at the
assignment or overlap. In the case of inaccurate peak integrals causegnaximum. The samples were 1 mL with 0-35.5 Ay of DNA/RNA,

by noise or overlap, the upper bound was increased. For the 5nq the buffer conditions were 50 mM NaOAc and 0.1 M NaCl with
exchangeable protons, a uniform upper boufd & was used, to or without 5 mM MgC} at pH 5.2.

account for inaccuracies in peak integrals due to exchange with water
and the sif excitation profile of the 1kpin—echo read pulse.

In a typical calculation, 20 coordinate sets were obtained by metric
matrix distance geometry embedding of all atoms in the initial step of  Thermal Stability of RDD-EG. The thermal stability of
X-PLOR (Version 3.1% calculations. In the next step, the initial RDD-EG as measured by the change in UV absorbance at 260
structures were subjected to the distance geometry-simulated annealing,, 4 4 function of the temperature was compared with that of
protocol (DGSA)3® consisting of template fitting to improve local an all-DNA triplex of the same sequence (DDD-EG), with dT

geometry followed by simulated annealing. Dihedral angle restraints . . . g
involving the four ligands of each chiral center were introduced to @nd dC in the third strand in place of rU and*#Figure 2).

enforce correct configurations. To increase the number of converging Under the conditions used, 100 mM NaCl and 5 mM MgCl
structures, the weight and the bond angle potential was increased 8-fold(PH 5.2), both triplexes melt in a single cooperative transition.
The RNA third strand increases the melting temperature by only

Results

422(35—24)3(;6 Leeuw, F. A. A. M; Altona, C. dI. Comput. Cheml983 4, 2.5°C over the all-DNA ftriplex, from 68.0 to 70.5C. In the
(53) Neidig, K. P.; Geyer, M.; Gorler, A.; Antz, C.; Saffrich, R,; absence of M@L’ the_melt|n+g temeeratur? of RD?TEG IS onIy

Beneicke, W.; Kalbitzer, H. RJ. Biomol. NMR1995 6, 255-270. slightly lower than with M§* (69.0°C). Since Mg is known
(54) Bringer, A. T.X-PLOR (Version 3.1) Manualyale University

Press: New Haven, CT, and London, 1992; pp 291. (56) Koshlap, K. M.; Schultze, P.; Brunar, H.; Dervan, P. B.; Feigon, J.
(55) Nilges, M.; Clore, G. M.; Gronenborn, A. FEBS Lett1988 229, Biochemistry1997, 36, 2659-2668.

317-324. (57) Lavery, R.; Sklenar, H]. Biomol. Struct. Dyn1988 6, 63—91.
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Figure 2. UV melting study of RDD-EG without (triangles) and with
(circles) 5 mM MgC} and DDD-EG (squares) with 5 mM Mgg&iirom
30 to 90°C.

to catalyze RNA strand cleavage, the NMR sample was made
up without magnesium to avoid sample degradation.

NOESY Spectrum of Exchangeable Resonances of RDD-
EG. Analysis of the HO NOESY spectra confirms that RDD-
EG forms an intramolecular triplex. The imino region of a
NOESY spectrum of RDD-EG is shown in Figure 3a. Sequen-
tial imino—imino connectivities for both the WatseiCrick and

Hoogsteen hydrogen-bonded base pairs, characteristic of a

triplex structure, are seen for all but the terminal base triplet
next to the Hoogsteen loop, Al, T16, and U17. The imino to
amino/aromatic region from the same spectrum is shown in
Figure 3b. The downfield shifted FCamino protons show the
same characteristic pattern seen for DNA triplexes, where each
pair of rC" amino protons has the possibility of showing the
following connectivities to five imino resonances: (i) its own
imino proton, (ii) the imino proton in the' Meighbor Hoogsteen
base pair, (iii) the imino proton in the-Beighbor Hoogsteen
base pair, (iv) the imino proton on G in its own triplet (spin
diffusion), and (v) the imino proton of the Watseg@rick base
pair in the 3 direction (with respect to the purine strarféy?

