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ABSTRACT. The interaction of the 11-mer oligodeoxypyrimidine d(TCTTCTUTCCT) with the 17 bp duplex
d(CGCTAGAAGAAAGGA CG)d(CGTCCUTTCTTCT AGCQG) in forming an intermolecular DNA
triplex has been examined in solution by surface plasmon resonance (SPR), UV thermal denaturation,
circular dichroism (CD), and NMR methods. Thermodynamic data were also acquired for the shorter 15
bp target duplex d(CGCAGAAGAAAGGA )-d(TCCUTTCTTCT AGCG), which forms a 3flush-ended
parallel triplex. CD titrations at pH 5 gave a triplex (duplex + strand) dissociation constdttof 0.5

uM at 15°C and~2 uM at 25 °C for both the 1+1515 and 1+17-17 systems, in agreement with
analysis of the UV melting data and a direct calorimetric measurement. In contrast, the “apparent”
value determined by SPR was-1P0-fold smaller. The rate constant for dissociatity) of the third

strand from the triplex was found to be0.0002 st at 25°C by SPR. The rate constant for exchange
between the triplex and duplex states determined by NMR~+w&s ! at 40°C. The dissociation kinetics
measured by SPR are considerably underestimated, which largely accounts for the poor estinkation of
using this technique. Extensivel NMR assignments were obtained for both the 17 bp DNA duplex and
the triplex. Large changes in chemical shifts were observed in the purine strand of the host duplex, but
only small shift changes were induced in the complementary pyrimidine strand. Dramatic differences in
shifts were observed for the G and A residues, especially in the minor groove, consistent with only small,
localized conformational changes in the underlying duplex. The magnitude of the shift changes decreased
to baseline within one base of thetBplex—duplex junction and over two to three bases at tharkction.
Chemical shift changes at théjanction suggest small conformational anomalies at this site. COSY and
NOESY spectra indicate that the nucleotides are in the “S” domain in both the triplex and duplex states.
These data rule out major conformation changes at the trijglaplex boundaries. NOEs between
pyrimidines in the third strand and those in the duplex showed proximity for these bases in the major
groove, which could be ascribed to buckling of the Hoogsteen bases out of the plane of the-Watson
Crick base pairs.

The targeting of duplex DNA by small molecules and by to purine bases in a purifgyrimidine duplex, would provide
oligonucleotides can be an effective means of externally much greater specificity, and therefore could potentially be
regulating the expression of specific genes, by the “antigeneused to target specific genes and prevent their transcription
approach” 1). Although small ligand molecules such as (2, 3).

intercalators and minor groove binders have been used Ajthough the existence of triple-stranded nucleic acids was
clinically for many years, these agents generally suffer from yegjized in 19574), it was only recently that structural details
either poor sequence specificity or only modest affinlty (' \yere revealed for both the parallel and antiparallel helices
2). More recently, it was realized that the formation of a (5-11). In all cases, the triplexes for which structural
DNA triple helix (triplex), where a third DNA strand is  information is available have been intramolecular and involve
bound in the major groove through specific hydrogen bonds gtrands of equal length. This has been necessary as DNA
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Scheme 1: Numbering System Used for the Duplex and Triplex DNA Sy3&tems

strand 3 5" _d(T35c36T37T33C39T40U41T42C43044T45 )_3 '
strand 1 5" —d(Cl c’cir* aASGgé A’ A G° A10A11A12G13G14A15C15G17)_3,
strand 2 3'-d ( G34c33G32A31T30C29T2aTz7c26T25T24U23c22C21T20G19C18 )_5 !

an all cases, the junction and/or triplex orientations refer to that of the purine-rich strand 1 sequence. Boldface denotes the triplex region.

the conformation and/or dynamics of triple helices are midite (Perkin-Elmer Applied Biosystems). Following syn-
different from those of the underlying duplexes is evident thesis, the biotinylated oligonucleotide solutions were washed
from footprinting data. Thus, DNase | cuts duplex DNA with 1-butanol, and then desalted by size exclusion chro-
exclusively from the minor groove direction, yet a major matography using a Sephadex G25 column. No further
groove-bound third strand almost completely abolishes the postsynthesis DNA purification was required as only the full-
activity of the enzymeX6). Furthermore, at the’' unction length sequence is amenable tebiotinylation and, impor-

of the triplex and duplex, the rate of cleavage of the tantly, only the biotin-functionalized oligonucleotides can
phosphodiester bonds by DNase | is greatly enhancedbind to the streptavidin-coated biosensor surface used for
compared with that of the free duplek7). This points to SPR experiments.

marked changes in the conformation and/or dynamics of the Circular Dichroism CD spectra were recorded on a
minor groove on forming the triple-stranded structure. To JASCO spectropolarimeter as described previougl). (
date, little is known about the conformational difference Titrations were carried out at a fixed concentration of duplex
between duplexes and triplexes, and the changes that mayt 15 and 25C in aqueous acetate buffer [LO0 mM sodium
occur at their junctions. Molecular modeling studiés)( acetate (pH 5.1)]. Titration curves were constructed at 217
have indicated that there may be a transition from B-like nm, corresponding to the maximal change in CD signal.
DNA, with S-type sugar puckers in the duplex regions, to a Spectral data were analyzed assuming a simple two-state
more A-like structure in the triplex regions that would model, using the KaleidaGraph 3.08 program (Synergy
necessitate a kink at the junction site. Further, DNA Software, Reading, PA) according to the equation

intercalation by various ligands is favored by tHgumction

(2. However, NMR data show conclusively that the
underlying duplexes in triple helices are not characterized
by N-type sugarsg—11, 19).

We have used a combination of NMR spectroscopy,
surface plasmon resonance (SRRV melting, and circular
dichroism (CD) spectroscopy to characterize the solution
properties of an intermolecular DNA triplex consisting of

an 11 base third strand and a 17 bp duplex (here termed the

11-17-17 triplex), derived from the previously described
aromatase target gene sequerie®.( To reduce the overlap
in the NMR spectrum for the pyrimidine-rich strands, we
have replaced one thymine (dT) residue with a uridine (dU
in each of the WatsonCrick (duplex) and Hoogsteen third

)

strands, as shown in Scheme 1, which also shows the L
aﬁterfaced to an IBM 750/0S2 computer for data acquisition,

numbering scheme that was used. For comparison, selecte
properties were also evaluated for a truncated-13:15
triplex system, where the two consecutive3base pairs at
the 3 end of the duplex (i.e., &G and G’-C!®) are
removed to leave a flush &nd for the triplex.

