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ABSTRACT: The effects of cytosine protonation and various cations on the properties of parallel pyrimidine
motif DNA triplexes were intensively investigated and characterized by several different techniques, such
as circular dichroism (CD) conformation, ultraviolet (UV) melting, differential scanning calorimetry (DSC)
thermal denaturation, and surface plasmon resonance (SPR) real-time dynamics. The comparative CD
spectra of the triplex and the corresponding homoduplexes showed that the negative p2aR aim

would be the eigenpeak of the Hoogsteen paired strand, and moreover, the formation pathway of a triplex
was significantly pH-dependent and fell into three groups: under acidic conditions, the triplex is formed
by a one-step docking, under near physiological conditions, the Watnok duplex is first structured

and then accepts the Hoogsteen third strand into its major groove, and under basic conditions, the triplex
is not formed. The pH-dependent thermodynamics of the global triplex, the Wa@sak antiparallel

duplex, and the CrickHoogsteen parallel duplex were comparatively discussed for the first time. These
data revealed that the thermodynamic stabilities of the WatSoitk—Hoogsteen triplex and the Criek
Hoogsteen duplex would be strongly dependent on cytosine protonation, but a low-pH environment
somewhat destabilized the Watse@rick duplex. The binding energy of triplex formation would be
different from the unfolding energy of triplex melting under acidic conditions due to the disparity in the
pathway between the formation and unfolding of a triplex. Real-time dynamic measurements showed that
the association and dissociation rate constants of a duplex-to-triplex formation areH0.24) x 10°

M~1 s and (4.094 0.96) x 104 st at 20°C and pH 6.0, respectively. The formation energy of the
duplex-to-triplex transition derived from SPR measurements was in agreement with the unfolding energy
of the free Hoogsteen paired duplex derived from UV measurements. The calorimetric enthalpies of the
triplex-to-duplex-to-single transition were 39.3 and 75.3 kcal/mol under near physiological conditions
(pH 7.0), respectively, which were underestimated relative to the van't Hoff enthalpies. In addition, the
effects of various cations, ionic strength, mixed-valent cations, and the position of th&-C triplets

on the thermodynamics of the triplexes were addressed under near physiological conditions. The interaction
of metal ions with the triplexes clearly depended on the type and ionic strength of the cations, and the
efficiency with which the cations stabilized the global triplex was in the ordet'MgMn?t > C&*t >

Ba2" > Na'. These observations would be useful for the design of triplex-forming oligonucleotides for
antigene drugs and therapeutic purposes.

Nucleic acids have the potential to form not only double specific modification to recognize the double-stranded
helix structures X) but also triple and G-quadruple helix nucleic acid targets or the cleavage of nucleic addds1().
structures Z, 3). Despite a lack of direct evidence for the These potential gene-targeted therapeutic and biotechnologi-
tertiary structure of nucleic acids in vivo, the presence of cal applications have provoked considerable interest in triplex
H-DNA was often considered to regulate gene transcription formation and stability {1—18). In general, triplexes can
(4, 5 and the sequence-specific DNA ligands of the triplex- be subdivided into intermolecular and intramolecular com-
forming oligonucleotides (TFOs) have been proven to target plexes and have parallel and antiparallel structures according
specific mutations in somatic cells of adult mice after tothe composition and orientation of the third strand. Parallel
intraperitoneal injectiong, 7). Moreover, the oligonucleo-  motif triplexes require protonation at N3 of the cytosine
tide-directed triplexes were extensively applied for sequence-residues and are stabilized by low pH and high ionic strength
(13, 19-23). Surprisingly, the pH dependence of the
thermodynamic characterization for a parallel motif triplex,
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Metal ions play an important role in biologically stabilizing with a Hitachi SPR-10 thermoprogrammer and temperature
the structures of nucleic acids and could have promoted theprobe. The water condensation on the cuvette exterior in the
evolution of nucleic acid structure2—28). Although the low-temperature range can be avoided by flushing with a
cation effects on triplex formation have been investigated constant stream of dry nitrogen. Melting curves were
by several chemical method41(, 29, 30, 3}, the cation collected by UV absorbance (260 nm) as a function of
dependence of the thermodynamic property and stability for temperature. The heating rates were fixed at 0.5 orrC/0
triplex formation has not been well characterized under nearmin according to the cuvette path lengths and strand
physiological conditions. To apply triplexes as the therapeutic concentrations. Prior to the sample experiments, all samples
antigene drugs for artificial control of gene expression in were first annealed and degassed by heating the sample
vivo, a more detailed investigation remains to be addressed.cuvette to 95°C for 20 min and then cooled to room