For rC18, only weak signals between its own amino and imino
protons are seen. Each Watsddrick A-T imino proton
resonance shows a strong NOE to its own triplet AH2, while
each Hoogsteen-A) and GC* imino shows a strong NOE to
its own triplet AH8 or GH8, as reported earlier for intramo-
lecular DNA triplexe$® The imino, amino, H2, and some H6/
H8 resonances were assigned from these spectra following
previously described protocols for other intramolecular DNA
triplexed420:59.60and are given in Table 1.
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Figure 3. Portions of a NOESY spectrum of RDD-EG in 90%®
10% D,O at 10°C with a mixing time of 150 ms. (a) Imineimino
region. The WatsonCrick imino sequential connectivities are indicated
above the diagonal, and the Hoogsteen imino sequential connectivities
are indicated below the diagonal. (b) The imiremino, aromatic
region. The NOESY spectrum was acquired with a spectral width of
11 364 Hz in both dimensions, 2048 pointstin290 points int;, 64
scans pet; block, and a recycle delay of 2.1 s. The spectrum was
apodized with Gaussian multiplication (LB —18, GB= 0.1, and LB
= —25, GB= 0.15 int; andt,, respectively). The final data matrix
was 2K x 1K.

T
15.0

regions in the spectrum. This allows clear differentiation
between DNA and RNA resonances as well as between CH5

NOEs were observed between Hoogsteen base-paired iminoang UH5 resonances on the basis of their diffeté@ichemical

resonances and HRI2" resonances from the'-Beighboring
purine on the homopurine strand and betweeh a@ino and
A amino protons on both the'-5and 3-neighboring residue
(data not shown). These unusual NOE cross-peak patterns hav
been observed in DNA triplex&s*and were also reported for
an RNA—DNA triplex formed by a hairpin DNA duplex and a
single-strand RNA?

Assignments of the Nonexchangeable Resonancdsgure
4 shows a natural abundanit¢—3C HSQC spectrum of RDD-
EG. Most of the RNA and DNA base and sugar and the

ethylene glycol resonances are separated into well-resolved

(58) Feigon, J.; Koshlap, K. M.; Smith, F. il NMR spectroscopy of
DNA triplexes and quadruplexedMethods in EnzymologyAcademic
Press: San Diego, 1995; Vol. 261, pp 2255.

(59) Macaya, R.; Wang, E.; Schultze, P.; SKiena; Feigon, JJ. Mol.
Biol. 1992 225 755-773.

(60) Skleria, V.; Feigon, JNature 199Q 345 836-838.

shifts81 Thus, this spectrum provided a useful starting point
for the assignment process. The sequential assignments of the
nonexchangeable resonances for the RDD-EG triplex were for

the most part done as previously described for intramolecular

DNA triplexes using NOESY, DQF-COSY, and TOCSY
spectra® The H1, H5 to aromatic region of a 250-ms NOESY
spectrum of the RDD-EG triplex in fD at 30°C is shown in
Figure 5. The Hlaromatic sequential assignment pathway can
be followed along each strand, from dG@A8, dT9-dT16,

and rUl7rU24. The assignment of Al is not unambiguous
here but can be identified elsewhere in the spectra. Sequential
connectivities can also be traced for the DNA strands in the
aromatic-H2',2" and aromatie-H3' regions (data not shown).
We note that the aromatic H6 resonances of the third strand