EXPERIMENTAL PROCEDURES

Materials The three oligodeoxynucleotides were prepared
with an Applied Biosystems 391-EP synthesizer using

AS= AoC, Q)
where AS is the observed signal change corrected for the
addition of ligand andAo is the difference in intrinsic
ellipticity. The concentration of tripleX; is related to the
total concentrations of duplexdd) and third strandtf) by

C,=0.5{(dy + to + Ko — [(dy + t + Kg)* — 4d,t,] %%}
2)

where Ky is the equilibrium triplex— (duplex + strand)
dissociation constant.

UV Melting Thermal denaturation studies were performed
at 260 nm with a Varian-Cary 1G spectrophotometer
and with temperature control using a Peltier heating acces-
sory. Melts were performed in 1 cm path-length quartz cells.
Oligonucleotide solutions were prepared in aqueous CNE
buffer [10 mM sodium cacodylate, 300 mM NacCl, and 0.1
mM NaEDTA (pH 5.2)], using calculated,so absorption
coefficients 1) of 1.88 x 10° and 1.32x 10° M(strand)*
cm 1 for strand 1 and strand 2 (17-mers), respectively, and
7.37 x 10* M(strand)* cm for the 11-mer strand 3. DNA
solutions were dialyzed against CNE buffer for 48 h prior

phosphoramidite chemistry, and purified by reversed-phaseiq yse. A 200uM stock solution of the strand-dtrand 2

HPLC using a PRP-1 column (Hamilton Ltd). Each strand
was finally >99.5% homogeneous according to capillary gel
electrophoresis under denaturing conditionsBistinylated
oligonucleotides were prepared using biotin-gthosphora-

1 Abbreviations: bp, base pair; bt, base triplet; CD, circular dichro-
ism; COSY, correlation spectroscopy; ITC, isothermal titration calo-
rimetry; NOESY, nuclear Overhauser enhancement spectroscopy;

ROESY, rotating frame Overhauser enhancement spectroscopy; SPR

surface plasmon resonance.

duplex was prepared by mixing equimolar solutions of each
strand, heating to 98C, and cooling to room temperature
over the course of 18 h. Triplex solutions at the required
concentration were prepared by mixing equimolar stock
solutions of strand 3 (20@M) and the preformed duplex,
diluting as required, and allowing the mixture to equilibrate
at 15°C for 18 h. Heating runs for the duplex and triplex
solutions were performed between 5 and°€5 at a scan
rate of 1°C min~! and with optical sampling at 0.1C
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intervals. Analyses of the melting transitions were carried (i) The flow rate used for strand 3 is 4-fold higher so mixing
out using the Origin 3.5 program (MicroCal Inc., Northamp- and equilibration could be improved. (ii) Spermine was not
ton, MA) and KaleidaGraph software. used in the running buffer as no effect could be established.
For the 17-mer duplex (1@M), a transition at 63.5C (i) The quantity of strand 1 immobilized on the sensor chip,
was observed for heat-induced strand separation. In theand hence the captured surface density, is significantly
presence of an equimolar amount of strand 3, a secondsmaller than that (750 RU) used earlier. These modifications
broader transition appeared at a lower temperature that waswvere introduced to reduce possible rate-limiting effects upon
dependent on the DNA triplex concentration used [e.g., 35.1 triplex formation at the chip surface due to mass transport

and 63.6°C at 10 uM(triplex), termed Tl and Tn2,
respectively]. Thus, the low-temperaturrgl transition can
be attributed to thermal triplex>- (duplex + strand) melting
and theT,,2 event to strand separation of the host duplex.
Thermodynamic van't Hoff parameterald,y) for triplex
formation were obtained by curve fitting2Z, 23) the
experimental melting data using eqs 2 and 3

Kq 4C)\05
1+—| -1

Anorm = f Kd
whereAnom IS the normalized absorbance at 260 nm for the

®3)

t

Tnl transition, and by applying the standard thermodynamic

relationships

Ky= K (T..1) ex;{_

AS AHy,
exp— —

R RT) @

The concentration-dependent behaviofl gt was also used
to determine the van’t Hoff thermodynamic paramet@d3 (
for triplex formation according to eq 5:

(AS— RIn 4)
AHvH

T 1~ AR, N *

1 R )

Surface Plasmon Resonanc&PR measurements were

phenomena?4, 25). Experiments were performed at fixed
temperatures in the £330 °C range. The possible effects
of added M@" ions upon association behavior at pH 5.2 were
separately examined using a modified TAE running buffer
containing 5 mM MgCJ, as used in the earlier stud§4),
or equivalent EDTA-free Tris-acetate buffers containing up
to 20 mM MgCk.

Association (capture) curves were fitted to a single-site
model using the supplied BlAevaluation 3.0 software as a
single exponential26) according to

R=Ruadl = exp(kypd)] (6)

whereR is the instrument response at tiheRyax is the
maximum response, amghsis the experimental pseudo-first-
order rate constantld, 24—26). This is related to the
apparent second-order associati@g{gpp)] and first-order
dissociation ky(app)] rate constants by

kons = ky(app)[strand 3} ky(app) (7

where [strand 3] is the concentration of the third-strand
oligopyrimidine (see Scheme 1). Direct estimatesfavere
also obtained from first-order fits to sensorgram data acquired
during longer times for the slower triplex- duplex and
single strand dissociation process (see Figure 2A). Multiple
data sets were fitted simultaneously to derive best-fit values
for ky(app) andky that described all of the experimental

taken using a BlAcore 2000 instrument essentially as kinetic data.

