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glycol) Units: d(AGAGAGAA-(EG)-TTCTCTCT-(EG)-TCTCTCTT)"*

Markus Tarkg,® A. Kathryn Phipp$, Peter Schultze, and Juli Feigon*

Department of Chemistry and Biochemistry and Molecular Biology Instituteyedsity of California,
Los Angeles, California 90095-1569

Receied Naember 17, 1997; Résed Manuscript Receeéd January 30, 1998

ABSTRACT. A DNA molecule was designed and synthesized with three octanucleotide stretches linked by
two hexakis(ethylene glycol) chains to form an intramolecular triplex in solution. The structural data
obtained from a series of NMR NOESY spectra yielded interproton distances, and COSY experiments
provided dihedral angle information for analysis of deoxyribose ring pucker. Using distance geometry
followed by simulated annealing with restrained molecular dynamics and relaxation matrix refinement, a
well-refined ensemble of conformations was calculated. Although some NOE cross-peaks involving protons
of the hexakis(ethylene glycol) linker could be identified, most could not be assigned and the conformations
of the linkers were not determined. The deoxyribose conformations are predominantly of the S type,
except for the protonated cytosine residues in the third strand which show hybrid N and S character.
Overall, the duplex part of the molecule resembles a B-DNA double helix with the third strand bound in
its major groove by Hoogsteen hydrogen bonds. This structure provides a basis for comparison with
triplexes containing noncanonical or nonnatural nucleotides.

Triple-stranded DNA was discovered nearly four decades supercoiled plasmids can form H-DNA)( which is the
ago by Felsenfeld et all), who observed that poly(A) and proposed in vivo structure composed of both triplex and
poly(U) not only can form duplex structures but also are looped out single strand.

able to bind a second poly(U) strand to form a triplex. In Two general classes of triplexes have now been character-
recent years, there has been a resurgence of interest in th_qued: the parallel motif, composed of two pyrimidines and
unusual structures because of their potential as therapeuticg),e purine strand for forming canonicalAT and C"-GC
targeted to control regions in the genom® ). The triplets with the third pyrimidine strand in an orientation
inhibition of MRNA translation (antisense strategy, duplex parg|iel to that of the central purine strand, and the antipar-
formation) or of the transcription of a DNA segment gjig| motif, in which the third strand consists primarily of
(antigene strategy, triplex formation) resulting in the sup- rines and is antiparallel to the central purine strat@ (
pression of “undesired” gene fragments is an attractive 17)  although the general characteristics of parallel motif
therapeutic strategy because the mechanism for the intery;pexes, i.e. binding of the third strand in the major groove
action of the oligonucleotide with the target sequence is well ;5 Hoogsteen base pairs, are now well established, the
understood and targeting is highly sequence specific. HOW- yeails of the triple-helix conformation are less well eluci-
ever, problems with this approach include the lack of yaieq. From early fiber diffraction studies of DNA triplexes,
resistance of these compounds to enzymatic degradation;; \vas concluded that they formed A-form helicel2)
length requirements for sufficient thermodynamic stability 5vever NMR (0, 13 and IR (4) studies on intermo-
and specificity of the formed adducts, and their transport |ocar triplexes have shown that the sugar conformations
across the CE,"” membran@)(. TO overcome these limitations, 44 ot generally conform to the N type. After it was shown
oligonucleotides with modified backbones, bases, or sugarat intramolecular triplexes could be formed from a single

moieties which can form either stable duplex or triplex pNA strand of the appropriate sequence with DNA nucle-

struciures have been inyest_igated as vetlg). It h"’?S. been .__otides as linkers in the loop&¥), it became possible to study
demonstrated that the binding of sequence specific prOte'nStriplex structure in solution in more detail. Analysis of

(i.e. restriction endonucleases) can be blocked by triple coupling constants for sugars in pyrimidine-purine-pyrimi-

strar_1ds .4’ 6). _In addition to their potential therap_eutl_c dine intramolecular triplexes (parallel motif) indicated that
applications, triplexes may also have a natural role in vivo the sugar puckers for all but some of the cytosines in the
in transcriptional regulation and in replicatiory 8). Purine- Hoogsteen paired strand are predominately of the S type, as
rich mirror repeats of DNA in topologically constrained in B-DNA (13). A number of NMR-based structures o%
parallel motif DNA triplexes have appeared in the literature

" This work was supported by NIH Grant GM 37254 to J.F. but contain other triplets or base pairs besides the canonical

*Coordinates for these structures have been deposited in the. . ; _ ;
Brookhaven Protein Data Base (entry 1D3X). T-AT and C™-GC triplets ((7—21) or have not been refined

* To whom correspondence should be addressed. in high detail (6). No X-ray crystal structures of parallel
8 These two authors contributed equally to this work. motif DNA triplexes have been published to date.
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Structure of an Intramolecular DNA Triplex
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was purified by column chromatography on Sephadex G50
as previously describe@®). The final NMR sample was 2
mM in strand with 200 mM NaCl (pH 5.2) and 5 mM MgCl
in 200uL (Shigemi NMR tube). This one sample was used
for both HO and BO experiments, where the solvent was
exchanged between 90%®/10% DO (H,O experiments)
and 99.996% BO (DO experiments) by drying the sample
under a stream of }g) in the NMR tube as needed.