(61) Varani, G.; Tinoco, 1Q. Re. Biophys.1991 24, 479-532.
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Table 1. Chemical Shifts for the Exchangeable and Nonexchangeable Resonances at 10°@ndR88pectively

base H6, H8 H2, H5, Me H1 H2' H2" H3' H4' imino amino
Al 7.74 7.74 6.01 2.71 2.71 5.03 4.23
G2 7.51 6.02 2.58 2.97 5.10 4.37 12.81
A3 7.28 7.57 6.04 2.35 2.84 4.81 4.56 7.64,7.89
G4 7.17 5.93 2.48 2.86 4.99 441 12.71
A5 7.18 7.42 5.99 2.37 2.78 4.88 4.41 8.00, 7.77
G6 7.28 5.82 2.44 2.79 4.95 4.49 12.81
A7 7.61 7.55 5.99 241 2.8 5.00 4.34 7.89, 8.07
A8 8.04 8.08 6.25 2.48 2.62 4.92 4.37 7.83
T9 7.75 1.91 6.31 2.46 2.76 4.94 14.42
T10 7.61 1.80 6.19 2.41 2.74 4.95 4.30 14.10
C11 7.65 5.69 6.01 2.28 2.66 4.73 431 7.12, 8.46
T12 7.65 1.74 6.06 2.43 2.68 4.92 4.27 14.22
C13 7.59 5.61 5.94 2.21 2.59 4.72 421 6.93, 8.29
T14 7.66 1.74 6.00 2.28 2.59 4.92 4.20 14.22
C15 7.68 5.69 6.12 2.19 2.56 4.76 4.22
T16 7.56 1.68 6.22 2.25 2.54 4.87 4.16
T17 7.96 5.87 6.06 4.58 4.84
C18 8.10 6.19 5.69 4.45 4.66 15.29 9.48, 9.99
T19 8.26 5.67 5.95 4.56 13.72
C20 8.24 5.97 5.68 4.46 14.43 9.44,10.19
T21 8.35 5.68 5.81 4.49 13.36
C22 8.25 6.02 5.72 4.31 14.62 9.56, 10.11
T23 8.23 5.64 5.86 4.24 13.38
T24 7.93 5.63 5.98 4.13 4.26 12.73
DNA/RNA H5’ /H5" We were unable to obtain specific assignments for the
. ethylene glycol linker protons. However, in both the@and
‘ H,O NOESY spectra, a large number of NOEs are observed
Ethylene Glycol between the last base triplet before the Hoogsteen loop-(U17
= L 70 A1-T16) and the ethylene glycol linker. Some NOEs are also
DNA H3 observed between the ethylene glycol linker forming the
DNA Me | Watson-Crick loop and the last base pair (A®) in the duplex
H2' /H3’ part. This differs from the results reported on an intramolecular
ONA HL’ DNA triplex with nine base pairs and seven triplets with the
- 80 . L
., £ same linkers used in this study, where no NOE cross-peaks were
.'c‘.; 2 observed to the linke?
. a A 31P—1H heteroCOSY spectrum was also obtained on RDD-
. EG (not shown). All of the phosphorus resonances appear in a
' Vg - 90 narrow range of about 2 ppm. We were unable to resolve
Y § \NA - sequential assignments usi#i§—1H correlation spectra. The
AHZ ) fact that none of the phosphates is shifted significantly out of
RNA CHS Y ; ; ; ;
DNA CHS5 I the normal chemical shift range does not give any evidence that
KA 100 hydrogen bonds are formed between the third-strasat2 and
DNA H2’/H2" the P-O on the purine strand, as proposed for an all-RNA
. , RNA UH5 . e
80 7.0 6.0 50 4.0 3.0 2.0 A-form triple helix.> _ _
14 ppm Sugar Conformation. Sugar conformations were determined

Figure 4. H—3C HSQC spectrum at 25C of RDD-EG. Ethylene
glycol residues that are shifted into the’H¥'' area are indicated with

(*). The HSQC spectrum was acquired with a spectral width of 5000

Hz in t; and 7546 Hz int;, 2048 points int;, 297 points int;, 160

scans pet; block, and a recycle delay of 1.7 s. The spectrum was

apodized with a Gaussian multiplication (I8 —15, GB=0.1) int,
and a 90 phase-shifted square sine belltin

are all downfield-shifted relative to the third-strand aromatic

residues for the DNA analogyé.