described previouslyl@). Biosensor chips precoated with

NMR Spectroscopy'H NMR spectra were recorded at

streptavidin (SA5 research grade; BlAcore, Stevenage, U.K.) 14.1 600 MHz) and 11.75 TA500 MHz) using Varian
were used for all experiments, and oligonucleotide solutions Unity and UnityPlus spectrometers, respectively. Oligo-

were prepared in an aqueous TAE running buffer [40 mM
Tris-acetate and 5 mM NBDTA (pH 5.2)]. The sensor chip

nucleotide solutions were prepared in an aqueous phosphate
buffer (10 mM NaHPO, and 100 mM KCI, fixed pH values

surface was conditioned prior to use by treatment with three in the range of 4.86.0) for initial experiments, before

serial injections 61 M NaCl in 50 mM NaOH, and then

switching to a superior acetate-buffered system [25 mM

equilibrated with running buffer at the temperature required sodium acetates and 100 mM KCI (pH 5.0)] for all reported

for the experiment. A solution of thé-Biotinylated strand
1 oligomer (100 nM in running buffer) was passed over the
sensor chip at &L min~* until the target surface density of

spectral acquisitions. In separate studies, the effects éf Mg
were examined using- 20 mM MgCl as a cosolute. The
strand 1strand 2 duplex was made by mixing equal amounts

the captured oligonucleotide was achieved, correspondingof each strand, according to their optical absorptions at 260

to 200-400 response units (RU). A solution of strand 2
(40 uL at 5uM) was next passed over the chip surface at 5
uL min~1 to effect formation of the duplex with the captured

nm (see above), and annealed slowly from°Z0 Samples
for spectroscopy in BD were prepared by lyophilizing the
solutions, redissolving in D, and adjusting the apparent

first strand. Solutions containing 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, pH to 5.0 (uncorrected pH meter reading). The triplex was
12.0, or 20uM strand 3 were then injected over the prepared by titration of the duplex with a solution of strand
immobilized strand #trand 2 duplex at a flow rate of 20 3 (prepared analogously) and monitoring the NMR spectrum.

uL min~! to generate the ¥17-17 triplex. After each

experiment, the surface-bound duplex was regenerated withstrands.

a 30 s pulse of 1M NaOH, followed by an injection of
strand 2 (3QuL at 5 M) and re-equilibration with the TAE
running buffer.

Working duplex and triplex solutions were each 1 mM in
The hypercomplex metho@7( was used for
acquiring phase-sensitive two-dimensional spectra. For
experiments in LD, the solvent peak was suppressed using
the Watergate metho@®). TOCSY spectra were recorded

The protocol adopted differs in two key respects from that using MLEV-17 for the spin lockZ9). ROESY spectra were

described previouslyld) for this triplex-generating system.

recorded using a weak continuous wave spin lock field (ca.
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4 kHz). Proton-decoupletiP NMR spectra were recorded
at 9.4 T on a Bruker AM400 spectrometer.
3P NMR relaxation rate constants were determined by

inversion recovery and spin echo measurements as described

previously 80, 31). The rotational correlation times and

chemical shift anisotropy were calculated as described

previously B0). Apparent rotational correlation times were

also determined from measurements of the cross-relaxation

rate constant for cytosine H@15 vectors 82, 33). The

exchange rate constant was estimated from the time depen-
dence of the magnetization transfer between triplex and
duplex for a resolved cytosine H5 resonance. For an isolated

spin undergoing exchange between two states, A and B

kl
A‘E'B

(8)

if the intrinsic spin-lattice relaxation rate constaniéA) =
p(B), then, from standard formula84), the ratior of the

r=[a/(1+ a)[{1—exp[-k4(1+ )]t}  (9)

wherea = ki/k-; andty, is the mixing time. NOE volumes
were determined using Felix 95.0 (Molecular Simulations
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Ficure 1: CD titration of the strand-$trand 2 duplex d(CGCT-
AGAAGAAAGGA CG)d(GCGATCTTCTTUCCT CG) with the
d(TCTTCTUTCCT) third strand (see Scheme 1). (A) Difference
CD spectrum [i.e., triplex- (duplex and third strand)], wher®A

is the difference in absorption of left- and right-circularly polarized
light. (B) Titration curves for the induced CD change at 217 nm

Inc., San Diego, CA) by fitting Gaussian peak shapes in crossand 15 @) or 25 °C (), with associated fits according to eqs 1

sections.

Nucleotide conformations were determined as previously

and 2.

described using scalar coupling constants and NOE timeTable 1: Thermodynamics and Kinetics of Triplex Formation with

courses with the NUCFIT program. @, 35).
RESULTS AND DISCUSSION

Thermodynamics and Kinetics

The equilibrium constan¥() for dissociation of the third
strand from the DNA triplex was determined using CD, UV
melting, and SPR. Figure 1 shows the results for the CD
titration of the 17-mer strand-dtrand 2 duplex with the
Hoogsteen strand (strand 3) at pH 5.1 and 15 otf@5The
maximum change in signal was found to be at 217 nm
(Figure 1A). The titration data at 217 nm (Figure 1B) are

the 17-mer Host Dupléx

method T (°C) Kq (uM) ka(app) (Mts™) ki (s7Y)
SPR 15 0.13 1.37% 1¢° 1.75x 10
25 0.09 2.4x 10° 2.2x 10
30 0.12 5.7x 1¢° 7.1x 10*
CD 15 0.5
25  2.2(1.6)
uv 25 0.08¢0.51¢
35 51
ITC 25 1.8
NMR 40 2-10 nc 0.2

aEquilibrium constants and rate constants were determined as
described (see the text). Values in parentheses refer to the truncated
15-mer duplex® Apparent dissociation constants shown are given by

well described b_y a simple binding isotherm, and. WETE thekykq(app) ratio at each temperatufeCalculated from th&q value
analyzed according to eqs 1 and 2 (see ExperimentalatT = Tyl [i.e.,Ko(Tml) = C/4] using the van't Hoff relationship (eq

Procedures). The dissociation consténvalues determined
from these data were 05 0.2uM at 15°C and 2.2+ 0.5

uM at 25°C, and are comparable to values determined for
other 11-mer triplexes from fluorescence studid®).(

4), with a AHy of 74.6 kcal mol(triplex)* from UV melting.
d Dissociation constant calculated similarly, withAdd° of 41.9 kcal
mol(triplex)™ from ITC. €nd, not determined.

