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Structure of a Triple Helical DNA with a TriplexDuplex Junction
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ABSTRACT. Extended purine sequences on a DNA strand can lead to the formation of triplex DNA in
which the third strand runs parallel to the purine strand. Triplex DNA structures have been proposed to
play a role in gene expression and recombination and also have potential application as antisense inhibitors
of gene expression. Triplex structures have been studied in solution by NMR, but have hitherto resisted
attempts at crystallization. Here, we report a novel design of DNA sequences, which allows the first
crystallographic study of DNA segment containing triplexes and its junction with a duplex. In the 1.8 A
resolution structure, the sugaphosphate backbone of the third strand is parallel to the purine-rich strand.
The bases of the third strand associate with the Watson and Crick duplex via Hoogsteen-type interactions,
resulting in three consecutive'@C, BU-ABU (BU = 5-bromouracil), and €GC triplets. The overall
conformation of the DNA triplex has some similarity to the B-form, but is distinct from both A- and
B-forms. There are large changes in the phosphate backbone torsion angles (partigdhthe purine

strand, probably due to the electrostatic interactions between the phosphate groups and the protonated
cytosine. These changes narrow the minor groove width of the ptiflnegsteen strands and may represent
sequence-specific structural variations of the DNA triplex.

The formation of DNA triple helices has the potential to by gel electrophoresis, indicating equilibria among multiple

block transcription, thus controlling gene expressibn2). species and possibly causing difficulties in crystallization.
The identification of triplex DNA-binding proteins provides Therefore, electrophoresis was used to screen candidate
evidence for a role of triplexes in cellular process&s¥). structures, and only those showing sharp bands on gels were

Formation of nucleic acid triple helices was first observed investigated further. Since numerous DNA duplexes were
in 1957 in the binding of poly U to poly(A)poly(U) by  known to diffract well, the construct selected (Figure 1) was
pairing of pyrimidines to the N7 and 6-substituent positions designed with duplex portions in the expectations that these
of purines in double helices and was later extensively studiedwould favor crystal-packing interactions that would improve
in other polynucleotidest(-8). To date, solution structures  ordering in the crystal. To establish that the triple helix is
of intramolecular DNA triplexes have been obtained from intact under the conditions of crystallization, we measured
NMR studies §—11), and an earlier report of fiber X-ray temperature profiles of absorbance as a function of pH at
diffraction has appeared?). Unusual DNA triplet interac-  the same concentrations of Na, Mg, spermidine, and MPD
tions were observed in crystal contact8)( Therefore, there  as those used for crystallization. The characteristic temper-
has been no previous report of a high-resolution three- ature profiles and pH dependence show that the triplex
dimensional X-ray crystallographic study of a DNA triple remains intact under the conditions of crystallization.
helix.

The formation of isolated triple base interactions of the MATERIALS AND METHODS
kind proposed for triplex DNA has been observed in many  Crystallization Oligonucleotides were synthesized using
RNA structures 14). Also, a triplex complex has been a solid-phase cyanoethylphosphoramidite method with 5-bro-
observed for two PNA (protein nucleic acid) pyrimidine mouracil used as an analogue for thymine and purified on
strands bound to a purine strand with normal deoxyribose- gel-electrophoresis. The crystals were grown at room tem-
phosphate backbon&f). In the PNA strands, the bases were perature and were flash frozen for data collectiom
linked by a peptidic backbone, and the complex formed a summary, the best crystals were grown with additive solution
triplex structure with unique helical dimensions termed containing 0.04 M sodium cacodylate (pH 5.04), 0.2 M NacCl,
P-form DNA. 0.1 M MgCl, 0.01 M spermine 4 HCI, and 12% MPD and

Previous efforts in this laboratory to crystallize a triplex reservoir solution containing 47% MPD and 0.17 M NacCl.
DNA construct yielded only a fiber-type X-ray diffraction Modified 12-mer oligonucleotide with phosphorothiolate
pattern from apparently well-formed single crystals)( linkage between T5 and C6 gave the best diffracting crystals
Oligomeric triple helices also frequently showed smearing for no apparent reason.

Data Collection and Structure Determinatiofhe crystal
structure of brominated oligonucleotides was determined by

* The coordinates of the structure have been deposited in the Protein
Data Bank (PDB) under the name 1D3R.
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Ficure 1: Sequences and numbering of oligonucleotides in an asymmetric unit. The 12-mer numbers from 1 to 12 and the 9-mer from 13
to 21 with the second half of duplex being indicated by an asterisk mark. The bases are colored as follows: the Hoogsteen bases in red,
the purine-rich (Crick) strand in blue, and the pyrimidine-rich (Watson) strand in green. Two independent triplex and duplex DNA, which

are used for analysis, are enclosed with the dashed boxes. The two halves are related by a 2-fold symmetry and the corresponding atoms
are superimposed with rms deviations of 0.5 A. In these crystals, 5-bromouracil was used as an analogue of thymine.