NMR SpectroscopyThe NMR spectra were acquired at
500 MHz on GE GN500 and Bruker AMX500 spectrometers.

denote Hoogsteen-type pairing. Cytidines 18, 20, and 22 are Ihe measuring temperature for spectra gOOwvas 298 K,

protonated. (EG)stands for the ethylene glycol linker' {EOCH,-
CH,)60-P3].

We have used two-dimensional (2D) NMR spectroscopy
to gain insight into the structural characteristics of the
intramolecular pyrimidine-purine-pyrimidine DNA triplex
d(AGAGAGAA-(EG)e-TTCTCTCT-(EG}-TCTCTCTT)
(DDD-EG), where the loops between the Wats@rick

and for spectra taken inJ®, it was 274 K. NOESY spectra
in D,O were acquired with mixing times of 40, 80, 100, 140,
200, and 250 ms. A NOESY spectrum in®lwas acquired
with a mixing time of 150 ms. Suppression of the residual
water peak in RO spectra was accomplished by presaturation
during the recycle delay and in,B spectra by a 15pin
echo pulse sequence. All NOESY experime@t; 80) were
carried out in the pure absorption mode using Staifé3PI

paired duplex and between the two pyrimidine strands are phase cycling 31). A HOHAHA spectrum 82, 33) was

each replaced by one hexakis(ethylene glycol) unit (Figure
1). It has been shown that the loop configuration where the
5-end of the third (Hoogsteen paired) strand is linked to

the duplex oligonucleotide yields an overall stabilization of

abou 2 K in the T, value and about 0.4 kcal mdlin free

obtained with a 100 ms mixing time using the MLEV17 cycle
(34). Coupling constants were obtained from a P.COSY
spectrum 85, 36) with a 9C flip angle mixing pulse. A
natural abundanctH—13C HSQC spectrum37) was also
acquired for this sample to aid in the assignments. The NMR

energy compared to the case where the third strand is linkedgata were processed with FELIX 2.30 (Biosym) or XWIN-

via its 3-end @2). This observation is consistent with the
fact that in H-DNA a 5type bridging loop is preferred over
a 3-type bridging loop as well23). An intramolecular
triplex structure containing a triplexduplex junction and
linked by two hexakis(ethylene glycol) units but set up in a
3'-type bridging manner has been reportéd)( The use of

NMR (Bruker Instruments, Inc.).

UV Melting Studies UV melting studies were carried out
on a Varian CarylE spectrophotometer equipped with a
temperature probe. The heating rate was°@Bnin. The
Tm was determined from the maximum of the first numerical
derivative. The DNA samples used, synthesized and purified

a synthetic loop decreases the size of the investigatedys described above, were d(AGAGAGAA-(REGTCTCTCT-
oligonucleotide by at least eight nucleotides which reduces (EG),. TCTCTCTT), d(AGAGAGAA-GCAA-TTCTCTCT-

spectral overlap and facilitates the interpretation of NMR
data @4). The flexible ethylene glycol linkers also ensure
that the helical conformation is minimally perturbed by
constraints from the loops. Additionally, such a substitution

CTTTG-TCTCTCTT), and d(AGAGAGAA-CCCC-TTCT-
CTCT-TATA-TCTCTCTT), where the underlined sequences
indicate the loops. The sample volumes were 1 mL with
0.45-0.65A260 of DNA, and buffer conditions were 50 mM

increases the resistance of triplex systems to enzymaticNaOAc, 0.1 M NaCl, and 5 mM MgGI(pH 5.20).

degradation.

Here we present the refined three-dimensional solution
structure of the intramolecular DNA triplex formed by
d(AGAGAGAA-(EG)s-TTCTCTCT-(EG)-TCTCTCTT)

Determination of Deoxyribose Coupling Constants and
Pseudorotation AnglesThe FORTRAN program CHEOPS
(coupling constants from high-resolution NMR experiments
by optimized parameter simulation) (P. Schultze and J.