A further indication of triplex formation is the presence of

in part from the cross-peaks observed in a DQF-COSY spectrum
of RDD-EG. For deoxyribose, MHtH2' and H1—H2" coupling
constants were determined as described in the Materials and
Methods. This analysis showed that all of the deoxyriboses
are predominantly in the S-type sugar conformation, in the range
normally observed for B-DNA and also found for DNA
triplexes® The conformation of the riboses was qualitatively
determined from the HIH2' cross-peak intensities. For
N-type ribose puckers, the HtH2' y-coupling is<2 Hz and

no cross-peak is expected to be observed. For the RNA strand
of RDD-EG, all of the rU sugars had observable HH2' cross-

interstrand cross-peaks between the purine H8 and tHe H1 Peaks inthe DQFCOSY spectrum. This indicates thi 1z

resonances on thé-Beighboring Hoogsteen base-paired pyri-

midine. These are all seen except for A7H824H1 (Figure
5). Interstrand connectivities from AH2 to Hfesonances are
also present; for example, A5SH2 connects to AGHI6HT’,
T12HZ, and C13H1 (Figure 5). The intensities of the H1
aromatic intraresidue cross-peaks indicate that all residues are ™ g4) macaya, R. F.: Schultze, P.; FeigonJJAm. Chem. Sod992

in the anti conformation.

> 2 Hz and that they are therefore not pure N-type conforma-
tion. The protonated rC’s in the third strand had smaller

(62) Bornet, O.; Lancelot, GJ. Biomol. Struct. Dyn1995 12, 803—
814.
(63) Holland, J. A.; Hoffman, D. WiNucleic Acids Red.996 24, 2841~

114 781-783.
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Figure 5. H1',H5 aromatic region of the 2D NOESY spectrum of RDD-EG g®at 30°C with mixing time of 250 ms. The sequential assignments
along the three strands are indicated with lines. €856 and UH5-UH6 cross-peaks are labeled by residue number. Interstrand cross-peaks
between the purine H8 and the Hin the 5-neighboring Hoogsteen base-paired pyrimidine are indicated with (*). Cross-peaks between AH2 and
H1' protons are labeled (a) A1H2-G2HA1H2-A1HZ, (b) A3H2-G4H1, (c) A5SH2-G6H1, (d) ASH2—C13H1, (e) A5H2-A5HZ, (f) ASH2-
T12HZ, (g) A7H2-T10H1, (h) ABH2-A8HZ, and (j) ABH2-T9H1 The NOESY spectrum was acquired with a spectral width of 5000 Hz in both
dimensions, 2048 points i3, 300 points int;, 48 scans pet block, and a recycle delay of 4.1 s. The spectrum was apodized with ph&se-
shifted squared sine bell in bothandt,. Thet; dimension was zero-filled to 1K points.

Table 2. Relaxation Times of Some Resolved Protons Table 3. Input and Results of Structure Refinement
assignment Ti(s) no. of NOE-derived distance restraints
! intranucleotide An = 0)

A5 H2 3.90 DNA (res 1-8, 9-16) 204

A8 H2 3.13 RNA (res 17-24) 38

u21 H6 2.14 (RNA) sequential An = 1)

T10 H6 1.63 DNA—-DNA 115

G2 H8 2.04 RNA—RNA 46

A5 H8 2.22 internucleotide An > 1)