Table 1: Data Collection and Refinement Statistics

MAD analysis (26-2.0 A)

wavelength resolution no. of reflections ~ completeness Rsynt phasing
A A (redundancy) (%) (%) Reutis] Reutis(ano] ® powef Fomd
Br A1 0.920 04 20.61.8 11 408 (11.2) 99.2 (99.8) 4.3 (40.4) (0.39) 0.78
Br 4, 0.919 39 20.61.8 11 077 (10.2) 99.2 (99.9) 3.8 (40.6) 0.75 (0.40) 1.04
Br A3 0.914 98 20.61.8 11 005 (9.4) 98.6 (99.8) 3.9(36.7) 0.60 (0.40) 1.73
House 1.5418 40:62.0 8106 (6.4) 98.0 (98.0) 3.0(13.7)

Refinement Statistics

rms deviations

resolution reflections Reactor no. of atoms averag@-factors (&) bond length bond angles
A (IF| > 40) (Riee)® DNA water DNA water A (deg)
20.0-1.8 19 206 0.210 (0.275) 823 157 28.0 37.3 0.012 2.16

a Reflections with [/ol = —3.0) were included in data processing and values in parentheses are for the shel.8688 of MAD data and
2.05-2.00 A of house dateReym = Y|l — OWYI. ® Reuis = Y ||Fen £ Fe| — Ful/Y|Fpu &= Fp| whereFp and Fpy are the native and derivative
observed structure amplitudes, respectively, &Bads the calculated heavy-atom structure amplituB&iisanc) = Y |Dprobs — Dprcal |/Y DpHobs
where Dprobs and Dprcal @re the observed and calculated anomalous differencds-fof Phasing power= rms (Fnl/E), whereE is the residual
lack of closure errord Mean figure of merit (FOM)= ¥ |Fpes{/F. R = Y |Fc — Fo|/3 FoRsee is the same aB, but for 10% of the data that was not
used for the refinement. With the zesocutoff (|F| > Oc, 22 407 reflections)Ractor is Of 0.224, andRyee 0of 0.283.

multiwavelength anomalous diffraction (MAB)Ymethod. CNS 1) with the Parkinson et al. paramete2®) and with
MAD data were collected on a MAR imaging plate at beam conformational restraints of the B-form DNA. Additional
line X9B at the Brookhaven National Synchrotron Light data were collected using an in-house X-ray generator
Source. The diffraction data were collected at 95 K with an (CuKo; 4 = 1.5418 A) with a R-axis IV imaging plate.
inverse beam method in 2.0scillation frames. Wavelengths

A1, A2, andAs near or at the K absorption edge of bromine RESULTS AND DISCUSSION

were chosen so that the dispersive differences were maxi- o, era|l Features The crystal structure formed by the 1:1
mized betweeri; and/s; and that the anomalous differences complex of the 12-mer and 9-mer was determined using a
were maximized a.. The collected data at three wave- . iwavelength anomalous dispersion (MAD) method (Table
lengths were independently integrated and scaled using they rigyre 2). The Hoogsteen strand is positioned within the
program package HKL1(7). The crystal belongs to a space  maior groove of the B DNA structure. This results in the
groupP4, with unit cell parametera =b =53.8,c=43.1 {5 mation of two additional minor grooves, between the

A and each asymmetric unit contains two molecules of Hoogsteen strand and the Crick and Watson strands.
duplex DNA. The data set collected at the wavelength In the crystal, the asymmetric unit contains one copy of

were considered as the native (Taple 1. A program SUite the construct shown in Figure 1. The two halves of the
CCP4 packagel§) was used for phasing. Four Br sites were g,cqre are related by a noncrystallographic 2-fold sym-
initially Iocgted in various difference Pa.tt(.a(son maps and metry. Due to the palindromic orientations of these four
further verified by SHELXS-9719). The initial positions  gyang there are two independent triple and double helical
of four Br sites were refined using MLPHARE with data of regions within the asymmetric unit. The three bases, C1,
20.0-2.0 A and the experimental phases were further gij5 "ang C3, which form the triplex region, are at tHe 5
extended by solvent flattening and histogram matching onq of 5 dodecanucleotide. The next three bases, C4, BUS,
implemented in DM. The map at this stage clearly shows 54 g, form Watson and Crick bonds with G21, A20, and
every nucleic acid atom except for highly disordered C13*. G19, of the purine-rich strand, which is also bonded in a