In the present study, we first characterized the' §jgectra temperature. The samples were allowed to stabilize-ftd
of the Hoogsteen paired strand by comparing the conforma-min at the beginning temperature of each heatiogoling
tional differences between the global Wats@@rick— cycle.

Hoogsteen triplex, the WatseiCrick antiparallel duplex, and CD MeasurementsCD spectra were recorded on a Jasco
the Crick-Hoogsteen parallel duplex, and then divided the J-820 spectropolarimeter equipped with a PTC-423L tem-
formation pathway of a parallel pyrimidine motif triplex into  perature controller. DNA samples were equilibrated~&0
three groups over a wide pH range. The protonation effects min prior to each scan. For each sample, at least six spectrum
on the thermodynamic properties of the global triplex, the scans were accumulated over the wavelength range of 200
Watson-Crick duplex, and the CrickHoogsteen duplex 350 nm and the temperature range efd® °C in a 0.1 cm
were investigated and extensively compared for the first time. path length cell at a scanning rate of 10 nm/min. The scan
The dynamic binding ability of the Hoogsteen strand to the of the buffer alone was subtracted from the average scan
host duplex was further evaluated by surface plasmonfor each sample. CD spectra were collected in units of
resonance (SPR). In the end, we also focused on the influencenillidegrees versus wavelength, normalized to the total
of various cations, ionic strength, mixed-valent cations, and species concentrations, and then converted to e versus

the position of the €CxG-C triplets on the triplex stability  wavelength 83). The cell holding chamber was flushed with

under near physiological conditions. a constant stream of dry nitrogen to avoid water condensation
on the cell exterior.

MATERIALS AND METHODS DSC Measurement®SC measurements were performed
DNA Oligonucleotide Preparation and PurificatioWari- on a MicroCal VP-DSC microcalorimeter. The calorimeter
ous 12-mer DNA oligonucleotides,-5CTTCTCTTTCT- was calibrated by using pure paraffin hydrocarbons sealed
3 (PyW1), B-AGAAAGAGAAGA-3' (PuCl), 5TCTTT- in a steel capillary tube with an internal heater for a
CTCTTCT-3 (PyH1), B-TTTCCTTCTTCT-3 (PyW2), 5- calibration pulse. Prior to scanning, the buffer and samples
AGAAGAAGGAAA-3' (PuC2), 5TCTTCTTCCCTTT-3 were vacuum degassed. Buffer versus buffer cells was
(PyH2), B-TTTCCCTTTCTT-3 (PyW3), B-AAGAAAGG- scanned to determine the baseline of the instrumental

GAAA-3' (PuC3), and STTCTTTCCCTTT-3 (PyH3), were variation between the cells of the calorimeters before DNA
synthesized on a solid support using the standard phosphorsamples versus buffer scans were collectgd. For each DNA
amidite chemistry process on an Applied Biosystems model S@mple, six scans were collected from 0 ta*@0at a rate of
391 DNA synthesizer and were purified by HPLC with 60 °C/h. The resulting sample versus buffer scans collected
Wakosil-Il 5C18RS cartridges after deblocking operations. for each sample were averaged, and the buffer versus buffer
These oligonucleotides were further purified and desalted Paseline was subtracted and then normalized by the strand
with Sep-Pak C-18 cartridges. The final purity of the concentration and the sample volume to obtain the excess
oligonucleotides was confirmed by HPLC. The oligonucleo- heat capacity ACp, versus temperaturel, profiles. The
tides were then aliquoted in various buffer solutions for CD, transition temperature was determined by the peak height
UV, DSC, and SPR experiments. Single-strand concentra-maximum of the baseline-correcté&dCp vs T profiles, and
tions were determined by measuring the absorbance (260the calorimetric enthalpy was calculated from the integration
nm) at a high temperature. The different DNA strands were aréa {1, 17, 21, 33, 34 _
mixed in equimolar amounts, and the total species concentra- SPR Measurement& BlAcore biosensor was used for
tions were estimated by averaging the extinction coefficients SPR measurements. Streptavidin was immobilized onto a
of the single strands3Q). sensor chip (CM5) using amine coupling chemistry at a flow
UV Measurement&JV thermal scans were carried out on  ate of Sul/min in HBS buffer (10 mM HEPES, 150 mM