Indeed, the values are comparable to those estimated forstrand, a second transition appears, wiff,aof 35.1°C at

similar triplexes using affinity cleavage or filter-binding assay
techniquesi3, 36). We also estimate l§4 value in the range
of 2—10 uM (Table 1) from our NMR data at 40C (see

below). For comparison, the dissociation constant deter-

mined at 25°C for the truncated 111515 triplex was
essentially identical to that for the £1.7-17 triplex system

10 uM(triplex) (Figure S1 in the Supporting Information).
Each optical event was fully reversible for both heating and
cooling at 1°C min™?, indicating rapid thermal equilibration
under these solution conditions. Line shape analysis of the
independent melting behaviors, using eqs 3 and 4 and
assuming a two-state model for each process, gavd,.al

using the same conditions. This indicates that there is noof 74.6 + 1.4 kcal mol(triplex)* [i.e., 6.8 kcal mol(bt)?]

significant thermodynamic effect due to the additional 3

for triplex — (duplex + strand) disruption and/&H,42 of

duplex overhang segment compared to the blunt-ended triplex102.2+ 0.5 kcal mot* for the duplex— strands transition.

(but see below).

Thermal denaturation of the 17-mer duplex (18I) at
pH 5.2 gave a UV melting transitiof, of 63.5°C. Upon
addition of an equimolar amount of the Hoogsteen third

The Tyl value for 11+17-17 triplex melting was dependent
on the concentration in the 6:300uM(triplex) range. From
a van't Hoff plot of 1,1 versus InC;), the dissociation
enthalpyAH,4 was determined (eq 5) to be 75t64.6 kcal
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mol(triplex)™!, in good agreement with the line shape r sr B
analyses. 2or <
Isothermal titration calorimetry (l. Haq, B. Z. Chowdhry, % 80 K 20 M ERNE
and T. C. Jenkins, unpublished data) for the association of g L & L
strand 3 with the strand-dtrand 2 duplex at pH 5.2in CNE 8 4o} k=
buffer gave an excellent fit to a single-site binding model, ok — T
with a Kq of 1.8 uM at 25°C, and with a binding enthalpy T T T SRR ot L
AH° of —41.9 kcal mol(triplex)*, or —3.8 kcal mol(bt)™. o 50 “:_0 /150 200 250 0 [st 1d03] /“:A 20
ime /s stran /4

This enthalpy is similar to values reported for parallel _ . A
triplexes using calorimetry3({, 38), but lower than values  FIGURE 2. SPR sensorgram for triplex-forming hybridization of

; ; ; ; the 17-mer strand-&trand 2 duplex d(CGCAGAAGAAAGGA -
determined by UV meltingdd, 40). Disparity between oy o CGATCTTCTTUCCT CG) with d(TCTTGTUTCCT) at

experimentalAHy, and calorimetric transition enthalpies, >5<c Experiments were carried out as described in Experimental
particularly from optical melting data, has been reported Procedures for increasing concentrations of strand 3 (1, 1.5, 2, 3,
previously and suggested to reflect an oversimplification in 4, 5, 12, and 2Q«M). (A) The rising phase shows the binding
the two-state (|e’ a”_or_none) assumpuon used for van't (aSShOC|at|On) pI’OCESSfThe Contlr]l,l(cj)l.]}'s‘l |Il’(;es SQOW raw SPR data fﬁr

: : Ao each concentration of injectant, and the dotted curves represent the
Hoff analysis 2.3’ 37’.41’ 42). The calorlm.e.trchH for best single-exponential fits obtained using eq 6. (B) Dependence
the 11-17-17 triplex is also markedly sensitive to temper-  of the experimental pseudo-first-order rate constagtupon the

ature in the 16-35 °C range, with a heat capacity change concentration of triplex third strand; the slope gives the apparent
AC, of —0.6 kcal mot* K™% This behavior is consistent ~second-order association rate consta(@pp) (cf. eq 7, and see
with reportedAC, values of—0.6 and—0.9 kcal mot® K1 the text).

for comparable 1523-23 DNA triplexes 86, 42), and , . ) i

reinforces possible sources for discrepancy between calori-Ntércept obtained from linear regression was small, though
metric and van't Hoff enthalpiest@). Interestingly, such ~ @ways positive (Figure 2B), thie(app) value could not be

large AC, values contrast with insignificant values for DNA ~ accurately determined from the association phase. However,
duplexes 23, 37). However, as strand 3 contains four the slow exponential decay phase (shown partially in Figure
cytosines (Scheme 1) that would each require formal N3 2_A) independently prowdgs a direct estimate of the dissocia-
protonation to enable formation of'@5-C base triplets, the 10N rate constarks. Detailed analysis of SPR data for the
apparentcalorimetricAH® will be sensitive to both pH and ~ 11717-17 triplex system gave rate constakitapp) of 2.4

the extent of ionization of the buffering species involvad,( ~ x 10° M™* s™ (association) andy of 2.2 x 107% s

45). The implicated protons must also be considered as (dissociation) at 25C.

ligands in the triplex association process. At pH 5.2, for ~Measurements at different temperatures in the 3G°C
example, only approximately 17% of any third-strand cy- range showed thaky increases strongly with increasing
tosine will be protonated (assuming equivalence an&a p temperature. However, thg(app) rate constant determined
of 4.5 for an isolated cytosine) and these protons must beby this SPR method also increases by approximately the same
supplied by the buffering medium. Hence, the summed factor over the temperature range examined (Table 1),
protonation enthalpies for the cytosines and the deprotonationindicating “apparent” activation energies-ef.7 kcal mof*
enthalpy for the buffer provide additional factors that could for both processes. This behavior contrasts with a reported

also contribute to any divergence betwe®H., and AH,y decrease of the association rate constant with increasing
in such systems. temperatures for a 2523-23 DNA triplex, with an activation
The UV melting data give &4 of 5.1uM at T = Tyl = energy of —8 kcal mol! and a virtually temperature-

