Biochemistryl1997,36, 2659-2668 2659
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ABSTRACT: The three-dimensional structure of a pyrimidifurine—pyrimidine DNA triplex containing

an N'-glycosylated guanin€@) in the third strand has been determined by NMR spectroscopy, restrained
molecular dynamics calculations, and complete relaxation matrix refinement. Glycosylation of the guanine
at the N7 position permits it to adopt a conformation such that the Hoogsteen face of the base mimics the
arrangement of hydrogen bond donors seen in protonated cytosine. The NMR data confirm the previously
proposed hydrogen bonding scheme of 18eG-C triplet. The three-dimensional structure of the triplex
accommodates th& with less distortion of the phosphodiester backbone than would be required for an
N°-glycosylated guanine in the same sequence position, but some changes in the positions of the
phosphodiester backbone are present compared to@:-C triplet. The structure provides a rationale

for the observations thdG binds to Watson Crick G-C base pairs with higher specificity and affinity

than guanine, but with a lower stability at pH 5.2 than would be provided by a canorie@tC triplet.

DNA triplexes are formed when an oligodeoxynucleotide 1988). Noncanonical or mismatch triplets are also possible
of the appropriate sequence binds in the major groove of (Belotserkovskiet al., 1990; Griffin & Dervan, 1989; Yoon
homopurine-homopyrimidine tracts of DNA (Feigoet al,, et al,, 1992) but destabilize the triplex to a greater or lesser
1995; Moser & Dervan, 1987; Sun &'me, 1993; Thuong  extent depending on nearest neighbors. With the ability to
& Héléne, 1993; Wellst al, 1988). There are two major  discriminate mismatches at a level comparable to that
classes of DNA triplexes, both of which involve recognition observed in duplex DNA (Best & Dervan, 1995; Greenberg
of the duplex homopurine strand by the additional oligode- & Dervan, 1995; Mergnet al, 1991; Roberts & Crothers,
oxynucleotide. The two types of triplexes differ both in the 1991), triplex formation can be directed at a single site in
orientation of the third strand and in the nature of the triplets genomic DNA (Strobel & Dervan, 1991; Stroletlal., 1991).
formed. In one class of triplexes, the additional strand is The remarkable selectivity demonstrated by even relatively
oriented antiparallel to the Watse€rick purine strand.  short oligonucleotides has stimulated a great deal of interest.
Sequence specificity is achieved by the formation of reverse- Potential applications include their use as antigene thera-
Hoogsteen hydrogen bonds between G ar@ Base pairs,  peutics (Beaucage & lyer, 1993; Coorehal, 1988; Héene
and either A or T and AT base pairs, resulting in-G-C, & Toulme, 1990; Lu & Ferl, 1993; Mahest al, 1989; Nagel
A-A-T, or T-A-T triplets, respectively. These are often et al, 1993; Prinset al, 1993) or as tools in chromosome
referred to as purinepurine-pyrimidine or purine motif  mapping (Franais et al, 1989; Strobekt al, 1988, 1991).

téiplexes,lggipiltse t.?e in(t:IuTiolngg;l-K(-:T triple:s fBiggg The necessity that any cytosine in the third strand be
Dgr\aaz,t al 1’99r20,' Egﬁwiaé Koh\’/vi—(S)ﬁin?ﬁwa?sL 198’8' protonated at N3 leads to a pH dependence of triplexes
Li )s/,ett 1963_ Mic'helet al. 1992: Radhgkrishnaét al '’ containing C-G-C triplets. In addition, repulsion between
1591_ 'i'huon ' & Higne 19"93) In’ the other class usJaII adjacent protonated cytosines destabilizes triplexes étee
’ g & HENe, S S S, usually al., 1984). Many attempts have been directed at circumvent-
referred to as pyrimidinepurine—pyrimidine or pyrimidine . . o
v . ‘ L ing this unwanted dependence on acidic pH. For example,
motif triplexes, the third strand orientation is parallel to the " ) ;
) i L replacement of the proton at position 5 of cytosine with an
central purine strand. In this case, recognition is ac- . :
: . alkyl group, e.g., methyl, facilitates protonation of N3 and
complished by the formation of Hoogsteen hydrogen bonds results in greater stability at near physiological pH (Povsic
between T and AT base pairs or Cand GC base pairs, & Dervan, 1989; Singlefon & Dervan, 1992: Xod al,

resulting in TA-T and C™-G-C triplets, respectively (de los . . X
Santoset al, 1989; Hampelet al, 1993 Lipsett, 1964; 1991). More recent strategies have involved the design of

Mirkin et al, 1987; Moser & Dervan, 1987; Rajagopal & nonnatural bases or base analogs that duplicate the hydrogen
: 204 he - ; 1002 \ bonding characteristics of a protonated cytosine (Davison
F 1 Th 1 Well l. .
eigon, 1989a,b; Thuong & Heme, 1993; Wellset al. & Johnsson, 1993; Froehler & Ricca, 1992; Froelgeal,
1992; Huang & Miller, 1993; Koh & Dervan, 1992;
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ONR Grant N00014.95-1075 to P.B.D. Krawczyket al,, 1992; Milleret al, 1992; Oncet al,, 1991,

*Coordinates for these structures have been deposited in theXiang et al, 1994; Younget al, 1991).