(DDD-EG). The structure was calculated from a set of peigon, unpublished progran)3) was used to simulate the
distance geometry starting structures and refined by restrained1'—H2//H2" region of a P.COSY spectrum by automatic
molecular dynamics. The 10 best structures were further optimization of the fit between the experimental and

refined with relaxation matrix calculations. The structure
of this triplex, which is composed solely of canonicaAT
and C'-GC triplets, provides a point of reference for studies
on similar triplexes containing modified nucleotides in the
third strand 25, 26).

MATERIALS AND METHODS

Sample Preparation.The oligonucleotide d(AGAGAGAA-
(EG)}-TTCTCTCT-(EG)-TCTCTCTT) was synthesized on
a ABI 381A DNA synthesizer using the standard phosphora-
midite chemistry protocolX7), except that the coupling time

simulated spectra. Th&coupling constants for H¥H2',

H1'—H2", H2 —H3', and H2' —H3' thus obtained were fitted

with a two-state model for ribose conformation using the

program PSEUROT38, 39). The relative population and

the pseudorotation phase angles for both conformational

states were kept variable during the optimization, whereas

both amplitudes were held constant at 88avoid overfitting

the four input parameters. The valuesygfandv, obtained

for the majority conformation were used with boundst#®

for dihedral angle restraints in the X-PLOR calculations.
Structure Calculations and Refinememonexchangeable

for the hexakis(ethylene glycol) linker was extended from proton—proton distances obtained from the 200 ms mixing
25 sto 10 min. The deoxyribonucleotide phosphoramidites time NOESY experiment were used as initial restraints for
and the hexakis(ethylene glycol) linkers were purchased fromthe structure calculation. Cross-peaks were picked and
Pharmacia and Glen Research, respectively. After deblock-integrated using the AURELIA software packad@); The

ing with concentrated agqueous ammonia, the crude sequenceesulting peak lists were assigned using a semiautomatic
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procedure requiring the picked peak list, the chemical shifts,
and a model of the molecule. An expanded peak list
containing all possible assignments within 0.01 ppm in each
dimension was generated from the chemical shift list and
then compared to that of a model triplex to check for

reasonable distances for each of the proposed assignments.  °f
In cases of multiple ambiguous assignments, the one corre-

sponding to the smallest+H distance in the model was
automatically selected and marked without deleting the
remaining ones. This list was inspected by hand to correct
any erroneous assignments and then reimported into AU-
RELIA for peak integration and output of distance and
volume files in X-PLOR format. The distances in the®
spectra were calibrated using the'HRI2" cross-peak at 1.9

A. For resolved cross-peaks, all lower limits were set to
1.8 A, and the upper bounds were set to the calibrated
distance plus a margin of 1.0 A, except for the methyl groups
which had a margin of 2.5 A and HM5H5" which had a
margin of 2.0 A. In the case of overlapping cross-peaks, an
additional 0.5 A was added to the existing upper bounds.
Peaks that consistently gave rise to violations in initial rounds
of calculation were re-examined; misassigned peaks were
removed, while correctly assigned peaks were checked for
the possibilities of errors due to spin diffusion or overlap.
For the exchangeable protons, a lower bouh@ @ and a
uniform upper bound fo5 A were used, to account for
inaccuracies in peak integrals due to exchange with water
and the sifexcitation profile of the 1Bpin echo read pulse.

In the initial step of X-PLOR Version 3.4() calculations,
30 coordinate sets were obtained by metric matrix distance
geometry embedding of all atoms. Next, the initial structures
were subjected to the distance geomesinulated annealing
(DGSA) procedure42), which consists of template fitting
for improving local geometry and simulated annealing. To
increase the number of converging structures to approxi-
mately 90% (in this case, 27 out of 30), the weight of the
bond angle potential was increased 8-fold over the standard
X-PLOR force field, and dihedral angle restraints involving
the four ligands of each chiral center were introduced to
enforce the correct chiral configurations. As described
previously @0), the ceiling of the energy term for the distance
restraints was set to 100, i, of the value in the published
protocol @1). In the third step, those modified parameters
were returned to their standard values for further refinement
by molecular dynamics and energy minimization based on

Tarkoy et al.
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Ficure 2: Portion of a NOESY in 90% pD/10% DO at 1°C

and a mixing time of 150 ms containing the exchangeable imino
proton resonances. Assignments are indicated above the spectrum.
The lines below the diagonal of the spectrum show the sequential
connectivities in the Hoogsteen paired strand. The dashed lines
denote connectivities between T9 and T10 and interstrand NOEs
between T14 and T19, T12 and T21, T14 and G4, and T12 and
G6. A total of 2048 and 200 complex points were collected,in
andt,, respectively, with 96 scans parblock. The sweep width
was 11 364 Hz, and the excitation maximum for theetho delay

was at 13 ppm £). The processed matrix consisted of 2048
2048 complex data points. The FIDstijnandt; were apodized by

a Gauss function with a Lorentzian broadening-&f1 and—25

and a Gaussian broadening of 0.15 and 0.18, respectively.

good integrals at all four mixing times were included at this
step; i.e. overlapping cross-peaks were discarded.