35.1°C; using the calorimetridH® enthalpy from ITC, the ~ independenKg value in the 5-25 °C range at pH 5.036).
value ofKq at 25°C is calculated to be 0.56M. Thus, the  Although M@* ions are known to strongly influence the
dissociation constants measured in the CD, UV melting, and stability of parallel T-AT triplexes @6, 47), measurements
calorimetric experiments at 28C and pH 5.+5.2 show takeninthe presence of addedZD mM MgCl, gave closely
good agreement (Table 1). The small variations found can Similar results for the present triplex (data not shown).
be attributed to a combination of experimental errors, pH Similarly, 10uM spermine was found to have no significant
differences, and salt effects from the variety of buffer systems €ffect upon the association kinetics, although this concentra-
used. Of these, slight pH variations are likely to be the most tion of polyamine has been shown by SPR to increase the

important as parallel triplexes containing multiplé-C-G rate of triplex formation in a T30-A3030 system 14).
triplets are very pH-sensitiv&9, 40, 46), whereas they are  These results probably reflect the influence of the dispersed
only weakly dependent on ionic streng8Y(46). The small positive charges associated with the N3-protonated cytosines

variation in Ky is noteworthy given the range of salt inthe Hoogsteen third strand, and contrast with the stabilizing

concentrations and buffers associated with each techniqueéffects of divalent metal ions and polycations upon un-
Figure 2 shows a typical series of SPR sensorgramscharged, parallel T-AT triplexes @6).

obtained for the 1317-17 triplex system. Both the associa- The ratio of the rate constants determined by SPR gives
tion and dissociation phases of the reaction were well an estimate of the apparent dissociation constentapp)
described by a single exponential at every concentration of = kgka(app) = 0.09 uM at 25 °C] that is essentially
strand 3 used. The observed rate constant in the triplex-independent of temperature in the-4%0 °C range. How-
forming phase showed a linear dependence on the concentraever, this value is significantly (20-fold) smaller than ke

tion of strand 3, where the slope and intercept values give value determined by CD and ITC (Table 1), and the
the apparent association and dissociation rate constantstemperature independence is not consistent with either the
ka(app) andkqy(app), respectively (eq 7). Because the calorimetric or van't Hoff enthalpy (see above). Thus, we



DNA Triplex Containing 5and 3 Duplex Junctions Biochemistry, Vol. 37, No. 43, 19985193

conclude that the equilibrium affinity measured for DNA
triplexes by the SPR method is only apparent. As the
association rate constakf(app) is here similar to values
determined by independent fluorescence-based or filter-
binding solution methoddl g, 36), it is likely that the primary
reason for the difference involves the dissociation rate
constantky, which is at least 1 order of magnitude smaller
than predicted. Mass transport-limiting effects have been
suggested to be responsible for the poor estimation of rate 20°C
constants by SPR compared with values measured in solution

(24, 25). This has recently been highlighted in a comparative

study of triplex formation using solution and biosensor 10°c

techniques, where disagreement between the methods was cas/3 ]\
partly ascribed to matrix phenomena, immobilization, and '/L

accessibility effects48). We note thaky(app) is identical s°C

to the rate constant previously reported for this triplex system 16 15 14 13 12 11 10 9 8
(14), whereas our preserity value is ~3-fold greater. Chemical shift (ppm)

Experlmental factors intended to 'mpro‘(e eqUIIIbratlon ON FGure3: NMR spectra for the exchangeable protons. Spectra were
the biosensor surface appear to have little influence uponecorded at 14.1 T%600 MHz) and pH 5.0 (25 mM CECO,Na
the kinetic parameters. Importantkgy/ki(app) (0.04uM in and 100 mM KCI) as described. Partial one-dimensional spectra

ref 14 and 0.09-0.13 uM here) is not directly comparable showing the Hoogsteen imino and amino protons of the intermo-
to the thermodynamic equilibrium dissociation constant. This lecular 1:-17-17 triplex at different temperatures in the-30°C
behavior is as expected for a multistep “zippering” mecha- range.

nism or non-two-state process in which neither nucleation

- T38H3-A8HS8
nor the first elongation steps are completely rate-limiting :z: . 4s 00 TaTHIATIHE ‘{
(49), as has previously been suggested for DNA triplexes '“° |, % Nghrh e

1o ® ¢ 8 BNV AR IEY
(15) T45H3-A15H8 T40H3-A10H8
13.4 @ Co A -

Comparison of the van't Hoff and calorimetric enthalpy
changes (see above) provides further support for a complex 138 T - 4 ¢ QT
binding process. Although agreement between these terms 1421 Troniarsny® A J3THIATHE
is generally good for DNA duplex> strands denaturation 14.6 7 TEONS-ATSHE c39H3_GgH8\T£7\H3.Ast
(22, 37, 38, 50), there is often a large discrepancy between 1501, . . . . : —
AH° andAH, for the analogous triplex> (duplex + strand) 83 79 75 71 82 78 74 70
melting event 87—40, 42—45). In this study, the apparent Chemical shift (ppm)
calorimetricAH® (3.8 kcal mol(bt)?) is only ~60% of the FIGURE 4: NOESY spectra of the 17 duplex (left) recorded at
AH,y value (6.8 kcal mol(bt)Y) established from optical 10 °C with a mixing time of 300 ms and the #17-17 triplex
melting. We have recently determinéd; values in the (right) recorded at 30C with a mixing time of 100 ms. Arrows
4.3-5.7 keal mol(bt)? rande for intramolecular triplexes show the cross-strand NOEs within the duplex, and between the

. (bty g ’ P ' third strand and the purine strand.

depending on the base sequence and compos#t®)nAH, . S
values in the 6-8 kcal mol* range have also been reported €sonances continue to sharpen as the temperature |s_ra|sed
(39). While some of this variation is due to sequence effects, from 510 30°C. This demonstrates conclusively that a triple
uncertainty about the protonation status of the triplex must helix is present under the conditions of the experiments, and
also be an important factor, as this depends on both thethat it is stable at least to 3TC. In Figure 4, the low-field
position and number of third-strand cytosines together with 'egions of NOESY spectra are compared for the triplex and