Hitachi U-3200 and U-3210 spectrophotometers equipped NaCl, 3.4 mM EDTA, and 0.005% P20 surfactant). Thirty
uL of streptavidin was injected at 40@g/mL in 10 mM

! Abbreviations: UV, ultraviolet; CD, circular dichroism; DSC, sod_lum acetate (pH 5.0), followed b,y the reaction _Of BXCESS
differential scanning calorimetry; SPR, surface plasmon resonance; activated groups wit 1 M ethanolamine hydrochloride (pH
HPLC, high-performance liquid chromatograpfy;, maximum tem- 8.5) to give a response ef3600 response units (RUs). The
%ers\tlurg%f the derivative absorbance vs temperature cundédi(ds. - piotinylated PuC1 (Bt-PuC1) was injected at a concentration

: W—C duplex, Watsor Crick duplex with the antiparallel pyrimi- . -
dine—purine paired double helix; €H duplex, Crick-Hoogsteen of 5 uM until ~400 RUs were captured by. the streptavidin
duplex with the parallel purinepyrimidine paired double helix;  surface. The same amount of PyW1 was injected to form a
W-—C—H triplex, Watsorn-Crick—Hoogsteen triplex with the pyrim- W-—C duplex with the biotinylated ODN. After being

idinex purinepyrimidine paired triple helix, where< indicates the ; ; i ;
Hoogsteen paired strand with the parallel deoxyribgsfgosphate extensively washed and reaching equilibration, PyH1 was

backbone and indicates the WatsonCrick paired strand with the ~ then injected over the immobilized PyWLC1 duplex
antiparallel deoxyribosephosphate backbone. surface to form a W C—H triplex. All experiments were
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carried out at 20°C and at a flow rate of 1xL/min in
running buffer (10 mM MgGJ50 mM MES, pH 6.0). The
chip surface was regenerated with 80 of HCI (0.01 M),
followed by an injection of PyW1 to renew the immobilized
duplex surface prior to each experiment cycle.

pH Dependence of Thermodynamic Analydinless

Sugimoto et al.

respectivelypy is the molar fraction of the Hoogsteen strand
in the structured triplex state for the Hoogsteen transition,
andaywc is the molar fraction of the WatserCrick duplex

in the corresponding coiled state for the Wats@rick
transition (2, 13, 43. Although the two transitions may
overlap each other in a certain range, this cross-effect can

otherwise specified, the thermodynamic parameters of abe nearly neglected at the melting temperatui&s 29, and
triplex association/dissociation reaction were determined by the values ofwyc anday at which the derivative absorbance
UV melting measurements. Within our experimental range, vs temperature curves reach their maxima shoule-6et2

the unfolding of the triplex-stranded DNAs is strongly

and ~0.50, respectively 41, 42. Thus, the van't Hoff

dependent on the pH values of the solution medium and falls equations can be simplified by

into three different groups (see the text below).
(1) Under acidic conditions (pH 6.5), the global triplex

unfolding proceeds in a monophasic triplex-to-coil collapse

(12, 35, 36, 37, 3B
SwScSi = Sw+ Sc+ Sy
and the equilibrium constanky, can be written as
= (WSS _1-arg
[SWISdSd o C2

o 2T

where $/ScSy represents the WatseiCrick—Hoogsteen
triplex, AHr andASy are the van't Hoff enthalpy and entropy
of triplex formation, respectivelyqr is the molar fraction
of the coiled strands in the structured triplex form, ahd

is the total species concentration. At the maximum temper-
ature of the derivative absorbance vs temperature curyés (d

dT vs T), ot should be equal te-0.63 @7); therefore, the
van't Hoff equation can be written as