Brookhaven Protein Data Bank (entry 1GN7). It was recently demonstrated that when the glycosylated
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T + . . +
NC\H AS—Al G2 A3 G4 A5 G6 A7 A8>
)\Q/ H TNT20C19T18 c17 T16 C15 T14 T13 %
H H Ficure 2: Folding scheme of the intramolecular triplex- 5
N 0---H-N" AGAGAGAACCCC TTCTCTCTTATATCT’GTCTT ("GGC tri-
H\( / H plex) containing théG-G-C triplet used in these studies. The CCCC
/ bases form the loop connecting the Wats@rick purine and

Q/N G N-H---N' C \ H pyrimidine strands, while the TATA bases form the loop connecting
N= N the two pyrimidine strands.

Q A T25C26T27G28T29C3OT31T32 -3

H guanines and thymines may be dependent on the number of
GpT and TpG steps. In order to investigate the base pairing
and structural effects upon the incorporation’@finto the
Hoogsteen strand of a DNA triplex, we synthesized the DNA
)__N oligonucleotide 5AGAGAGAACCCCTTCTCTCTTATA-
/ TCT'GTCTT (loops are underlined and letters in bold are
bases in théG-G-C triplet), which is designed to fold into
G/k an intramolecular triplex’GGC triplex) (Figure 2). Using
N NMR spectroscopy, we show that this sequence forms a
H triplex as designed. We present the evidence for the
h-l 0_ H=N M proposed hydrogen bonding pattern for fi@G-C triplet
\( H and the refined three-dimensional solution structure of the
\ triplex

Q/ G N- H---N/ C
N= - o/>_N MATERIALS AND METHODS
W <> Sample Preparation.The phosphoramidite derivative of
’G and the oligodeoxynucleotide-BGAGAGAACCCCT-
TCTCTCTTATATCT'GTCTT were synthesized as previ-

Q/ ously described (Hunzikeat al, 1995). To remove triethyl-
r\ ammonium acetate present from the FPLC purification

protocol, the sample was chromatographed on Sephadex G15

and Bio-Rad AG 50W-X8 (N&a form) ion-exchange col-

umns. The desired fractions were pooled and lyophilized
G . . C to dryness. The final conditions of the NMR sample were

\( 100 mM NacCl, 5 mM MgC{, and~2 mM DNA in 400uL
>_§7 of either 99.999% BO or 90% HO/10% D:O. The pH was
G N-H----N C
N H-

7

adjusted to 6.0 with HCI/NaOH.
NMR Spectroscopy for Assignmenihe NMR data were
- acquired at 500 MHz on General Electric GN500, Bruker
H AMX 500, or Bruker DRX500 spectrometers. Quadrature
Ficure 1: Schematic of C-G-C, pyrimidine motif (top), GG-C, detection in the indirect dimension was accomplished by the
purine motif (middle), and'G-G-C, pyrimidine motif (bottom),  method of Statest al. (1982) on the General Electric
triplets. Deoxyriboses are indicated by ellipses, and the relative . .
phosphodiester backbone orientation is indicated by arrowheadsSPectrometer and with the StateBPP| mode (Marioret al,
(dots) and tails (crosses). 1989) on the Bruker spectrometers.