The helical parameters were calculated for the Watson
Crick duplex portion of the triplex structures using the
program CURVES (version 5.1%18). These values given
are averaged over the 10 relaxation matrix refined structures

distance restraints. Standard hydrogen bond distances werand have been calculated using nonlinear and linear helical

used to restrain the geometry of the base triplets. In addition,
planarity restraints with a low weight factor of 3 kca¥/A
were applied to each triplet in all refinement steps. This
favors overall planarity of the triplets if no specific distance
restraints cause out-of-plane tilting of particular bases.

All 30 initial structures were carried through to the third

axes for comparison.

RESULTS

Exchangeable Proton Resonances and Assignmditis.
NOESY spectrum of DDD-EG in a #D at 1°C shows
characteristics similar to those of other previously described

refinement step. These structures were then sorted accordingntramolecular triplexes1f). An expanded region of the

to overall energy terms. The first 10 coordinate sets were
subjected to relaxation matrix refinement, which consisted
of a short simulated annealing protocol under inclusion of
the NOE potential. The nonexchangeable restraints were
substituted by the cross-peak volumes for each of four
NOESY spectra acquired with mixing times of 40, 80, 140,

and 200 ms, while the exchangeable and hydrogen bond

exchangeable imino proton region is shown in Figure 2.
Sequential imine-imino connectivities can be traced through
the Watson-Crick paired strands from T9 to G2 and through
the Hoogsteen paired strands from T17 to T24. Resonances
for nucleotides T16 and T17 which are part of the first triplet
are overlapped. The protonated cytosine residues are easily
identified from their strong imineamino cross-peaks and

restraints were left as distances. Only cross-peaks that gavehe characteristic downfield shift of their amino resonances
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Ficure 3: Portion of a NOESY spectrum in,D at 25°C with a :7‘9
mixing time of 200 ms showing the aromatiel1l'/H5 cross-peaks. 8.1
Solid lines indicated sequential badd1' connectivities from Al '
to A8, T9to T16, and T17 to T24. The strong cross-peaks between : : : .
5.8 and 5.5 ppm are the H&15 NOEs from the cytosines. Peaks 3.5 3.0 25 2.0 ppm

denoted with an asterisk are interstrand NOEs between purine H8 EGs H2"/H2' Methyls
and H1 of the neighboring residue '¢8lirection) in the Hoogsteen ) ]
strand. The sweep width was 5000 Hz in both dimensions; 2048 FIGURE 4: Portions of a NOESY spectrum showing cross-peaks
and 512 complex points were collectedtjrandt;, respectively, between base protons and ethylene protons of the glycol linker. In
with 48 scans pet; increment. The final data matrix was 2048 panel A, cross-peaks between the EG and T9Me, T16Me, and
2048 complex pointst, andt; were apodized with a Lorentzian ~ T17Me groups are boxed. In panel B, cross-peaks betweeri-the 3
broadening of-15 and Gaussian broadening of 0.15 anti@ne, terminal glycol protons and the-ferminal TOH6 and T17H6 are
respectively, and the baseline was flattened with a first-order boxed. The spectrum is the same as Figure 3.
polynomial.