G2 H3 2.37 DNA—DNA 29

G6 HI 2.12 DNA—RNA 79

T10 Me 1.06 RNA—RNA 0

total 511
no. of hydrogen bond distance restraints 70
H1'—H2' coupling constants indicative of mostly N-type no. of torsion angle restraints _ 24
conformation. This is also observed in general for third-strand no'rr?;tlrri];er%;izﬁgdmgﬁ?k intensities for relaxation 4 x 174
Qi ; 64 .
protonated rC's in DNA triplexe’ Qveral_l, RDD EG d_oes refinement results for 10 lowest energy structures
not appear to have sugar conformations significantly different ~;5:al no. of NOE violations 0.5 A 4
from those of DDD-EG and other DNA triplexes. total no. of dihedral angle violatiorts 5° 0
T1 Analysis. In studies on duplex RNADNA chimeras, it relaxation matrix refinement
has been found by Reid and co-work&f that there is a average factor before 0.1158 0.0014
ignificant difference in the relaxation rates of DNA and RNA averagg factor after ; 0.054% 0.0031

signi . e average pairwise RMSD (all residues) (A) 1420.21
proton resonances. This can significantly affect observed NOE  average RMSD from ideal covalent geometry
cross-peak intensities if the relaxation delay used in the NOESY bond length (A) 0.017
experiment is too short. We therefore obtained an invetsion bond angle (deg) 5.2

recovery experiment on RDD-EG. From a qualitative examina-
tion of the spectra, it can be concluded that the RNA protons basis of these results, we chose a 4.1-s relaxation delay in the
do not have a significantly longdr, than DNA protons of the mixing time series NOESY experiments.

same kind. Calculatedry’s for the few resolved proton Relaxation Matrix Refinement of RDD-EG. A total of 581
resonances are given in Table 2. As expected, the AH2 havedistance restraints were used in the DG structure calculation
the longestT; relaxation times, e.g. ASH2 hasTa of 3.9 s. prior to the relaxation matrix refinement. Of these, 70 are

There is no significant difference between the relaxation time hydrogen bond restraints, 407 are restraints between nonex-

of U21H6 and the DNA base H6 and H8 resonances. On the changeable protons, and 104 involve exchangeable protons
: — : (Table 3). For the relaxation matrix refinement, peak integrals
R_g?cﬁgmﬁ:ﬁ"g33':2‘;“’202%7942?5’f"'”er’J- M.. Ribeiro, N. S.; Reid, B. i the four NOESY spectra at different mixing times were
(66) Wang, A. C.: Kim, S. G.; Flynn, P. F.; Chou, S.-H.; Orban, J.; Reid, determined for all 407 NOE cross-peaks involving only

B. R. Biochemistry1992 31, 3940-3946. nonexchangeable protons. Analysis of these data showed that
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Figure 6. Stereoview of a superposition of the 10 lowest energy structures of RDD-EG. View is into the major groove. The-\@atdopurine
strand is blue, the WatserCrick pyrimidine strand is green, and the Hoogsteen pyrimidine strand is magentd. Audebtides for each “strand”

are labeled.

233 of these peak integrals for the series had to be discardedstudies in which it was found that RDD triplexes are signifi-
In those cases, the integration algorithm had failed at one or cantly more stable than DDD triplex&s3? This relatively small
more mixing times because of peak overlap or spectral artifacts.increase in stability may be due to the short length of the triplex
To assess the quality of relaxation matrix refinement with and/or the possibility that the Hoogsteen loop of six ethylene
significantly fewer peak integrals than distance restraints, two glycol units [(EG}] might be too short, effectively destabilizing
different methods of refinement were compared. In method A, the terminal triplet. No imine-imino cross-peaks were observed

only the 174 remaining volume restraints were used. In method for this UL7#A1-T16 triplet. That (EG)may not be the optimal
B, the 233 distance restraints from the previous refinement step,linker in either the WatsonCrick loop or the Hoogsteen loop
corresponding to the deleted volume data, were used inwas reported by Rumney and Kddl.They find that, although

conjunction with the 174 volume restraints. Both methods

the (EG}) linker is the one most commonly used (and com-

reached almost exactly the same minimum relaxation matrix mercially available), (EG)for the Watson-Crick loop and

term, as shown by the averagefactors of 0.0527 (A) and
0.0540 (B). The changes which occur during relaxation matrix
refinement are minor. A direct comparison of each of the 10

(EG) or (EG) for the Hoogsteen loop seem to be more
favorable.