For assignment purposes, 2D NOESY experiments (Kumar
binds to WatsonCrick G-C base pairs with both high et al, 1980; Macura & Ernst, 1980) were obtained on the
affinity and sequence specificity (Hunziket al, 1995). sample in RO at temperatures ranging from 20 to 20
Attachment of the deoxyribose to the N7 position of the and mixing times of 76350 ms. At least 325 points were
guanine base orients it such that the groups involved in collected int;, 32 scans were acquired per increment, and
hydrogen bond formation mimic those seen in both reverse the recycle delay was 2 s. For these and the following
HoogsteerWatson-Crick G-G-C triplets or Hoogsteen homonuclear 2D experiments, a spectral width of 5000 Hz
Watson-Crick C"-G-C triplets (Figure 1). Changing the was used in both dimensions, and 1024 points were collected
point of attachment of the deoxyribose from the N9 to the in t,, HOENOE spectra (Skléha& Feigon, 1990b) were
N7 position should have important advantages with respectacquired at 30 and 35C with selective excitation of the
to the regularity of the phosphodiester backbon€.lehke cytosine H5 protons. Coherence transfer was accomplished
and co-workers (Giovannangeli al, 1992; Suret al., 1991) by using an MLEV sequence, followed by the regular
have pointed out that a norm&E in the third strand can NOESY t; evolution period with NOESY mixing times of
also bind to a @& base pair in the Hoogsteen mode. either 250 or 350 ms. HOHAHA spectra (Bax & Davis,
However, the C1position of the third strand G can be 1985; Braunschweiler & Ernst, 1983) were acquired using
expected to deviate significantly from the 'Qdosition of the MLEV mixing sequence, 1.5 ms trim pulses for the spin
third strand cytosines or thymines. Thus the stability and lock, and isotropic mixing times of 50 and 100 ms at
orientation of a triplex with a third strand composed of temperatures ranging from 20 to 40. A minimum of 320
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points were collected ity, with either 48 or 64 scans pér apodization function i, was a 700 point, 35phase shifted
block. P. COSY spectra (Marion & Bax, 1988; Mueller, squared sine bell, while that thwas a 550 point, 60phase
1987) with mixing pulses of 90were acquired at 20, 30, shifted squared sine bell. The spectrum was zero-filled to
and 35°C. At least 550 points with 24 scans per block were 4096 points in both dimensions. Coupling constants were
collected int;. A 'H—1C HMQC spectrum (Bavet al, extracted from the spectrum by automatic optimization of
1983) was acquired with sweep widths of 5000 Hz in the the agreement between simulated and experimentatH1
'H dimension and 7545 Hz in tHé€C dimension. The size  H2,H2’ cross peaks using the FORTRAN program CHEOPS
of the spectrum was 512 points 3, and 128 points irf, (P. Schultze and J. Feigon, unpublished program) as previ-
with 128 scans averaged per block. ously described (Macayat al, 1992a,b). These coupling
One-dimensional spectra of the sample in 90%©H0% constants were then used with the program PSEUROT (de
D,O were obtained with the 14&pin echo pulse sequence as Leeuw & Altona, 1983) to determine the sugar conformations
a function of temperature. The null was positioned at the and to generate restraints on the dihedral angjeandv,.
frequency of the KD resonance, and the excitation maximum  Structure Determination and AnalysisThe distance
was centered in the imino region. 2D NOESY spectra of restraints between nonexchangeable protons that were used
the sample in KO were obtained at 1, 5, and 1G. Water for the initial structure calculations were obtained from the
suppression was achieved using aspln echo read pulse 260 ms mixing time NOESY experiment. Cross peaks were
as above. A spectral width of at least 12 048 Hz was used picked and integrated using the AURELIA software package
in both dimensions, either 1024 or 2048 points were collected (Neidig et al,, 1995). The resulting NOESY peak lists were
in t;, a minimum of 141 points with 64160 scans per used for a semiautomatic assignment procedure. An ex-
increment were collected i, and the mixing times were  panded peak list was generated containing all possible
either 100 or 150 ms. assignments closer than 0.01 ppm in each dimension from
NMR Spectra Used in Structure Calculation®NOE the chemical shift list. As an additional decision criterion,
restraints for the nonexchangeable resonances were obtainethe expanded list also contained the correspondirgiH
from analysis of a series of phase-sensitive NOESY spectradistance from a preliminary model for each possible cross-
(Kumar et al, 1980; Macura & Ernst, 1980) with mixing peak assignment. This expanded peak list was checked by
times of 40, 80, 140, 200, and 260 ms which were obtained hand and then reimported into AURELIA for generation of
without removing the sample from the magnet. Except for distance and peak integral lists in X-PLOR format. The
the mixing times, the acquisition parameters were identical distances from the fID spectra were calibrated by setting
in all cases. Spectra were acquired with a sweep width of the strongest observed H2H2" cross peak to 1.9 A. All
5000 Hz in both dimensions, 1024 pointsti 350 points lower limits were set to 2.0 A, and the upper limits were set
with 32 scans per block iy, and a recycle delay of 2's, to the calibration distance plus a margin of 1.0 A, except in
during which time the residual HDO signal was suppressed the case of methyl groups, where an addition of 2.5 A was
by irradiation. All spectra of the series were processed made.
identically, with thet, apodization a 450 point, 35hase Quantification of cross-peak volumes for exchangeable
shifted squared sine bell with first degree polynomial baseline proton resonances is not as accurate due to both the differing
flattening. The apodization in tvas a 350 point, 55phase rates at which the resonances exchange with water and the
shifted squared sine bell with second degree polynomial sin® excitation profile of the 1dpin echo read pulse.
baseline flattening. The spectra were zero-filled to 2048 by Therefore, for the distances involving exchangeable protons
2048 complex points to provide adequate digital resolution all upper limits were setot5 A and the lower bound was
for integration of the cross-peak volumes. Processing was2.0 A.
done on Silicon Graphics workstations using Felix 2.3  Repulsive NOE restraints were systematically derived to
(Biosym Technologies). further refine structures that contained close pretproton
The NOE restraints involving the exchangeable resonancescontacts but whose corresponding cross peaks were not
were obtained from a NOESY spectrum of the sample observed in the experimental spectra. A list of all nonex-
dissolved in HO at 1 °C with a r, = 100 ms. Sol- changeable protenproton distances less tha8 A was
vent suppression was achieved using asfith echo read  computed for the structure with lowest overall energy. This
pulse (Sklehb& Bax, 1987). The carrier was centered on list, containing 6350 entries, was then combined with the
the water resonance, with the excitation maximum at the chemical shift list and formatted as a peak list. Using
hydrogen-bonded imino region. AURELIA, this peak list was projected onto the 260 ms
To obtain coupling constants of the deoxyribose protons, NOESY spectrum. Single data point intensities at each peak
a P.COSY (Marion & Bax, 1988; Mueller, 1987) spectrum position were measured and written out as a list. The peak
was collected at 35C with a 90 mixing pulse. The intensity list was sorted according to intensities, and all peaks
acquisition parameters were a sweep width of 5000 Hz in below noise level, 360 in total, were combined and reformat-
both dimensions, 1024 pointstx 550 points i3, 96 scans ted in X-PLOR format as repulsive distance restraints with
pert; block, and a recycle delay of 1.8 s. To subtract the a lower limit of 5 A.
dispersive component of the diagonal, a one-dimensional In the initial step of X-PLOR Version 3.1 (Bnger, 1992)
reference spectrum was collected, as described by Marioncalculations, 20 coordinate sets were obtained by metric
and Bax (1988). The same acquisition parameters were usednatrix distance geometry embedding of all atoms. In the
as for the two-dimensional experiment, except that 1536 next step the initial structures were subjected to the distance
scans were collected, and the acquisition time was doubled.geometry-simulated annealing (DGSA) procedure (Nilges
An additional delay equal to the acquisition time was added et al,, 1988), consisting of template fitting to improve local
at the end of the P.COSY pulse sequence so that the totalgeometry and simulated annealing. To improve the number
time for presaturation of the HDO signal and for relaxation of converging structures, the weight of the bond angle
would be equal to that of the reference spectrum. The potential was increased 8-fold over the standard X-PLOR
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force field, and dihedral angle restraints involving the four
ligands of each chiral center were introduced to enforce the
correct chiral configurations. In addition, the ceiling of the (b)
energy term for the distance restraints was set to 100, i.e.,