Sequential connectivities can also be traced in the aromatic

in comparison to those of the other amino groups. Very H3 and aromatie H2'/H2" regions of the NOESY spectrum
weak interstrand imino cross-peaks are also observed be{data not shown), and confirmed the assignments. The
tween T12-T21 and T14-T19 which help to confirm the  assignments could be further confirmed by analysis of the
assignments. Some interstrand cross-peaks from the Hoogsaromatic-aromatic region (not shown). In this triplex, NOEs
teen strand to the amino protons of C15 and C19 are alsoare resolved between all consecutive nucleotides in the purine
visible (not shown). strand except for A1 and G2 and G6 and A7. Some unusual,
Sequential Assignment of Nonexchangeable Protéss very weak sequential cross-peaks betweeh ddéonances
signments of the nonexchangeable proton resonances irare observed between G2 and A3, G4 and A5, A7 and A8,
DDD-EG were obtained by tracing the sequential bad#' T17 and C18, and T19 and C20, even in an 80 ms mixing
connectivities for each of the three strands, as previously time 2D NOESY experiment. Sequence specific assignments
described 16). The identification of the CH5CH6 and were obtained for almost all the nonexchangeable and
TMe—TH6 cross-peaks (obtained from a HOHAHA spec- exchangeable proton resonances except the H5' (Table
trum, not shown) provides a good starting point for the 1).
assignment. The assignment process was aided by the Ethylene Glycol Linker ResonanceBlost of the protons
information obtained from a natural abundanid¢—°C from the hexakis(ethylene glycol) linkers resonate in a
HSQC spectrum (not shown). The distinct carbon chemical resolved region from 2.6 to 3.9 ppm, between thé/HS"’
shifts allowed for unambiguous identification of AH2 and H2/H2" regions (not shown). The glycol methylene
resonances and for obtaining the upper and loweér groups next to the ends of the nucleotide strands, however,
chemical shift values for deoxyribose regions that overlap, are shifted upfield compared to the others and resonate
e.g. H4 and H3—H5". Figure 3 shows the expanded slightly downfield of the A1 H5H5" peaks, which are
aromatic-H1'/H5 region of a NOESY spectrum in,D at themselves slightly upfield of the other HB5" resonances
25°C. Sequential connectivities can be traced along eachdue to the presence of théteérminal hydroxyl group. In
strand, from Al to A8, T9 to T16, and T17 to T24. Some contrast to previous reports on ethylene glycol-linked
interstrand cross-peaks are observed betweénpkitons triplexes (L7, 24), NOE contacts from the protons on the
of the Hoogsteen strand and the purine H8 protons in the DNA to the methylene groups of the ethylene glycol chain
5'-neighboring triplet, e.g. T24A7. Two relatively strong are observed for this triplex. The alkyl chains of the glycols
cross-peaks in this category are C20HA3H8 and C22H1- attached to the'gsends of the nucleotide strands have NOE
A5H8. These interstrand peaks are particularly important cross-peaks to the H6 and methyl resonances for the terminal
in the structure determination because they constitute proofresidues T9 and T17 and can be used in confirming those
of the actual formation of the intramolecular triplex topology assignments (Figure 4). Weak cross-peaks from the glycols
as designed. There are also interstrand contacts between thattached to the'3&nds of the nucleotide strands, A8 and T16,
Watson-Crick duplex strands, between the AH2 protons of can also be seen in the HEgion of the DNA (hot shown).
the purine strand and HMprotons of the pyrimidine strand  There are also cross-peaks between the various glycol proton
in the B-neighboring triplet, e.g. C13A5. resonances. However, many of these NOE cross-peaks are
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Table 1: Proton Chemical Shifts of DDD-EG (Parts per Million) at°Z5
residue H6, H8 H2, H5, Me H1 H2' H2" H3' H4' imino? amind
Al 7.87 na 6.02 2.63 2.79 4.97 4.17 na
G2 7.53 6.03 2.55 2.90 5.06 4.30 12.75 na
A3 7.16 7.52 5.85 1.97 2.77 4.79 4.59 7.44,7.85
G4 7.43 5.96 2.44 2.88 491 4.32 12.75 na
A5 7.10 7.37 5.78 2.01 2.71 4.73 4.53 7.46,7.90
G6 7.37 5.83 2.40 2.85 4.83 4.35 12.77 na
A7 7.41 7.58 5.87 2.32 2.72 4.89 4.29 7.72,7.94
A8 8.04 8.02 6.16 2.45 2.54 4.87 4.34 na
T9 7.79 191 6.26 2.42 2.73 4.90 4.27 14.72
T10 7.58 1.74 6.12 2.34 2.67 491 4.22 14.39
C11 7.64 5.60 6.08 2.19 2.64 4.76 4.26 7.39,8.58
T12 7.58 1.73 6.01 231 2.63 4.90 4.22 14.33
C13 7.58 5.54 6.01 211 2.56 4.74 4.17 7.18,8.36
T14 7.61 1.76 5.98 2.28 2.56 4.88 4.17 14.38
C15 7.59 5.63 6.10 2.08 251 4.73 4.15 7.21,8.35
T16 7.56 1.68 6.21 2.25 2.52 4.83 4.14 na
T17 7.70 1.78 6.35 2.46 2.57 4.93 4.37 na
C18 8.05 6.05 6.11 2.30 2.76 4.62 4.37 15.64 9.32, 20.17
T19 7.77 1.76 6.34 2.45 2.68 4.94 4.37 13.77
C20 7.74 5.72 5.92 2.18 2.65 4.63 4.37 15.05 9.13,9.99
T21 7.76 1.76 6.36 2.44 2.62 4.94 4.37 13.60
Cc22 7.65 5.69 5.91 2.13 2.61 4.68 4.41 14.53 9.86, £0.11
T23 7.67 1.67 6.24 2.26 2.67 491 4.27 13.39
T24 7.46 1.58 6.31 2.22 2.29 4.51 4.07 12.35

aChemical shifts at 2C. ° Lower field resonance is the hydrogen-bonded amino proton H#¢H), not assigned.