The model was built using O20) with help of strong  yjjjex arrangement to C3*, BU2*, and C1*. The remaining
anomalous peaks-(10o) for bromine atom in the Br-uracil g, 1 cleotides of this strand form a regular Watson and
bases and was then refined to a resolution of 1.8 A using Crick duplex. The two purine-rich strands in blue are

antiparallel in this structure and theguanosine ends (G21
2 MAD, multiwavelength anomalous diffraction. and G21*) are positioned by the triplex interactions. The




16812 Biochemistry, Vol. 38, No. 51, 1999 Rhee et al.

GI2 '

) [)
sl R
G2+ Gl

Ficure 2: Stereodiagram of the duplex and triplex in the asymmetric unit. Color codes are identical as were shown in Figure 1. There is
a narrow groove of the purine-rich (blueHoogsteen (red) strands at about C3* (see text more details). Program MOLSCER)RTas
used for generating this figure.

Ficure 3: A close view of the area in the G21 and G21* along the DNA helical axis. Due to the 2-fold symmetry, there are switches
between the Hoogsteen (red) and pyrimidine-rich (green) strand in the 12-mer strand. For clarity, G21* is indicated with yellow. Program
RIBBONS 30) was used for generating this figure.
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FiGURE 5: Initial electron density map and interatomic distances (A) for possible hydrogen bonds in triplet bases (aABUBLd (b)
for C*-GC. Carbon is colored green, nitrogen blue, and oxygen red, and bromine orange. The map is contaured at 1

Table 2: Helical Parameters and Average Torsion Angles of DNA

Helical Parametefs

twist rise inclination X-displacement opening

(deg) A (deg) A (deg) sugar pucker
duplex 34.5 3.2 12.3 -1.2 -05 C2—endo
triplex? 325 3.3 5.6 -2.0 2.7 C2—endo
A-DNAc¢ 33 3.0 13.0 —4.5 C3—endo
B-DNA® 36 34 24 0.8 C2-endo

Torsion Angles (deg)
molecule o p y 0 € ¢ 2z

duplex —42 165 27 151 —151 —139 -89
triplex? -17 —163 —52(—33) 155 —163 —-97 —104
Hoogsteeh —40 —170 37 144 —166 —98 —118
A-DNAC —50 172 41 79 —146 —78 —154
B-DNA¢ —61 180 57 122 173 —-91 —119

2 Helical parameters and torsion angles are calculated with the program CURNES Values for triplex are from the WatserCrick pair in
the triplexes excluding those involved in crystal packing. Fontlengle, an averaged value is in a parenthesis that does not include the values of
A20 and A20*.¢ Values for Hoogsteen are from C1, T2, C3, C1*, T2*, and CBFhe values are given for the standard A- and B-DN&)(

unigue 2-foldsymmetry around G21 and G21* makes the to establish crystal packing and are consistent with the
transition between the Hoogsteen and Watson strands poshypothesis that duplex regions would favor crystal packing
sible without significantly altering the conformation of the interactions.
sugar-phosphate backbones (Figure 3). Triplet Base Pairs Figure 5 shows a 2.0 A initial map
Crystal Packing The terminal bases of the duplex regions, from MAD phasing, which is overlaid on the final model
C13-G12, do not form WatsonCrick base pairs but swing  and interatomic distances of possible hydrogen bonds in the
out (Figure 2) and engage in crystal-packing contacts (Figuretriplet base pairs. In particular, Hoogsteen pairs between C
4). C13 makes Hoogsteen hydrogen bonds to G18* of the and G require protonation of the N3 atom of cytosine. The
symmetry-related molecule and forms &-GC triplet. The distance (2.7 A) between N3 of*Cand N7 of G clearly
other terminal base G12 is stacked against the sugar ring ofindicates the presence of a hydrogen bond under our
another symmetry-related molecule. These interactions helpcrystallization conditions (pH of 5.2). Beside these hydrogen
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for the helical regions which lie between the range of
canonical dimensions for A- and B-DNA (Table 2). Most
of the nucleotides clearly adopt an S-type €8do) sugar
conformation as found in B-DNA, except for the two 5
terminal Hoogsteen bases C1 and C1* in which the electron
density map indicates an equilibrium between the-&®lo
and the C3endo conformation.

The triplex—duplex junctions along each pyrimidine-rich
strand of the complex (i.e., between C6 and C7) do not show
any abrupt changes in helical parameters. However, the lower
twist (32.5) and higher opening (2°Y angles 23) of the
Watson-Crick pairs within the triplexes indicate that the
transition from duplex to triplex results in a partial unwinding
of the DNA. In addition, the WatsoenCrick pairs within the
triplex become more perpendicular to the helix axis (i.e.,
lower inclination angles defined as in r&3) and are
displaced toward the minor groove (i.e52 A in X-
displacement). These general features are similar to the
conclusions from NMR studies using intramolecular triplexes
despite some differences in the helical parameters and sugar
conformations9—11). In the duplex regions (C7C11), no
big deviations from canonical B-DNA are observed. These
differences in conformation between the triplex and duplex
are relatively small, and consequently, the passage of each
strand from triplex to duplex is achieved quite smoothly.