11 of the value in the published (Bnger, 1992) protocols.

These changes led to an improved ratio of over 90% of
acceptable structures compared to-50% obtained previ-

ously with the standard parameters. In the third step those )
modified parameters were returned to their standard values
for further refinement by molecular dynamics and energy
minimization based on the distance restraints. This was
followed by the final relaxation matrix refinement, taking , _

. . L. ' ® Gdylmino G28 Imino
into account the peak intensities of the nonexchangeable 0 o § 4C17,Amino C17 Amino
protons. The geometry of the base triplets was restrained 0 °
with standard hydrogen bond distances. In addition, planarity e o 06 ¢ re
restraints with a low weight factor of 3 kcaAvere applied
to each triplet at all refinement steps. This favors overall ' . x ' '
planarity of the triplets if no specific distance restraints cause ’ ) ’ ’
out-of-plane tilting of particular bases.

All 20 initial structures were carried through to the third
step of refinement. At this point the coordinate sets were (a) I
sorted according to overall energy terms. The first eight of
these coordinate sets were subjected to relaxation matrix
refinement consisting of a short simulated annealing protocol
under inclusion of the NOE potential. The nonexchangeable
(°H.0) and repulsive restraints were converted to cross-peak
volumes for the spectra at all five mixing times, while the
exchangeable (#0) and hydrogen bond restraints were left
as distances.

The helical parameters were calculated from the duplex
portion of the triplex structures using the program CURVES
(Lavery & Sklenar, 1988).

UV Spectroscopy.The melting behavior of théGGC
triplex and of > AGAGAGAA CCCCTTCTCTCTTATA-
TCTCTCTT (C'GC triplex) was studied by using a Cary ¢ .
1E UV-visible spectrophotometer to observe the absorbance 15.0 14.0 13.0 120 1.0
at 260 nm as a function of temperature. The heating rate ppm
was 0.5°C/min. The samples were 0.66.92 OD (260 nm) FiIGURE 3: NOESY spectrum of th&GGC triplex at 1°C andt,=
DNA, 100 mM NaCl, 5 mM MgC}, and 50 mM sodium 150 ms. (a) Imine-imino region. Sequential connectivities are

ppm

11.0

120

13.0
ppm

14.0

15.0

acetate, pH 5.2. observed along the entire lengths of the WatsGnick bonded
strands (indicated above the diagonal) and the Hoogsteen bonded
RESULTS strand (indicated below the diagonal), including tHegh/cosylated

uanine, G28. (b) Imineamino, aromatic region. The cross peaks
*H NOESY Spectrum of the Exchangeable Resonances Ogetvveeﬁ th€G§8)imino proton and both thge G4H8 and thg C17
the ’G-G-C Triplex. Information concerning the exchange- amino protons and between the G4 imino proton and the C17 amino
able protons of the’G-G-C triplex was obtained from  proton are indicated.
NOESY spectra of the sample ib®. The imino-imino
region of a NOESY spectrum of the sample igQHaken at of the proposedG:-G:C triplet within the triple helix. The
1 °C is shown in Figure 3a. Sequential iminmino bonding scheme is definitively established by a number of
connectivities along the WatseiCrick and Hoogsteen paired ~ Cross peaks occurring in the;&l NOESY spectrum. These
strands are observed for all of the base pairs including theinclude a strong cross peak between 628 imino proton
’G residue. The presence of these connectivities clearlyand the H8 proton of G4. A weak cross peak between the
indicates that the sequence folds into a triplex as designed.’G imino proton and the hydrogen-bonded amino proton of
The imino—amino, aromatic region of the same spectrum is C17 is also observed, which is probably the result of spin
shown in Figure 3b. The cross peaks between the imino diffusion via the G28 amino proton(s). Inthe Watse@rick
proton resonances and the amino and aromatic protonG4-C17 base pair of this triplet, a strong cross peak is seen
resonances characteristic of the particular type of triplet are between the G4 imino proton and the hydrogen-bonded
present (Feigoet al,, 1995). Downfield-shifted €amino amino proton of C17. These are all consistent with the base
protons, typical of triplexes containing third strand cytosines, triplet as previously proposed (Figure 1). Due to the broad
are also present. The imino and amino resonances werdine widths of the rapidly exchanging guanine amino
assigned as previously described (Macaal, 1991, 1992b; resonances, it was not possible to assign any specific NOE
Rajagopal & Feigon, 1989a; Sklan& Feigon, 1990a) and  interactions to these resonances.
are given in Table 1. H NOESY Spectrum of the Nonexchangeable Resonances
The fact that th€G imino is included in the sequential of the ’G-G-C Triplex. Figure 4 shows the H1 H5—
imino—imino connectivities provides evidence for formation aromatic region of a NOESY spectrum of i@ G-C triplex