C,  AS

N3e65" 2)

L_ 2R
T 1
AH;

m = AH,

(2) Under near physiological conditions (pH #10.5), the
global triplex unfolding proceeds in a biphasic triplex-to-

duplex-to-single transition and can be deconvoluted into two
coupled subtransitions, a Hoogsteen transition and a Wat-

son—Crick transition (1, 14, 25, 35, 3942)
SwScSh = SwSc + Sy =Sw+ S+ S

and the corresponding equilibrium constan€g,and Ky,
can be given by, respectively

K. = [SwScSHl _ 1—oy 3 _
"ISWSISH an(ay — ayd) Cr
—AH, + TA
e ) @

Ko — [SwSdl _ %7 %we 3 _
TSNS T gl G
o F(—AHWCI;-—F TASWC) @

where $ySc represents the WatseiCrick duplex,AHy, ASy,
AHwc, andASyc are the van't Hoff enthalpies and entropies
for the Hoogsteen transition and Watsa@rick transition,

LR G AS

T =an, "1035" AR, ©)
1 R G ASe

Twe _Achln 6 +Ach (6)

(3) Under basic conditions (p# 8.0), the triplex strand
is not formed and the complex unfolding merely includes a
monophasic duplex-to-coil transition. That is

SwSc+Si= Syt S+ Sy
and the equilibrium constanip, can be given by
_[SySdISd _1-op 3 _
° [SwlSdiSHl  op? Cr

whereAHp andAS; are the van't Hoff enthalpy and entropy
of duplex formation in the 1:1:1 mixture of the three strands,
respectively, and is the molar fraction of the coiled strands
in the structured duplex form. For this case, the maximum
temperature should take placewt = 0.50 @4, 46, and
therefore, the van't Hoff equation can be written as

o R G AS
o =an, "% T an,

8
Although more complicated models would be suggested for
intramolecular triplex formationl®, 27), the thermodynamic
parameters of intermolecular triplex formation derived from
the 1M, vs In(C¢/n) plots can provide a reasonable ap-
proximation within the allowed range of deviatio?5j. For

the Watson-Crick antiparallel duplex and the Criek
Hoogsteen parallel duplex, the thermodynamic parameters
of duplex formation can be directly estimated by the van’t
Hoff equation 44, 46:

R G AsS
To =ar"M 7 T AR

9)

It should be emphasized that to avoid possible errors in
estimating the thermodynamic parameters due to the differ-
ence between the maximum temperature and the melting
midpoint temperature4(’), the van't Hoff enthalpies and
entropies of the antiparallel and parallel duplexes were still
determined by using the maximum temperature of the
derivative absorbance versus temperature curves.
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FiGure 1: Representative CD spectra of the PyHUCIPyW1
triplex (O), the PyWiPuCl antiparallel duplexd), and the
PuC1xPyH1 parallel duplex4) in 10 mM Mg+ buffer. All spectra
were collected at 0C and in a total species concentration of
70 uM.

Kinetic Analysis for Binding of the Hoogsteen Strand to
the Watsor-Crick Duplex.A one-to-one reaction model is
assumed for the kinetic analysis. The association sensorgram
is the net result of the association reaction and dissociation
reaction, and therefore, the apparent association rate of the
duplex-to-triplex reaction can be described by

dR 200 220 240 260 280 300 320 340
ot KCh(Rmax — R — kR (20) Wavelength (nm)
FIGURe 2: CD spectra of PyH¥PuC1PyW1 triplex formation as

. . . . a function of temperature in 10 mM Mg50 mM HEPES buffer
whereR is the response at timg Ruax is the maximum  (p4 7.0). To clarify the conformational changes in the two
responsek, andky are the association and dissociation rate sequential transitions, the entire temperature range was divided into
constants, respectively, an@y is the Hoogsteen strand two parts: (A) WatsorCrick transition region (4670 °C) and
concentration. A plot of Bict vs Rgives a line with a slope - {8) HERRSEn HaRl o 888t (O . T o an imerval
of —(kC + ki), the so-called apparent association constant, e rease of 5C. All spectra were collected in a total species
kobs By measuringips at different Hoogsteen strand con-  concentration of 7@M.