unresolved, and we were unable to specifically assign the

glycol resonances.
Deoxyribose ConformationFigure 5 shows the HXH2'/

H2'" cross-peak region of the experimental and the simulated

P.COSY spectrum of the DNA triplex. Acceptable correla-
tion coefficients ranging from 90 to 98% were obtained for
18 of the 19 DNA residues (of 24 total) that were sufficiently

resolved to be accurately simulated. On the basis of the
values obtained from the PSEUROT program, all 18 of the
sugars were predominantly in the S-type conformation
(Supporting Information Table 1), and dihedral restraints for
v, andv, were used accordingly in the structure calculations.
The values obtained for the sugar conformations are in good
agreement with those obtained on an intramolecular triplex

of the same sequence but with nucleotide lodi8.(
Thermal Stability The stability of the triplex structure

discussed here was compared to those of other triplexes

differing only in the loop region, by monitoring the change

of absorbance as a function of temperature. Figure 6 shows
the melting curves and numerical first derivatives of three

triplexes which differ only in their loop sequences. The
optical melting curves of DDD-EG with ethylene glycol
linkers are compared with those of two triplexes containing
Watson-Crick CCCC and Hoogsteen TATA loop44) and
Watson-Crick GCAA and Hoogsteen CTTTG loops. The
GCAA Watson-Crick linker was chosen on the basis of
evidence that it forms an especially stable DNA tetraloop
(45) and the CTTTG Hoogsteen linker on the basis of loop
stability studies of Kool and co-workergd). TheT, values
derived for the DDD-EG, CCCC/TATA, and GCAA/CTTTG
triplexes were 68.7, 68.2, and 728, respectively. This
result is in agreement with findings on a series of triplexes
with (EG)-g loops between two pyrimidine domains target-
ing a purine strand4g).

Structure Calculations. A total of 573 NOE restraints

PPM

A5

Asﬁg =
c22
¢20(-
G4 .

T12

c15C1
18110
A8

Ficure 5: (A) Portion of a P.COSY spectrum in,D at 25°C
showing the HI-H2'/H2" cross-peaks. (B) Same region of a
simulated spectrum calculated using CHEOPS (see Materials and
Methods). Assignments of the simulated resonances are indicated
on the left border of the spectrum. The P.COSY spectrum was
acquired with a flip angle mixing pulse of 90, spectral width of
5000 Hz in both dimensions, 1024 and 420 complex points collected
in t, andt,, respectively, and eight scans gerincrement. Both

were used to calculate the structure, and 36 torsion anglegimensions were apodized by a*GHase-shifted gsine bell function
restraints and 70 hydrogen bond restraints. Although the with a skew factor of 1.0 and zero-filled to 4096 complex points.
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FiGURe 6: Optical denaturation curvesso) and first derivatives
of different triplex structures differing only in the loop region.
Buffer conditions were 50 mM NaOAc, 0.1 M NaCl, and 5 mM
MgCl; (pH 5.20). The triplex sequence iISAGAGAGAA-loopyc-
TTCTCTCT-loopyss TCTCTCTT-3. The loop between the purine
strand and the pyrimidine strand is denoted as Wat§ick (WC)
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Table 2: Input and Results of Structure Refinement

NOE restraints 573
intranucleotide 344
sequential 183
nonsequential internucleotide 46
involving exchangeable protons 46
torsion angle restraints 36
hydrogen bond restraints 70
relaxation matrix refinement
number of peak integrals used at each 223
mixing time
averageRY¢ factor before 0.1133 0.0017
averageRY® factor after 0.0578 0.0016

refinement statistics (10 final

lowest-energy structures)

NOE violations>0.5 A 0

dihedral angle violations 5° 0

average pair wise rmsd 1.
(all heavy atoms) (A)

average rmsd from ideal covalent geometry
bond lengths (A) 0.021
bond angles (deg) 5.53

25+ 0.25

and these peaks had to be accounted for in the structure
calculations. To make sure that the use of overlapped cross-
peaks in the initial calculations was not distorting the
structure, test calculations were run without using any of
the distances derived from overlapped cross-peaks. These
runs still gave the same overall structure as the runs using
all the cross-peaks. The top 10 refined structures, using the
full data set, were then used for the relaxation refinement.
This led to significant improvement of the agreement
between calculated and observed peak integrals, as shown
by the decrease of tH@"® factor by a factor of 2 (Table 2).
However, a comparison of the structures before and after
relaxation matrix refinement shows only small local changes

and the one between pyrimidine and pyrimidine as Hoogsteen (HS) (Figure 7). Thus, it appears that the calibration method and

loop: loopyc GCAA and loops CTTTG (@O), loopwc (EG) and
loopys (EG) (€), and loogyc CCCC and loops TATA (O) (this
sample was provided by R. Macaya).