Intramolecular N Gua DNA Triplex Structure Biochemistry, Vol. 36, No. 9, 19972663

Table 1: "GGC Triplex Chemical Shiffs

residue imino aminos H6,H8 H2,H5,Me H1 H2' H2" H3 H4' H5',5"
Al —b 7.83, 7.50
G2 12.54 7.57 — 6.04 2.62 2.96 5.08 4.34
A3 - 7.39,7.12 7.16 7.30 5.85 2.15 2.65 4.78 4.65
G4 12.58 7.12 — 5.90 2.28 2.82 4.97 4.28
A5 - 7.56,7.47 7.18 7.40 5.83 2.08 2.69 4.79 4.50
G6 12.72 7.33 — 5.86 2.39 2.86 4.84 4.39
A7 - 7.83,7.61 7.38 7.42 5.88 2.40 2.76 4.89
A8 — 7.73,7.61 7.77 7.93 6.11 2.43 2.54 4.84 4.44
C9 - 7.55 5.73 5.92 2.07 2.36 4.68
C10 — 7.54 5.90 5.94 1.93 2.29 451 3.85
Cl1 - 7.45 5.58 573 1.88 2.42 4.68
C12 — 7.86 6.06 6.22 2.37 2.62 4.70 4.36
T13 14.73 - 7.65 1.80 6.09 2.26 2.71 4.84
T14 14.12 — 7.54 1.66 6.10 2.33 2.65 4.92
C15 - 8.42,7.61 7.59 5.55 5.94 2.26 2.55 4.89 4.18
T16 14.30 — 7.52 1.72 6.06 2.21 2.62 4.78
C17 - 6.56, 8.94 7.60 5.55 6.10 2.27 2.68 4.77
T18 14.44 — 7.39 1.67 5.84 2.12 2.51 4.81 4.08
C19 - 8.21, 6.96 7.55 5.55 6.03 1.97 2.43 4.72
T20 14.56 - 7.48 1.61 6.15 2.42 2.45 4.87 4.24
T21 - 7.34 1.72 5.99 1.75 2.25 4.75 4.19
A22 — 7.99 5.92 2.49 2.41 4.67 3.96 3.96
T23 - 7.00 1.27 5.59 1.60 1.93 4.47 3.40 3.59, 3.44
A24 — 8.01 5.59 2.68 2.68 4.86 4.32 3.91
T25 13.37 — 7.56 1.82 6.13 4.82
C26 15.96 9.64,9.17 7.86 5.85 6.10 2.00 2.64 4.75 4.31
T27 13.45 — 7.48 1.71 5.82 2.37 2.54 4.97 4.34
G28 11.57 8.24 — 6.24 2.50 2.58 4.90 4.38
T29 13.07 — 7.42 0.99 6.18 2.32 2.60 4.82 4.35
C30 14.58 10.01, 9.40 7.67 5.63 5.92 2.16 2.61 4.67 4.35
T31 13.46 - 7.69 1.67 6.24 2.28 2.67 4.90 4.29
T32 12.48 - 7.47 1.60 6.31 2.23 2.29 453 4.10 4.27

2 Chemical shifts of the exchangeable and nonexchangeable resonances at 1°@nde3pectively® Not applicable.

in D,O at 35°C. Sequential aromaticH1' connectivities
are observed from G2 through T32, excluding breaks in the
loop regions between C9 and C10 and between T23 and A24.
No cross peak was identified for A1. Sequential connec-
tivities are also present in the aromatic-H®d aromatie
H2',2" regions (data not shown) and confirmed the assign-
ments. Information from NOESY spectra taken at several
temperatures combined with HOHAHA (Bax & Davis, 1985;
Braunschweiler & Ernst, 1983), HOENOE (Skién&
Feigon, 1990b), and P.COSY spectra (Marion & Bax, 1988;
Mueller, 1987) was used to obtain assignments of the
nonexchangeable resonances, as previously described (Macayg
et al, 1992a). These assignments were aided by a natural
abundance®*C—'H HMQC spectrum (Baxet al, 1983)
which is especially useful for unambiguous identification of
AH2 resonances. Resonance assignments for all of the base
and sugar protons are listed in Table 1. Based on the relative
integrated intensities of the intraresidue’ Haromatic cross
peaks (Figure 4), all residues includif@28 are in theanti
conformation.