centrationsk, is thus obtained as the resulting slope of a

kops Vs Ci plot (48). _ _ blue shift in the peak position. Given the structural features
The dissociation rate constakg, can be directly estimated  of the parallel triplexes by high-resolution NMR spectroscopy
by the dissociation sensorgram according to and X-ray crystallographylé, 51-53), the negative peak
at~218 nm would be regarded as the eigenpeak of the CD
drR - _ spectra for the Hoogsteen paired strand, which suggests that
kR (11) nd, wh
dt the Hoogsteen strand would harbor rightly in the center of

the major groove of the host YWC duplex to form the

and a plot of InR/Rnay) Vs t yields a line with a slope of  parallel triplex, and meanwhile, the addition of the Hoogsteen
—ks. The resultingkq is obtained by averaging the values strand needs only small readjustments of the hostGN
derived from different Hoogsteen strand concentratid8s ( duplex to adapt this conformational change without signifi-
50). The equilibrium affinity constant and free energy are cantly distorting the duplex structure. Analogous observations
further evaluated by the equatiolis= ki/k; andAG = —RT have been reported for the previous CD studié®, 43,
In K, respectively. 54, 59.
Conformational Changes and Formation Pathway of the
RESULTS AND DISCUSSION Triplex at Various pH ValuesThe CD spectra of PyHd

Eigenpeak of the CD Spectra for the Hoogsteen Paired PUCtPyW1 triplex formation in 10 mM M§/50 mM
Strand.The representative CD spectra of the PyHPLIC2 HEPES buffer (pH 7.0) are shown in Figure 2. The spectra
PyW1 triplex, the PyWPuC1 antiparallel duplex, and the demonstrate that triplex formation under near physiological
PuC1xPyH1 parallel duplex at OC are shown in Figure 1.  conditions can be divided into two sequential processes: the
The direct conformation comparison of the triplex and host Watson-Crick base-pairing (high-temperature region) and
W—C duplex reveals that the two structures are characterizedthe Hoogsteen base-pairing (low-temperature region). In the
by strong positive peaks at282 nm and negative peaks at Watson-Crick transition region, with decreasing tempera-
~251 nm, but the peaks at218 nm are just opposite each ture, the CD spectra show the typical feature of duplex
other in the vectorial direction. In contrast, the CD spectra association, in which the first positive peak and the first
of the C—H duplex are remarkably similar to those of the negative peak (hereafter numbered consecutively from long
triplex, differing only in the intensity of the peaks and a slight wavelength to short wavelength) are remarkably enhanced
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in magnitude, and two isoelliptic points occur-a228 and
~265 nm. When the temperature continues to decrease, the A
association process enters into the Hoogsteen transition -
region. In this region, the second positive peak is dramatically g
reduced in magnitude, and finally, the entire peak disappears ”-E
£
&
&

and turns into a negative peak, which reaches a minimum
when the Hoogsteen strand completely associates with the
host W-C duplex into the structured WC—H triplex. In

contrast, the first positive peak is reduced in magnitude while

the first negative peak is raised nearly to the same magnitude Py

as the first positive peak. Meanwhile, the position of these . ) . . . .

two peaks is accompanied by a clear red shift. Alternatively, 0 10 20 30 40 50 60 70
the CD spectra in the wavelength range of 2282 nm seem Temperarture ('C)

to move downward to the long wavelength nearly in a
parallel pattern. Moreover, only one isoelliptic pointa236

nm may reflect that this transition is from duplex to triplex.
Anyway, these observations reveal that the-@/duplex is

first structured and then accepts the Hoogsteen third strand
into its major groove to form the triplex.