conservative error bounds used to obtain distance restraints
already yield a reasonably good approximation of the final
structures obtained by taking into account spin diffusion

triplex with (EG) loops eliminated some of the overlap in  during relaxation matrix refinement. Furthermore, the small
the spectra, there were still many overlapping cross-peaks,local changes which are observed after the relaxation matrix

FiGUurRe 7: Stereoview of a superposition of the mean structures calculated for DDD-EG before (black) and after (gray) relaxation matrix

refinement. The Hoogsteen paired strand is shown with thinner lines. All atoms except O1P and O2P are shown.
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T24
FIGURE 8: Stereoview of a superposition of the eight lowest-energy structures of DDD-EG. The view is into the major groove. The-Watson

Crick paired pyrimidine strand (F9T16) is green, the purine strand (ARA8) blue, and the Hoogsteen paired pyrimidine strand (117
T24) cyan. Only the DNA nucleotides are shown, since the ethylene glycol linkers were not included in the structure calculation.

Ficure 9: Comparison of the structures of (A) A-DNA, (B) Watsoe@rick paired strands of DDD-EG, and (C) B-DNA. The purine strand

is black and the pyrimidine strand gray. The view is with minor groove in front at the top and the major groove in front at the bottom. The
standard A-DNA and B-DNA helices were constructed from fiber diffraction-derived coordine@esiging Insight Il software (Biosym
Technologies). The WatsetrCrick paired strands of the five lowest-energy structures of the DNA triplex are shown.

refinement may in fact have arisen partially from distance and NOE cross-peaks in the NMR spectra of the molecule
errors due to cross-peak overlap in the initial calculations. are characteristic of formation of an intramolecular triplex.
Imino resonances are observed for each of the base pairs in
DISCUSSION both the WatsorCrick and Hoogsteen paired strands, and
Triplex Formation and Stability.In this work, we have sequential imine-imino connectivities can be traced. The
studied the structure of an intramolecular DNA triplex with UV melting study at pH 5.2 shows that the DDD-EG triplex
ethylene glycol linkers. Triplex formation was initially —melts in a single transition under the conditions studied. As
assayed both from analysis of the UV melting profile and can be seen in Figure 6, the stabilities as measure@,by
from analysis of the imino and amino proton resonances for the triplex with the ethylene glycol linkerg ¢ = 68.7)
observed in NMR spectra of the sample is0H Resonances and the CCCC/TATA loopsl, = 68.2) are nearly the same.
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Ficure 10: Helical parameters for DDD-EG: (A) X displacement, (B) inclination, (C) rise, and (D) twist. Error bars indicate the standard
deviation of the measurement from the 10 lowest-energy structures. Values using both nonlinear (squares and solid line) and linear (diamonds
and dotted line) axes are plotted. The values from fiber diffraction models for standard A-DNA and BI2Nar¢ indicated by dashed

and solid lines, respectively.

However, the latter triplex shows a broad sloping transition chemical shifts for the triplet resonances that are similar to
before the sharp duplex melting, indicating that it may those of DDD-EG. The advantage of using the ethylene
dissociate in two steps. The DDD-EG triplex and the glycol loops is that it not only simplifies the spectra by
GCAA/CTTTG triplex only display one sharp melting eliminating the seven to nine nucleotides of the loops but
transition. The stable GCAA/CTTTG nucleotide loops result also results in better chemical shift dispersion of the
in an increase of aboutC in the T, compared to those of  nucleotides to which the glycol moieties are attachag).(
the other two triplexes. This is because the glycols create an environment at the end
Comparison to Spectra of Triplexes with Nucleotide Loops. of each nucleotide “strand” (residues 8, 9, 16, and 17) similar
Triplexes with the same triplet core AGAGAGAA, but with  to that for terminal residues 1 and 24 which have only one
the nucleotide loops (1) CCCC/TTTLg), (2) CCCCITATA nucleotide neighbor. The triplexes with nucleotide loops
(44), and (3) GCAA/GTTTC (unpublished results), have have only two terminal residues, and therefore, the ends of



5818 Biochemistry, Vol. 37, No. 17, 1998

the triplex core can sometimes be more difficult to identify,
especially if the sequential connectivity is broken somewhere

Tarkoy et al.

of the unrestrained sugars also fall within this range, while
C13 and C20 had pseudorotation angtek08. Although

in the loop. Cross-peaks from these nucleotide residues arghe unrestrained sugars are in a wide range of sugar

also more obscured by overlap, which made it more difficult
to calculate an accurate structure.