The effect of the divalent ion Mg on the RDD-EG triplex

structures before and after relaxation matrix refinement gives stability is also smaller than expectefiT, = 1.5 °C) (Figure

an average rmsd of 1.18 0.05 A for method A and 1.0&
0.06 A for method B of the two sets of 10 pairs. The additional

2), since divalent ions are known to stabilize triplex forma-
tion.1958 However, there are no detailed studies of the effect

distances lead to greater precision of the ensemble of structuresf Mg2* on the stability of triplexes with RNA third strands.

obtained from method B, with an average pairwise rmsd of 1.12

A, compared to 1.25 A with method A. For this reason, the
set of structures resulting from method B was chosen for final
analysis.

RDD Triplex Structure Is Similar to That of Other DDD
Triplexes. The refined family of structures in Figure 6 show
a well-defined triplex with the RNA strand Hoogsteen paired
to the purine strand in the major groove, as expected. As

A stereoview of the 10 best superimposed structures is shownjscssed below, the helical parameters of the RDD triplex are

in Figure 6. Refinement statistics are given in Table 3. The

very similar to those of previously determined DDD triplexes.

average pairwise rmsd’s were calculated for the structure without |y wever one interesting feature is the narrow minor groove

the loops, which were not included in the structure calculation.
The refined structure shows a well-defined triple helix for the
central six triplets, with the conformation of the end triplets
being somewhat less precisely defined.

Discussion

Triplex Formation and Stability. Here we have studied
the structural effects of introducing a third-strand RNA in an
intramolecular triplex. The NMR spectra show that the oligo-
nucleotide folds into the designed intramolecular triplex with
the RNA strand located in the major groove. From the optical
melting studies, the intramolecular chimera triplex is found to
be slightly more stable than its DNA analogue, DDD-EG. The
fact that the increase ifi, is only 2.5°C for the RDD chimera
compared to the DDD triplex was surprising in view of other

Figure 7 shows a comparison of the structures of RDD-EG and
DDD-EG, to illustrate the difference in the width of the minor
groove. The minor groove of RDD-EG is also narrower than
that of a standard B-DNA duplex.

To help analyze the structure, helical parameters for the
Watson-Crick duplex part of the triplex were calculated (Figure
8). TheX displacement of the WatserCrick base pairs varies
from —2.3 to—2.9 A with an average value 6f2.5 A. These
values are almost identical to those found for DDD-£GThe
X displacement is closer to that of standard B-DNAO(7 A)
than A-DNA (5.4 A). The average value for the rise is 3.2
+ 0.5 A. It is not apparent why there is an especially large
rise between nucleotides 5 and 6. It is possible that this may

(67) Rumney, S.; Kool, E. 1. Am. Chem. S04995 117, 5635-5646.
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Figure 7. View into the minor groove of the lowest energy structures
of RDD-EG and DDD-EG? The backbone ribbons of RDD-EG (dark 0
gray) and DDD-EG (light gray) are shown to highlight the difference
in minor groove width.
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be due to insufficient restraints due to overlap for these residues.
The helical twist has an average value of 817°.

Estimates for the longitudinall; relaxation times were
obtained prior to the build-up NOESY experiment to see if the
T, relaxation time was significantly different for the RNA
protons compared to the DNA protons. We find that not to be
the case for the RDD-EG triplex (Table 2). This is in contrast 5
to the results obtained by Reid and co-work&rsho found
that in DNA—RNA hybrid and chimera duplexes the RNA %
protons have significantly longérr; relaxation times than the
DNA protons. They suggest that this is not due to internal
motion differences between DNA and RNA but probably
correlates with the type of hele:%6 This would be consistent Base Pair

with our finding no significant difference i, since no Figure 8. Helical parameters for the RDD-EG: (a) twist, (b) rise,

pronounced effect on the structure upon binding of the RNA and (c) X-displacement. Error bars indicate the standard deviation of