The CD spectra under acidic or basic conditions are
obviously different from those under near physiological
conditions. At low pH, with decreasing temperature, the
magnitudes of all the peaks are simultaneously enhanced and
no positive peak is observed at218 nm. Moreover, the

shift in peak position does not take place~&18 and~282 25 1'0 ” 3'0 0 0 6'0 70
nm (see the Supporting Information). This implies that the Temperature (C)

triple.xlwould be for_med by a one-step docking under ac_idic Ficure 3: pH-dependent CD spectra for complex formation of
conditions 5). At high pH, the CD spegtra have no ”?gf?‘“Ve PuC1 and PyW1 and/or PyH1 strands as a function of temperature
peak at~218 nm and present a typical characteristic of at (A) ~218 nm and (B)~282 nm: pH 5.5©), pH 6.0 (0), pH
Watson-Crick duplex formation along with the temperature 7.0 (»), pH 7.5 ), pH 8.0 (+), pH 9.0 (x).
change (see the Supporting Information), which suggests that
the triplex is not formed under this condition. The pH-
dependent CD spectra of the complex formation of PuC1
and PyW1 and/or PyH1 strands as a function of temperature
are extracted at two characteristic wavelength218 and
~282 nm, as shown in Figure 3. These spectra further
confirm that the formation of DNA complexes in the 1:1:1
mixture of the three strands falls into three different groups:
at pH < 6.5, the triplex is formed in a single-to-triplex
docking, at pH 7.6-7.5, the triplex is formed in a single-
to-duplex-to-triplex docking; and at pH 8.0, the triplex is o . . . .
not formed and only the duplex is formed in a single-to- 4 5 6 7 8 9
duplex docking. pH

Protonation Effect on the Thermodynamics of the@v-H FiIGURE 4: pH-dependent free energies of the PWPLICIPYW1
Triplex, W—-C Duplex, and GH Duplex. UV melting triplex (O), the PyWiPuC1 antiparallel duplexd), and the

experiments show that, at low pH, the unfolding of DNA EU\?V]BP_YZE (F;)afs&'ﬂ)gg%eflg)é(lgﬂ éﬁ%ZH 1A)G(:|)°y;|”1>é§’ue(iil
complexes 'S a monophasiq transition and has a h!gh m)(/ants were pgrformed in 10 mM Mg c{)ntainin.g a 50IO mM
hyperchromicity, at near physiological pH, the unfolding is  concentration of the following buffers: Trisacetate buffer (pH

a biphasic transition, and at high pH, the unfolding is still a 4.5-5.0), MES buffer (pH 5.57.0), and Tris-HCI (pH 7.5-9.0).
monophasic transition but has a low hyperchromicity (see

the Supporting Information). These observations are quite namic stability of the PyWPuC1 duplex has a slight
consistent with CD measurements and imply that the triplex reduction with decreasing pH. This suggests that protonation
association/dissociation transition is a reversible process. Tohas two opposite effects: one is to promote the stabilities
gain comprehensive insight into the possible effect of of the W—C—H triplex and C-H duplex, and the other is
protonation on the different base pairs and backbones, theto decrease the stability of the YC duplex. It should be
pH-dependent thermodynamics of the PyPuCIPyw1 emphasized that the structural forms of the PuC1 and PyH1
triplex, the PyW3iPuC1 antiparallel duplex, and the PuC1  paired strand at various pH values were further confirmed
PyH1 parallel duplex were also investigated under identical by CD spectra (see the Supporting Information). The results
conditions, as shown in Figure 4. These data reveal that theshow that the PuC1 and PyH1 paired strand is a parallel
thermodynamic stabilities of the PyltPuC2PyW!1 triplex duplex (i.e., PuC¥PyH1) at low pH but rearranges into the
and the PuC&PyH1 duplex are clearly dependent on pH antiparallel duplex with bulges at pH 7.0 or higher, which
and are enhanced with decreasing pH, while the thermody-is in good agreement with the previous stuéy)(

25

-AG (kcal/mol)
s @ &

W
T
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Table 1: Comparative Kinetics and Thermodynamics for PyRUC*PyW1 Triplex Formation at 20C and pH 6.8

SPR measuremefits UV measurements
Ka kg AG AG(W—C—H) AG(W—C) AG(C—H)
(1M 1tsY (104s™h (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1.98+ 0.24 4.09+ 0.96 —8.96+ 0.12 —24.58+ 0.50 —13.39+ 0.16 —8.97+ 0.06

2 All experiments were performed in 10 mM MIg50 mM MES buffer (pH 6.0)® k,, ks, andAG are the association rate constant, the dissociation
rate constant, and the free energy change from theQWuplex to the W-C—H triplex, respectively®¢ AG(W—C—H), AG(W—C), andAG(C—H)
are the free energies of the-YC—H triplex, the free WatsonCrick antiparallel duplex, and the free Crickloogsteen parallel duplex, respectively.