In addition to the standard intranucleotide and sequential
connectivities, interstrand cross peaks indicative of triplex ]
formation are present, e.g., cross peaks between the H1 6.3 610 5’,7
resonances of third. strar_ld sugars and theT puri_ne H8 ppm
resonances of the_ neighboring triplet in thelfsection (with FiIcUrRe 4: H1', H5—aromatic region of a NOESY spectrum of the
respect to the purine strand). Apalogous Cross peal_<s are Seeisc triplex at 35°C andt,= 260 ms. Sequential connectivities
between H1 protons of the third strand and purine 'H3  are indicated by solid lines. Labeled interstrand NOEs are (a)
protons of the adjacent triplet (data not shown). These areT32H1—A7H8, (b) T31H1-G6H8, (c) C30H1—A5H8 (over-
particularly important in the structure determination since apped with G4H1-A5H8), (d) T29H1-G4H8, (e)'G28H1—
they represent interstrand restraints between the Hoogsteen’%‘?’?f"”(_'f)l,T_ 2/22'3"'_}2_ A.'*'_’"(':Bl'éa)s?ig'_l';A;n"éZ'éh)ccﬁﬂ"'&gﬁg’m'
bonded strands. Interstrand contacts between the Watson ® -0 ' () '
Crick duplex strands are indicated by NOESY cross peaks of the Watson-Crick pyrimidine residue of the neighboring
between AH2 protons of the purine strand and pibtons triplet (also in the 5direction with respect to the purine

75
ppm

78

8.1
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A 80 Table 2: Effect of Repulsive NOE Restraints on Average RMSD
(A) ] Non-exchangeable {605) without with
Excdhangeazle SZ;% * residues considered  repulsive restraints repulsive restraints
- \
, - H Hydogenbond (70) \ all residues 2.00 155
k= Repulsive (360) N triplex core 1.03 1.01
s « B A\ triplex core+ CCCC loop 1.20 1.10
§ AR N N NN triplex core+ TATA loop 1.97 1.52
£ a0+ NANN:R ol N
o : [ N L] 1] : # L ‘ Y
E u.\:::\ :!‘ Table 3: Coupling Constants of the Sugar Protons of @&C
= INANGCHE  Ne N [y Triplex
= : N MM« * N ; NG N N
Z 20 | ‘§ :..:!‘\ . [N N\ N Jr2 Joz Jz3 J3
LR IFHAE ils G4 8.7 36  —120 6.4 41
i A5 9.0 3.8 —-12.7 5.8 3.8
I i G6 9.4 4.2 —-13.3 6.3 3.8
0 T ‘ A7 7.7 6.0 —14.8 6.5 1.9
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C10 6.9 6.1 —-13.1 5.8 3.0
80 Cl1 7.6 5.8 —15.3 4.6 0.9
(B) [0 Intra-residue (339) T18 6.4 7.2 -16.4 8.0 2.4
< ial (263 C19 4.5 7.9 ~16.4 6.8 3.7
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Temperature
strand). In the case of ABH2, NOESY cross peaks are alSOFIGURE 6: UV melting curves of théGGC (open squares) and the

observed to CH5 protons of the cytosine loop. C*GC (filled diamonds) triplexes. Th&,'s determined from the

NOE and Torsion Angle RestraintsA total of 1159  first derivatives are 65 and 6%, respectively.
distance restraints were used in the initial stages of the
structural calculations, prior to relaxation matrix refinement. with and without the repulsive NOE restraints. The average
These include 70 hydrogen bond restraints, 605 restraintspairwise RMSD values for both sets of structures are
from the nonexchangeable NOESY spectra, 124 restraintscompared in Table 2.
from the exchangeable NOESY spectrum, and 360 repulsive

restraints derived from the absence of cross peaks for some N thesz(?, P.COSY spectrum (not shown), the’HH2'
short’H—1H distances in a preliminary round of structure and H1—H2" cross peaks of 14 residues were sufficiently

calculations. Figure 5A illustrates how these distance €Solved to be simulated using CHEOPS. The coupling
restraints are distributed over the individual residues. In constants thus obtained were used to determine sugar
Figure 5B the distance restraints for each residue areconformations, i.e; andv; torsion angle restraints for the
categorized as being either intraresidue, sequential, orgugar puckers and consequently dhsackbone angles (Table

interresidue (nonsequential).

For those parts of the triplex that were already well-defined UV Spectroscopy.The melting behavior of théGGC
(i.e., the triplet core and the CCCC loop), inclusion of triplex and of the CGC triplex, in which theG-G-C triplet
repulsive NOE restraints did not result in a change of is replaced with a €&G-C triplet, was studied by UV
conformation nor notably improve the precision. The less spectrophotometry. The plots of hyperchromicity vs tem-
well-defined TATA loop, however, is considerably better perature are shown in Figure 6. Under the conditions of
restrained and shows less conformational variability after ionic strength and pH 5.2 used in this experiment, it can be
inclusion of repulsive NOE restraints in the structure seen that both undergo a single cooperative transition but
calculations. This was determined by refining the structures that the melting temperature of tH&GC triplex is 4°C
(prior to the complete relaxation matrix refinement step) both lower than that of the G@GC triplex.
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FiIGURE 7: (A, top) Superposition of the eight lowest energy structures of @C triplex, looking into the major groove. The central
purine strand and the CCCC loop are in green, the WaiSsitk pyrimidine strand and the TATA loop are in red, the third strand is in
blue, and’G is in light blue. (B, bottomYG-G-C triplet (blue) superimposed on a @-C triplet (purple). The triplets were positioned
relative to one another by superimposing their respective flanking triplets; i.e., thAZFZ18 and the T29A5-T16 triplets were superimposed
on the T29A5-T16 and the T34A7-T14 triplets, respectively.