Triplex Structure. A superposition of the lowest-energy
structures of the DNA triplex is presented in Figure 8.
Structure statistics for the 10 relaxation matrix refined

conformations, additional NMR data such as the lack of
downfield-shifted C1 resonances4({’) suggest that these
sugars are more likely in the same conformational range as
the rest of the residues. The sugar conformations agree with
results from previous NMR and FTIR studiesd( 48) that

structures are summarized in Table 2. The average pairwiseshow that triplexes have been found to have predominantly

rmsd for all heavy atoms for the 10 structures is 1426.25
A. The single-stranded oligodeoxynucleotide folds into a
well-defined, right-handed triple-helical structure. The
Watson-Crick paired strands of the triplex form a duplex
that is most similar to an underwound B-form DNA helix.
Visually, the Watson-Crick strands of the triplex fit well
to the overall structure of ideal B-form DNA (Figure 9). It
is not surprising that there is not a perfect fit between these
two molecules, since the B-form is based on a continuous
DNA fiber while the first two strands of the triplex not only
are finite but also are bound to loops which might have an
effect at the terminal nucleotides. The third strand of the
triplex can be thought of as a ligand which binds in the major
groove of the duplex DNA (target molecule). To accom-
modate the third strand, one would expect that the duplex
strands will be displaced somewhat from the ideal B-DNA
structure. A slightly widened minor groove width (close to
the width of A-form DNA) compared to that of duplex
B-DNA is observed with this triplex (average twist value of
31°), which is even less than the A-DNA average of 32.7
This is due to the unwinding of the duplex which accom-
modates the third strand in the major groove and minimizes

S-type sugars with some N-like character observed in
triplexes containing € GC base triplets. The three proto-
nated cytosine residues show a relatively low ratio of S/N
conformation according to the PSEUROT analysis. This is
consistent with the general observation that protonation of
bases shifts the equilibrium toward the N-type (@8do)
conformation due to an increase in the anomeric effect
(49-51). Therefore, we conclude that the conformation of
the third strand is essentially B-form, and that the higher
%N conformation of the protonated C’s is due to the
anomeric effect rather than to a structural effect of triplex
formation.

The high-resolution structure of an unmodified pyrimidine
motif triplex reported here provides a basis for comparison
of helical parameters to those of other triplexes containing
modified or ribonucleotides in the third stran2l5( 26) or
noncanonical triplet2Q, 21). A detailed comparison of this
DNA triplex to one with the identical sequence, except that
the thymine methyl groups in the Hoogsteen paired strand
are replaced with propynes, is presented in the following

paper 25).

the electrostatic repulsion of the negative charge introducedNOTE ADDED IN PROOF

from the third strand’s phosphate backbone.

To analyze the structure and obtain a more quantitative
comparison to A-DNA and B-DNA helices, helical param-
eters for the WatsonCrick duplex part of the triplex were
calculated. Plots of the helix parameters as a function of

nucleotide position are shown in Figure 10. Since somewhat
different results are obtained if one calculates the values using

a nonlinear axis or a linear axis using CURVES, values
obtained both ways are presented for comparis®$), (
although they are very similar for DDD-EG. The X
displacement of the WatseiCrick base pairs, one of the
most characteristic parameters for the distinction between
A- and B-DNA, varies from about-2.1 to—2.6 A with an
average of-2.4+ 0.7 A (—2.81+ 0.5 A for linear). The
X displacement is about halfway between that of standard
A-DNA and B-DNA duplexes. No axial hole is observed
for DDD-EG, which clearly distinguishes this structure from
a pure A-DNA conformation. The rise per residue ranges
from 2.7 to 3.8 A, with an average of about 3.350.40 A
(3.314 0.43 A for linear). The helical twist varies from 27
to 34°, with an average of 31.4 2.9 (31.4+ 2.9 for
linear), which is lower than that for B-DNA due to unwinding
of the duplex which accommodates the third strand. The
inclination varies from about-2.1 to 3.8 with an average
closer to that of B-DNA than that of A-DNA.

In addition to having helical parameters close to those of
a B-form DNA, the restrained sugars of the triplex also have
predominantly S-type puckers (near'@hdo). The final

ensemble of structures has pseudorotation phase angles

ranging from 108 to 189as computed by CURVES. Four

While this paper was under review, a similar intramo-
lecular DNA triplex structure was publishe82).

SUPPORTING INFORMATION AVAILABLE

Coupling constraints and correlation coefficients for DDD-
EG obtained using CHEOPS and sugar conformations
obtained using PSEUROT (1 page). Ordering information

is given on any current masthead page.
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