In addition, Figure 4 also reveals the fact that the free 300
energy of the global triplex is much smaller than the sum of
the free energies of the free Watse@rick duplex and free 30

Crick—Hoogsteen duplex under acidic conditions, that is,

L]

(=

(=]
T

AG(W—-C—H) < AG(W—C) + AG(C—H), which suggests &

that a larger energy would be required to disrupt the § 150 F e |
W—C—H triplex compared to individually disrupting the g, \;\\t
W—C duplex and G&H duplex. Alternatively, the triplex is g 1or P

a more stable complex than expected, and its unfolding would i ]
be the one-step collapse of the global molecule under acidic
conditions. This observation is slightly different from the
unfolding mechanism proposed by other lab3,(55. The 0 5'0 1(')0 1;0 2(')0 750
possible interpretation is that the d(©Qn,xd(AG)d(CT), Time (s)

triplex has two structural forms, the90% 3 dangling triplex

and the~10% 3 dangling triplex, at low pH 13, 22, 23, Ficure 5: SPR sensorgram of binding of the PyH1 strand to the

: : target PyW3PuC1 duplex to form the PyHdPuCtPyW1 triplex
and a small amount of the unstabledangling triplex would at 20°C and pH 6.0 (10 mM MgGI50 mM MES buffer). The

be first denatured. However, under our experimental condi- arrow indicates the increase in the PyH1 strand concentration (0.5,
tions the PyHXPuC2PyW1 triplex has only one form. 1.0, 2.5, 5.0, 10.0, 20.0, and 4Qu®/).

Anyway, the pH-dependent thermodynamics of triplex
formation has been reported only infrequently. The thermo- strand being independent of the structural forms of the host
dynamic properties of the Hoogsteen paired strand werestrands. As a result, we concluded that the formation energy
merely estimated by using the difference in the thermody- of a triplex would be different from its unfolding energy
namic parameters between the global triplex and its hostunder acidic conditions due to the disparity in the pathway
W-—C duplex 87), that is,AG(C—H) = AG(W—C—H) — between the formation and unfolding of a triplex (see the
AG(W—C). It should be emphasized that the thermodynamic text above). This case is very similar to a high hysteresis
stability of the Hoogsteen paired strand derived in this way between the formation and unfolding of a parallel triplex
was generally overestimated, at least in our experimental (56).

range. Furthermore, our results imply that parallel triplex Thermodynamic Comparison between Spectroscopy and

formation at low pH may have three pathways but its cajorimetry MeasurementBSC, as an alternative method,
unfolding is merely a one-step collapse as follows: has been applied more and more extensively to determine

wn
o

(=]

+S. +S. = i the thermodynamic parameters of oligonucleotides. DSC
Sw St ST SuSeSy ® experiments for the PyHdPuCtPyW1 triplex thermal
+S,— ii denaturation were carried out at a concentration oftbD
SwSe + S SwSeSy O in 10 mM MnCkL/50 mM HEPES buffer (pH 7.0) (see the
Sw+ ScSy— SwScSy (iii) Supporting Information). The results show that the triplex