DISCUSSION are observed for each of the base pairs in both the Watson

) ) - ] Crick and Hoogsteen paired strands, and two sets of

Triplex Formation and Stability.In this work, we have  geqyential imine-imino connectivities can be traced.

studied the effect of incorporation of arf®l on base triplet ] . )
formation, structure, and stability of an intramolecular triplex. At PH 7, 7G binds a target WatserCrick G-C base pair
Triplex formation was initially assayed both from analysis With an equilibrium association constant greater than or equal
of the UV melting profile and from analysis of the imino t0 1.6 x 10 M~ (Hunzikeret al, 1995). This is an affinity
and amino proton resonances observed in NMR spectra ofequal to that shown by®C* for a G:C base pair in a similar
the sample in KD. The NMR spectra indicate that the context. In contrast, our UV melting study at pH 5.2 shows
oligonucleotide folds as designed into an intramolecular that the’GGC triplex melts 4°C lower than the CGC
triplex with ’G-G-C as a central triplet. Imino resonances triplex, in which the’G-G-C triplet is replaced by a CG-C
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Table 4: Refinement Statistics for tR&GC Triplex

NOE violations 37>05A
dihedral angle violations nore 5
Rysfactor 11.340.2)%
average pairwise RMSD (all residues) 1450(3) A
average pairwise RMSD (triplex core) 14@.2) A
average RMSD from ideal covalent geometry

bond lengths 0.038 A

bond angles 74

triplet. The destabilizing effect of &-G-C triplet relative

to a C'-G-C triplet at pH 5.2 can be rationalized in terms of
its localized effect on base stacking interactions and the
phosphodiester backbone and is discussed below. At pH 7,
destabilization as a result of the difficulty of protonating the
C*-G-C triplet (Hunzikeret al,, 1995) apparently outweighs  r;zc 8: Lowest energy structure of the CCCC loop and its

any destabilization of the triplex caused by the inclusion of adjacent triplet. T32 is in blue, A8 and the CCCC loop are in green,
G. and T13 is in red.

Triplex Structure and Helix MorphologyA superposition
of the eight best (lowest energy) structures of tEGC by Hunzikeret al. (1995) (Figure 1). All three bases have
triplex is presented in Figure 7A. The single-stranded standardanti glycosidic conformations. Although inclusion
oligodeoxynucleotide containin@ folds into a well-defined,  of a standard G to form aG-C triplet would require much
right-handed triple helical structure. Structure statistics for greater distortions of the backbone than te the’G-G-C
the refinement are summarized in Table 4. The averagetriplet is still not completely isomorphous with a*€-C

pairwise RMSDs are 1.3 0.3 A for the whole structure In order to assess how the helix accommodates
and 1.1+ 0.2 A for the triplex core, i.e., the stack of triplets
without the loops. The triplex forms a regular helical
structure with relatively little distortion at or around the site
of the ’G-G-C triplet. In order to analyze the structure and
obtain a reasonable comparison to A-DNA and B-DNA
helices, helical parameters for the Wats@rick duplex part

of the triplex were calculated (Figure 9). This analysis

triplet.
’G28G4-C17, we superimposed th&-G-C triplet on a
Ct*-G-C triplet as it would be if it were positioned at the
same location in the triplex. This was done by superimpos-
ing the respective flanking triplets 6628 G4-C17 and C-
30-G6-C15 for the family of eight best structures. If the
’G-G-C triplet were accommodated in the triplex with the
same positioning of the WatseiCrick G-C base pairs as

essentially treats the Hoogsteen paired strand as a ligand irfor a C*+G-C triplet, this would result in a reasonably large
the major groove. One of the characteristic parameters fordistortion of the phosphodiester backbone in the third strand
the distinction between A- and B-DNA, the X-displacement around th€G. Instead, it can be seen that in the triplex the
of the Watsor-Crick base pairs, varies from abou.3 to ‘G base is approximately centered on the position where a
—3.5 A with an average of-2.9 A. The extremes of the C* base would be, with the result that the positions of the
X-displacement occur near the ends of the triplex, where C1 atoms are nearly isomorphous. The Wats@rick G-C

the regular helical structure may be affected somewhat by base pair is displaced from the position that it would occupy
constraints from the loops. In the central part of the triplex, if it were part of a C-G-C triplet. The greatest displacement
the range of helical displacement is much smaller, betweenoccurs in the position of the Watse€rick G4 nucleotide,
about—2.8 and—3.2 A, and alternates around the average which is shifted to a position further out from the helix axis.
from A-T to G-C base pairs. The X-displacement is about Thus, the helix accommodates the new triplet by a slight
halfway between that for standard A-DNA and B-DNA displacement of all of the residues over their positions in
duplexes. The rise per residue ranges from 2.4 to 3.5 A, the C"GC triplex containing a €&G-C triplet at that site,
with an average of about 3.1 A. The rise is probably the with the largest change in the position of the phosphodiester
least well-defined of the helical parameters, since it is backbone at G4. The resultant decrease in stacking interac-
probably the most affected by the limited precision of the tions, along with a slight distortion of the backbone [perhaps
distance restraints. The helical twist varies from 841°, coupled with electrostatic effects resulting from the loss of
with an average of 20 There is a clear alternation in twist  the positive charge on the protonated cytosine (Giovannangeli
values along the helix, with the ApG and ApA steps having et al, 1992)], accounts for the observed reduction in melting
a relatively low twist and the GpA steps having a relatively temperature discussed above.