T35H3-A5H8

the solution pH 40). Nevertheless, it appears thaH,y is duplex; clearly, there are many additional cross-peaks in the
generally significantly greater than the calorimetric enthalpy, triplex spectrum. These were assigned using the NOE
even for short triplexes. interactions, as shown in Figure 4, and by connection to H8
protons in the purine strand. This both verifies the parallel
NMR Spectroscopy orientation of the third strand with respect to the purine strand

and demonstrates that the pairing is via Hoogsteen hydrogen

Proton Assignments of the DNA Triplekigure 3 shows  bonds b61). Although the spectral quality was good for the
the spectral region for the exchangeable protons of the 11 45-nucleotide 1%+17-17 triplex in view of the sequence
17-17 triplex at different temperatures. The protons were constraints, we expected that the shorter-1%15 triplex
assigned using NOESY spectra recorded at 10, 20, and 4041 nucleotides) lacking the' unction would give better
°C using the sequential NOEs between imino protons (22.5 spectra, especially as the apparent dissociation constant for
16 ppm) and to C(N4) proton®1). As the temperature is the Hoogsteen strand is the same (see above). However,
raised, certain low-field C(N3H resonances (C36 and C43) the spectra were considerably poorer, possibly because of
broaden and disappear by 30, whereas that of C39 remains aggregation phenomena. The spectral quality was poor even
sharp. The resonances between 9 and 10 ppm showed strongt 40 °C, suggesting that there are unfavorable exchange
correlations with another resonance in the same region, andprocesses contributing to the line width. We therefore
also to the C(H5) protons; they can therefore be assigned tofocused on the NMR spectroscopy of the longer 17 bp host
the amino protons of cytosines in the third strand. These duplex molecule.
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Ficure 5: NMR assignments in the 11-4177 triplex. The base

H1' region of a 300 ms NOESY spectrum in@recorded at 14.1
T (=600 MHz) and 40°C is shown. The base protofil’ 06T T T T T T T T T T T T T T T
sequential assignments in the purine strand are shown with lines 0.4
and the nucleotide number in a square box. The cross-strand H8 ’

H1'(n + 1) (i.e., strand 1 to strand 3) NOEs are shown in oval 0.2
boxes g .
' & 0 ol Ml | bt Tl 0 o
2 ‘U-E H- v-uE e tr
In D2O, the purine resonances were easy to identify by -0.2 - -
following the standard sequential connectivities involving 04l =TT ]
the base H6/H8H1', and H2/H2" or H3 pathways. The - E Hs/Merz2| 1
H2' and H2' were verified by analysis of the correlations 0.6 H2: ]
between Hland H2/H2" in both NOESY and DQF-COSY -0.8 -
spectra (not shown). The base and sugar protons in the S N T T T T A S T S S WA S T B A B
pyrimidine strands were more difficult to assign, but the IedzgaeNgLIeYge e
combination of the NOESY correlations between base and COORESCFrrPOFFPO000KEO00

H1' protons, base-HEH2", and H1-H2/H2" allowed Ficure 6: Proton chemical shift differences at 40 for the host

completion of the assignments for the three strands. How- 17 mer (strand ‘trand 2) duplex d(CGONGAAGAAAGGA CG)
ever, there were additional cross-peaks that could not bed(GCGATCTTCTTUCCT CG) with or without d(TCTTCTUTC-
assigned to sequential intrastrand interactions (Figure 5).CT). The double-headed arrows denote the position of the third

Indeed, they can only be assigned to cross-strand sequentia$trand.

interaction between the purine and Hoogsteen-H&, i the C'-G-C triplets than in the T-AT base triplets. Very
further demonstrating the presence of a parallel triple helix sjmilar patterns of shifts were observed for an intramolecular
(10, 51). triplex and the corresponding duplex ho&f) However,

We have also assigned the free duplex by standardat the 5end of the junction (reading along purine-rich strand
methods under the same conditions (pH 5.0) used for the1), not only do the shift perturbations extend beyond the start
triplex. No significant spectral differences were evident for of the triplex region, but there are also distinct perturbations
either the duplex or triplex in the presence ofZD mM at the junction site that are particularly evident in Watson
added MgdC, in agreement with our SPR data showing that Crick pyrimidine strand 2 (Figure 6). Thus, the two residues
Mg?* ions have little influence upon triplex formation. In  at the junction site show opposite patterns of chemical shift
contrast, NMR spectra for the triplex were sensitive to pH, perturbations. No similar perturbation is found at therdd,
such that a considerable amount of free duplex was presenthough this may be because the duplex only extends a further
at pH=5.5 and was reduced t910% only at pH 5.0 (see 2 bp. However, this is also consistent with our CD data
below). Figure 6 shows the changes in proton chemical shifts indicating that the 2-bp duplex extension at theBd does
for the two Watsor-Crick strands on forming the 17 not significantly influence the overall thermodynamic stabil-
17 intermolecular triplex. The largest shift perturbations are ity. Nevertheless, the shift data indicate an alteration in the
in purine-rich strand 1, with negative changes for the H8 duplex conformation upon binding the third strand and that
(major groove) and HAminor groove) protons, and positive  there is some induced perturbation, at least at tfastion.
changes for Hland H2' (both minor groove). The large Triplex Dynamics The equilibrium data indicate that at
changes associated with major groove protons are unsur-strand concentrations of 1 mM, up to 10% of the triplex will
prising as the third strand interacts directly with the purines be dissociated at 40C. A ROESY spectrum recorded in
of the duplex. The magnitudes of the shift perturbations also D,0 at 40°C (not shown) reveals exchange peaks between
increase from outside the triplex (i.e., beyond the triplex  the assigned triplex and duplex resonances, which conclu-
duplex junction), reach a maximum near the center of the sively demonstrates that there is an equilibrium between the
triple-stranded region, and then decrease toward te®a@  triplex and dissociated (duplex and strand) states and that
of the host duplex sequence. they are in slow exchange on the chemical shift time scale.

Chemical shift perturbations in pyrimidine-rich strand 2 Although the spectral overlap is quite severe, we have
were small, but generally larger for minor groove protons estimated the relative concentrations of the triplex and duplex
than for major groove protons. This observation suggestsfrom NOESY spectra, from which we obtain an estimate
that there is some perturbation of the minor groove in the for Kyq of 2—10 uM. This is in accord with our CD, UV
triplex region. Also, the H1shifts are consistently larger melting, and ITC data (see above).
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Table 2: Values oy in the 17-mer Duplex
d(CGCTAGAAGAAAGGA CG)d(CGTCCUTTCTTCTAGCG )? 8.2t
nucleotide >r fs nucleotide Sv fs "
C1 13.7 0.68 C16 143 0.78 i 62
T4 14.9 0.87 C18 13.7 0.68
A5 14.9 0.87 G19 14.3 0.78 .
G6 15.0 0.89 T20 143 0.78 758 - 2, - - 982
G9 143 0.78 C22 13.7 0.68 0 82"
G14 14.9 0.87 u23 143 0.78 I S R N
Al5 14.3 0.78 7.45 7.367.25 7.157.05 74 73 72 71 7.0

aThe S fraction was calculated3) usingfs = (3 — 9.8)/5.9.