Hoogsteen strand was found, i.e. the RNA strand does not inducethe measurement from the 10 lowest energy structures. The values from

a structural transition from a B-DNA-type helix toward an fiber diffraction for standard A-DNA and B-DN#%"3and the average
typ g

A-DNA-type helix. value for DDD-EG are indicated by the dotted lines, dashed lines, and

Sugar Conformations Are Consistent with a B-Form solid lines, respectively.

Helix. One unexpected feature of the RDD-EG triplex is that 6 . .

all of the DNA sugars are in the G2ndo range and the RNA (20 MM NaCF°vs 100 mM NaClin our study). For studies of

sugars are not pure G8ndo. An exact number for the mole ~ &/FRNA (56F§I§S)g|plexes only C3endo sugar puckers have been

fraction of C2-endo vs C3endo was not obtainable for the ~reportedcs , , o

RNA residues, but the fact that we know that we do have partly ~ Several NMR studies of intramolecular pyrimidinpurine—

C2-endo sugars for these is a significant result. Other studies PYrimidine triplexes have shown that T;VAI%ETQE’Z'%E? helices

of different chimera and hybrid sequences have found the With mostly C2-endo sugar puckefg:*25:4256:59.6270.71The

opposite result. Liquier et & and Dagneaux et & find, by majority of these structures are DNA triplexes containing either

use of FTIR for evaluation of the sugar puckers in an (68) Klinck, R.; Liquier, J.; Taillandier, E.; Gouyette, C.; Huynhdinh,

intramolecular chimera triplex, that upon lowering of the pH T.;(<63E;J)itlt<elt, Ek.Egr. é BiocheEm1L995_ 233; 54_lr4i”553d_ £ G c

i H R inck, R.; Guittet, E.; iquier, J.; Tallanaier, E.; ouyette, o

_the dequrlbose sugars repucker to be_mamly N-type sugars. ItHuynh-Dinh, T FEBS Lett.1994 355, 297300,

is po§S|bIe that. the different result obtained herg may be due to (70) wang, E.: Koshlap, K. M. Gillespie, P.; Dervan, P. B.; Feigon, J.

the difference in pH (pH= 4.8 vs 5.7 here) and ionic strength  J. Mol. Biol. 1996 257, 1052-69.

-3 L

Al-T16
G2-C15
A3-T14 7]
G4-C13 7]
AS5-T12 7]
G6-C11 7]
A7-T10 =
A8-T9
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a mismatch or nonnatural base in the third strand. We have endo and C3endo. Thus, the RNA third strand does not induce
found that both spectral and structural data indicate that, at pHa structural change to an A-form helix under the experimental
5.7 and 100 mM NaCl, the RDD triplex studied here forms a conditions used in this study.
B-DNA-type helix similar to the all-DNA triplexes, with all The coordinates for the RDD-EG structures have been
the DNA residues close to the G&ndo sugar pucker conforma- deposited in the Brookhaven Protein Data Base (entry 1R3X).
tion and the RNA residues sugar puckers being betweén C2  Acknowledgment. This work was supported by NIH Grant
. . . . . GM37254-09 to J.F. and a stipend from The Danish Research
19(521.) Phipps, A. K.; Tarkg, M.; Schultze, P.; Feigon, Biochemistty  Academy to C.H.G. The authors thank Ms. A. K. Phipps for
n pr . . . . . .
(72|) Aen%is, S.; Hukins, D. WBiochem. Biophys. Res. Commaa72 assistance in the relaxation refinement protocol and the design
47, 1504-1509. of Figure 7.
(73) Saenger, W.Principles of Nucleic Acid StructureSpringer-
Verlag: New York, 1984. JA973221M