high twist. The alternation in twist values is inversely Loop Conformations.In contrast to other NMR studies
correlated with an alternation of rise values. This pattern of intramolecular pyrimidine motif DNA triplexes (Macaya
of rise and twist values has been found in crystal structureset al,, 1992b; Radhakrishnan & Patel, 1994a,b; Wanhgl,,

of B-DNA decamers or dodecamers; i.e., ApG and ApA steps 1996), we were able to assign most of the resonances in both

have a relatively low twist and a relatively high rise, while
GpA steps have a relatively high twist and a relatively low
rise (Quintanaet al, 1992; Yanagiet al, 1991). The
variation in twist values has been attributed to maximizing
of stacking of the DNA bases (Calladine, 1982).
’G-G-C Triplet Structure and Effect of Its Inclusion on

the Helix. As expected from analysis of the NOESY cross
peaks, théG28 forms a base triplet with the Watse@rick

loops. The CCCC loop which connects the Wats@mnick
paired purine and pyrimidine strands of ff@GC triplex is
nearly as well-defined as the triplex core (Figure 7A). The
first residue of the loop, C9, stacks on A8 of the adjacent
triplet. Following C9, the backbone makes a sharp turn, and
C10 and C11 are positioned in the interior of the loop,
approximately perpendicular to the planes formed by the
triplets. C9 is positioned closest to C11, and C11 is stacked

G4C17 pair using the hydrogen bonding scheme proposedloosely on C10. C12 is turned out into the solution, and
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Helical Parameters cross peaks arising from the first base in the helix (Al)
(Macayaet al, 1991; Wanget al, 1992).
(€) Comparison to Other TriplexesAlthough for many years
it was thought that triplexes adopted an A-DNA helical
structure (Arnott & Selsing, 1974), more recent spectroscopic
and structural studies of DNA triplexes have shown that in
general they are more like B-DNA (Liquiet al, 1991; Liu
et al, 1994; Macayeet al, 1992a). There are no crystal
structures of DNA triplexes, but NMR-derived models and
structures of several pyrimidine motif intramolecular DNA
triplexes have been reported (Bornet & Lancelot, 1995;
Macayaet al, 1992b; Radhakrishnan & Patel, 1994a,b;
o Wang et al, 1996). In these structures, most of which
45 contain a mismatch or nonnatural base in the third strand,
T the average X-displacement varied freri.4 A (Wanget
40 - R Ts6e al., 1996) to—2.1 A (Radhakrishnan & Patel, 1994a). The
________ * g 'GGC triplex presented here has a somewhat larger average
1 O A __\__ |\ Average X-displacement of-2.9 A (Figure 9A). All of these values
. are intermediate to those of B-form DNA-0.7 A) and
............... B-DNA A-form DNA (—5.4 A). The average rise for the reported
25 1 triplex structures is 3:43.4 A. Within the accuracy of the
= —-—- ADNA structures these values are essentially the same. These values
are close to or identical to the canonical B-DNA rise of 3.4
a A and are larger than the A-DNA rise of 2.6 A. Of these
L R L R LA triplex structures, théGGC triplex has the lowest average
0 twist (29°) (Figure 9C), while the triplex containing a single
noncanonical TCG triplet has the highest {82 The
variation in twist from step to step is within the ranges found
in both B-DNA and A-DNA crystal structures. Finally, all
T - of the NMR-derived triplex structures have sugar puckers
5 T that are predominantly S-type. While all of these triplex
=] structures were refined using somewhat different methods,
and the refinement protocols have improved substantially in
the more recent structures, there are trends in the helical
_________________ parameters. All of these pyrimidirgourine—pyrimidine
P triplexes have an axial rise similar to B-DNA, an X-

3.5

°

Rise (A)

25

~_
@
~

Twist (©)

H

20 -

I—m

z

°

X-Displacement (A)
|—

1 T ¥ T T
§ % E 5 'E '8 E = displacement intermediate between A- and B-DNA, and
=8 23 28 < 2 sugars that are mostly S-type in the range generally found

in B-DNA. Thus, binding of a third strand in the major
Base Pair groove of B-DNA induces a structural rearrangement that

Ficure 9: Helical parameters of th&GC triplex and comparison m‘?"es the Wat.SOHCHC!( base pairs slightly off the helix
to standard A-DNA and B-DNA: (A) X-displacement, (B) twist, ~aXis but otherwise retains most of the features of B-DNA.

and (C) rise. A-DNA and B-DNA refer to the standard DNA duplex
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