Boldface values refer to the triplex-forming segment. Chemical shift (ppm)

FIGURE 7: NMR spectra of the 1317-17 triplex in D,O. Base-

) H2'"/H2' region of a 50 ms ROESY (left) and a 300 ms NOESY
The presence of the exchange cross-peaks in the ROESY(right) spectrum in BO. The nucleotide is shown in a square box

spectrum {ix = 50 ms) indicates an exchange rate constant (base-proton shift, F2 axis). Cross-peaks are labeled -a&'iBor

in the order of +10 st at 40°C. Cytosine 16, whose 8—2's, etc., denoting an intranucleotide NOE between the base
. . . " : ! roton and the H2H2" or a sequential NOE between the base

diagonal peak is resolved in .one-dlmenS|0naI spectra,_show roton of residue and the H2H2" of residue § — 1), respectively.

an exchange cross-peak for its H5 resonance. For an isolate

spin, and assuming that the spilattice relaxation rate  and poth the H2and H2' protons are present in the DQF-
constant for the C(H5) proton is similar in the duplex and cosy spectrum, which is not possible for an N-type sugar.
triplex states, as would be expected on the basis of the similargq, the purines, the HEH2' COSY cross-peaks are more
correlation times, the ratio of the cross-peak intensity to that jhtense than the HEH2" cross-peaks, indicating thét,»
of the summed diagonal and cross-peak intensities has a- 33, and they are predominantly S sugars. In contrast,
simple dependence on the exchange rate constants angh the third strand, the two cross-peaks are nearly equally
mixing time. Fitting the data to eq 9 gave a value af2 intense for many of the residues, such fidag ~ 3J;2-. This
s for k-4(1 + o) at 40°C. This is reasonable, given that  jygicates that the Hoogsteen pyrimidine sugars have a
the fraction of magnetization exchange~4% ata mixing  gjgnificant contribution from N-type puckers, which is
time of 100 ms, and the relative concentrations of triplex supported by the noticeably stronger NOEs evident forH3
and duplex states are in the-1P20 :1 range. From the initial g compared to H3-H8 in the purines. In addition, the
slope, we estimate thég ~ 0.2 s™. Even if a substantial  jnyranucleotide NOEs are consistent with predominantly
underestimation of the dissociation rate constant by SPR ISS-type sugar conformations (purines) and anti glycosyl
allowed for (see above), this indicates a high activation tqrsjon angles (and see below). Therefore, the sugars in the
energy for the triplex dissociation, which would be expected tripjex state must largely have conformations that are on
as the activation energy must be larger than the equilibrium gyerage similar to those in the free duplex, as we have
enthalpy. This strong temperature dependende should  previously observed in a comparison of an intramolecular
be kept in mind in any discussion of slow dissociation for triplex with the corresponding dupled@).
DNA triplexes (5). Particularly relevant to structural features are the intra-
The apparent rotational correlation times were measurednucleotide H2ZH3 —H8 and internucleotide H2H2''-HS8
using*H—H cross-relaxation for the 17-mer triple®3, 33) NOESs. In general, the intranucleotide'H218 NOE is more
and®'P relaxation 80, 31) for both the duplex and the triplex.  intense for the duplex than the triplex. In addition, the
Correlation times of 6.4t 0.5 (triplex) and 5.6-- 0.3 ns  sequential H2—H8 NOE is more intense than the HZH8
(duplex) were determined from ti&> NMR relaxation data, ~ NOE in the duplex, but these NOEs are more similar for
and 4.3+ 0.6 ns for the triplex from proton cross-relaxation. some steps in the triplex. This is particularly clear for A10
These correlation times are similar to those expected for (Figure 7), where the intranucleotide HBI2' NOE intensity
oligonucleotides of this sizeg). Itis commonly found that s low, indicating a glycosyl torsion angle that is different

the rotational correlation time determined frof® NMR from the average value found in DNA duplexes (i:€140°
relaxation is larger than that from proton cross-relaxation to —160° vs —100° to —12C°). The sequential NOE A2-
(30, 33, 52). (H2)—A11(H8) is comparable to that of the A1l intranucle-