Effects of C on the DNA Conformationn the vicinity
of the C" base, there is an additional narrowing of the groove
between the purine-rich (Crick, blue) strand and the Hoogs-
teen strand (red). This narrowing is accompanied by a change
FiGURE 6: Molecular surface of the triplex and duplex regions. N the torsional angle (the exocylic angle about the C5

The orientation is identical to one in Figure 2. The minor groove C4 axis) at A20 and A20* (Table 2). In contrast to other
is indicated with a blue arrow for the Watse@rick strandsanda  nucleotides, A20 and A20* have angles of—104° and

red arrow for the Crick-Hoogsteen strands. The most conveX, _q7¢ respectively. These alterations efin A20 (and
concave, and planar regions of the surface are coded green, gray ' A - -
and white, respectively. Figure is prepared by using the program A20%) are associated with changes in the groove width of

GRASP B1). the Crick-Hoogsteen strands, leading to a locally narrow
groove (distance between the nearest phosphate groups is
bonds, the 2-keto groups of the Hoogsteen pyrimidines areabout 6.6-6.1 A; Figure 6). These changes probably result
stacked over the aromatic rings of theflanking adjacent  from the electrostatic interactions between the positive charge
bases as found in other unusual DNA structurg4).(In on a protonated cytosine in the Hoogsteen strand and the
addition, some of these keto oxygen atoms make water-negative charge on the phosphate group in the purine-rich
mediated hydrogen bonds with phosphate groups of thestrand, in agreement with the conclusions of Asensio et al.
parallel purine strand or sugar oxygens on the same Hoogs{24). The interatomic distance between the protonated
teen strand. These interactions contribute to the triplex cytosine bases (C1, C3, C1*, and C3*) in the Hoogsteen
stability. strand and the nearest phosphate group of the Crick strand
Analysis of Triplex DNAIn this structure each segment is within a range of 3.95.0 A, while the uncharged
of triplex DNA is quite short, consisting of three base triplets. bromouracil bases in Hoogsteen strand are about 6.5 A from
Nevertheless, the structure does provide overall dimensionsthe corresponding phosphate group.

cr: @

FIGURE 7: Stereoview of solvent molecules in the triplex region. Color codes for the strands are same as before, and solvent molecules are
indicated with a filled circle. Possible hydrogen bonds are indicated with the dashed lines.
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Water and Metal-Binding SiteIhe current model con-
tains a total of 157 solvent molecules in the asymmetric unit.
Most are assigned as water molecules and interact with DNA
via direct and water-mediated indirect interactions. Figure 7
shows water molecules near the triplex region. As seen in
other DNA structures, there is a spine of water in the minor
groove @5—27) of the Watson-Crick duplex, but not in the
restricted groove of the CriekHoogsteen duplex, in par-
ticular, near the phosphate groups of A20 and A20*. The
geometry of the coordination and anomalous peak from data
using Cuka radiation suggest that, in addition to the bromine
sites, there are at least three more heavy-atom binding sites.
Two of these sites are near the phosphate oxygens of G12
and have an octahedral coordination to water molecules with
average distance of 2.1 A. On the basis of the coordination

considered to be occupied by Mg, which is included in our
crystallization buffer. A third site with a strong anomalous
peak ¢100) is observed in the triplex region. It has a square
planar coordination with two water molecules and N4 atoms
of pyrimidine C3 and C3* and an average interatomic
distance of about 3.1 A, and we have assigned this to a

chloride ion. It is noteworthy that this site involves interac- 1
tions with the two positively charged cytosines. Although 16.
divalent cations were required to form a three stranded
nucleic acid ), it is not apparent from this crystal structure 17.
that metal ions have any specific structural roles in stabilizing 18
the triple-helical DNA as was shown in the G-tetraplexes '
(28).
19.

CONCLUSION

Design of DNA sequences in this study provides a novel 20.
approach for crystallographic study of DNA triplex and its  21.
junction with a duplex. The overall triplex dimensions differ
somewhat from those of B-form DNA, but the general 22
topology remains similar. Presence of-GC triplets causes
sequence-specific changes in the groove width of the Erick o3
Hoogsteen strands by the electrostatic interaction between
Ct and the phosphate group of the Crick strand. These 24.

conformational changes restrict the access of water to the
minor groove and may be unique structural features for the
recognition of triplex DNA by protein molecules.
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