Structural Conclusions The NMR spectrum of the 1 otide NOE, which is not the pattern observed in duplex DNA
17-17 DNA triplex is crowded, especially for the pyrimidine  in solution, indicating a different helical arrangement at this
strands. However, the resolution of the purine strand in both step (and others, cf. Figure 5). Together with the other NOE
the duplex and triplex states is surprisingly good. We have data, and the limited coupling results, this is consistent with
been able to determine values pf- for some of these a typical range of S sugars and glycosyl torsion angles in
residues in the duplex using COSY spectroscopy (Table 2),the duplex state, and somewhat smaller phase angles, a lower
and also cross-peak volumes from NOESY spectra. Ac- fraction s) of the S conformation, and a larger glycosyl
cording to the} ;- values, the purine nucleotides are primarily torsion angle in the triplex state. Where the resolution was
in the S domain in the duplex. The pyrimidine nucleotides sufficient, we have measured the time dependence of the
have lower values of 1, which is consistent with a greater intranucleotide NOEs, and used NUCFI35] to determine
degree of flexibility as is commonly observed in DNA the glycosyl torsion angleg), as shown in Table 3. Because
duplexes $3). The resolution in the triplex is poorer, and of the strong dependence pbn the H6/H8-H2' NOE, the
the resonances are somewhat broader due to the slightlyglycosyl torsion angles found for each nucleotide are
higher correlation time. However, cross-peaks between H1 determined within an interval of ca. ¥20°. As Table 3
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Table 3: Glycosyl Torsion Angles in the £17-17 DNA Triplex® Table 4: Interstrand NOEs in the DNA Triplex
nucleotide —y (deg) nucleotide —y (deg) nucleotide —y (deg) strand 1 strand 2 strand 3
G2 100-110  Al12  126-130 T20 96-110 T4(H2 ,H2") T35(N3H)
(ox] 116-120 G13 118130 T30 106-110 T4(Me) T35(H6)
A5 110-120 C16 118120 A31  106-110 T4(Me) T35(Me)
A10  140-150 G117 105125 T35 116-120 A5(H8) T35(N3H)
All  100-120 G19 115125 C36  126-130 T28(Me) T35(Me)
aTorsion anglesy) were determined from NOE time courses with C29(N4H1) C36(N4H1)
the program NUCFITZ5), as described. Values are given as the angle AS5(H8) C36(H1)
range accounting for the data. G6(H8) T37(HI)
G6(H2Z,H2") T37(N3H)
A7(H8) T37(N3H)
shows, theg; angles of some of the nucleotides in the triplex A7(N6H1,H2) T37(N3H)
state are larger than those in the duplex portions, or in duplex  A7(H8) T38(N3H)
DNA generally. These small but significant differences are ~ A7(H8) T38(H1)
also consistent with the observed triplex-forming induced ﬁgggé),HZ) gg((mgﬂ))
changes in proton chemical shifts (see above). We have AB(N6HL,2) T38(N3H)
recently shown that there are small but significant changes  ag(Hs) C39(H1)
in y-angles between the triplex and duplex states for a short ~ G9(H8) C39(N3H)
intramolecular triplex, and that these changes correlate with C26(N4H1) C39(N4H1)
the large changes in chemical shiffi<d. G9(H8) T40(N3H)
¢ . - A10(H8) T40(N3H)
Only the resonances in the purine strand are sufficiently GO(HZ,H2") T40(N3H)
resolved to provide a reasonable number of constraints.  Gg(Hs) T40(H1)
Models based on the available NOEs show that the purine  A10(H8) U41(H1)
strand is relatively well determined, and that overall the A10(H2,H2") U41(N3H)
triplex is similar to structures reported for intramolecular ~ A10(H8) U41(N3H)
parallel triple helices 1—11). A complete NOE-based ﬁﬂmgfﬂ 2) %111(('\,\%';))
structure calculation of the entire triplex is not warranted ALL(H2) T42(N3H)
by the data, however. A11(H8) T42(N3H)
Table 4 shows the assigned interstrand NOEs in the 17-  A12(H8) T42(N3H)
mer DNA triplex, chiefly between protons in strand 3 and A12(N6H1,2) T42(N3H)
the purine-rich strand 1. These include NOEs that are %23((&3 gjé(('ng))

characteristic for parallel ¥R-Y triplexes, i.e., NOEs
between the Hoogsteen imino protons and H8 of the purine
in the same triplet, as well as to Hand H2' of the 8

C21(N4H1,2)
C22(N4H1,2)
C21(N4H1)

C43(N4H1,2)
C43(N4H1,2)
C44(N4H1,2)

adjacent nucleotide, and also between the purine H8 and the ~ A12(H8) C43(HI)

H1' protons of the Bneighboring Hoogsteen nucleotidl). G13(H8) Caa(H]

In a recent X-ray structure of a partial DNA triple&4) G14(H8) T45(HD
Yy ' A15(H8) T45(N3H)

the Hoogsteen bases lie substantially out of the plane formed
by the Watsonr- Crick base pairs. In the published solution

a2 The base numbering system is shown in Scheme 1.

NMR structures for parallel triplexes that do not contain

mismatches or modified baseK) 11), the Hoogsteen bases and approaching the base triplet below in the sequence.
also lie out of the plane, though no NOEs were reported This buckling also makes possible long, weak hydrogen
that directly determine this noncoplanarity. In this case, we Ponds, analogous to those proposed between neighboring
observe NOEs between T(Me) and C(H5) on Hoogsteen base pairs in oligo(dAdligo(dT) structuresg5), beMeen
strand 3 bases with T(Me)/C(H5) on (Watse@rick) C(N4) or T(02) of the Hoogsteen base and one rt_aS|due below
pyrimidine strand 2, but two base triplets removed in the 3 N the sequence context AG or GA, but not in either AA or
direction (Table 4 shows three such NOEs). These were GG. ) )

observed even at a mixing time of 50 ms. For a canonical _1he differences in the NOE peak volumes between the
structure, where the three bases of a triplet are coplanar, thdiPlex and duplex are smaller outside the junction regions,
distance between these protons would be approximately 7indicating that the_molecule soon reverts to its n_ormal DNA
A, which is beyond the limit of detectability for NOEs in  duplex conformation. However, the &nd 3 junctions are
these molecules. Further, there is no obvious spin-diffusion N0t equivalent as, at the function, the strong NOEs and
pathway that would produce any significant magnetization ROEs between_ T4 and T35 |nd|cate stackmg of the terml_nal
transfer between these protons. Full relaxation matrix Hoogsteen residue on the first base in the duplex portion
calculations on model structures with coplanar bases wereP€fore the junction (see Table 4).

carried out to verify that these NOEs are not observable atCONCLUSIONS

these mixing times. In contrast, in structures where there is
a significant buckle of the Hoogsteen base that shortens this Equilibrium thermodynamic measurements taken for this
distance to<5 A, significant NOEs of this kind could be  DNA triplex system using CD, UV melting, and calorimetric
present. Hence, the observed NOEs imply that the actualmethods are mutually consistent and indicate Khat 2 +
distance in the present triplex is less thaB A, which is 0.5uM at 25°C and pH 5.1+5.2, with aAH,y of 75 kcal
consistent with the Hoogsteen bases buckling out of the planemol~* and anapparentAH° of 42 kcal mot?®. The enthalpic



DNA Triplex Containing 5and 3 Duplex Junctions Biochemistry, Vol. 37, No. 43, 19985197

discrepancy may in part be related to a markedly temperature-SUPPORTING INFORMATION AVAILABLE
dependentAH® term (AC, = —0.6 kcal mof! K1), as
established for other intermolecular triplexe&$,(42), and
hence that the two-state (all-or-none) assumption used in
van't Hoff analyses may not be appropriate for triplex
formation. Previous studies indicate that such lafge,
values cannot be readily explained in terms of binding-related
changes in solvent-accessible surface area for the reactantREFERENCES
(42), indicating that temperature-related changes in microstate 1. Searle, M. S. (10039r0g. NMR Spectrosc. 2803-480
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5
6

Three figures showing a UV melting curve for the triplex,
a DQF-COSY spectrum (1Z7 duplex), and a NOESY
exchange spectrum (1.7-17 triplex) and two tables dH
NMR assignments (9 pages). Ordering information is given
on any current masthead page.
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