unfolding was a biphasic transition from the viewpoint of

Dynamic Detection of Triplex Formatiofigure 5 shows  excess heat capacity under near physiological conditions, in
a typical series of SPR sensorgrams for binding of PyH1 to agreement with UV and CD measurements. The calorimetric
the PyW1PuC1 duplex to form the PyHdPuC:PyW1 enthalpy can be estimated by a cubic progressive baseline
triplex at 20°C in 10 mM MgCL/50 mM MES buffer (pH and the general assumption AACp = 0 [whereAACp =
6.0). The association rate constant and the dissociation rateACp(pre-transition}- ACp(post-transition)] {7, 21, 33, 34,
constant are determined to be (128.24) x 1° M~1s™1 57). The calorimetric enthalpies for the Hoogsteen transition
and (4.09+ 0.96) x 104 s %, respectively, which are quite and Watsor-Crick transition are 39.3 and 75.3 kcal/mol,
consistent with previous reportg4, 48, 49, 50, 56 To gain while the corresponding van't Hoff enthalpies are 59.8 and
further insight into the equilibrium affinity ability and  102.2 kcal/mol under identical conditions, respectively. Such
thermodynamic properties of triplex formation, the kinetic a discrepancy in the two enthalpy sets for the oligomeric
data and thermodynamic data are directly compared in Tabletriplexes has been observed by other labs, and in general,
1. The results show that the binding energy of PyH1 to the the calorimetric enthalpy was smaller than the van't Hoff
PyWZXPuC1 duplex derived from kinetic measurements is enthalpy (1, 21, 34, 48 Similarly, clear differences in the
remarkably consistent with the unfolding energy of the free thermodynamic enthalpy derived from spectroscopy and
PuC1xPyH1 duplex derived from thermodynamic measure- calorimetry measurements have been observed in duplexes
ments. This reflects the formation of the Hoogsteen paired (33, 58 and G-quadruplexe$9).
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The difference between the van't Hoff enthalpy and 60

calorimetric enthalpy appears to be a general problem that A Single strands

has been recently addressed by several [2bs33, 48, 58 50

62), all with slightly different conclusions and different o

emphases. Thermodynamics derived from UV measurements 40 /

is model-dependent. The usual interpretation is that the helix- & 30l

to-coil unfolding would be a partial two-state transiti8( TR Duplex + Hoogsteen strand

60, 6] and the difference in hydration between the structured 20k A A A

groups and the coiled groups would result in a heat capacity 5

increase44, 48, 62. However, several observations argued 10 Parallel Triplex

against this explanation. The DSC transition profile showed

that the two peaks for the Hoogsteen transition and Watson o3 T 100

Crick transition are clearly symmetric (see the Supporting Mg concentration (mM)

Information), which confirms the validity of the two-state 60

approximation within our experimental range. On the other B _

hand, the transition temperatures derived from DSC mea- sol Single strands

surements are very close to the maximum temperatures o o S

derived from UV measurements, which implies that the 40+

change of heat capacity in the spectroscopy analysis can be o

neglected for short triplex formation. These observations are =30} Duplex + Hoogsteen strand

in good agreement with the recent study on the triplex &

energetics 25). In contrast, thermodynamics derived from 20 .

DSC measurements is considered to be model independent. 10 o s

Nevertheless, this method still implies the general assumption Parallel Triplex

that the difference in excess heat capacity between the native olLu s

and denatured stateAACy, is taken as zerol(l, 17, 21, 1 " 10 100
Mg” concentration (mM)

34, 48. Considering that the calorimetric enthalpy is directly
determined by excess heat capacity as a function of tem-FIGURE 6: Mg?" concentration dependence of the melting temper-

perature, a change in excess heat capacity of various@ture of the PyH% PuCtPyW1 triplex for the Hoogsteen transition
. . (») and Watsor-Crick transition {J). All experiments were carried
transition states (the structured triplex, the duplex and i in 50 mm HEPES buffer (pH 7.0) in (A) the absence of 1 M

Hoogsteen strand, and the coiled strands) would be ana* and (B) the presencef @ M Nat. The data were determined
dominant factor for the discrepancy between the van't Hoff in a total species concentration ofu/.

enthalpy and calorimetric enthalpy. This viewpoint is further
supported by recent studie§9, 60 in which the 100% concentrations are still low. Although the melting temper-
disparity between the two enthalpies could be canceled whenatures of the Hoogsteen transition and WatsGrick transi-
AACp = 0 was considered progressive§g]. Although the tion increase with increasing Naoncentrations, the stability
changes in excess heat capacity of the pre-transition and postef the Hoogsteen paired strand more strongly depends on
transition states were suggested to be temperature-dependettite ionic strength than does that of the Wats@mick paired
and the more appreciabl&ACp set was put forward to  duplex (data not shown).
improve the calorimetric enthalpy9, 60, it does become To gain insight into the effect of the mixed-valent cations
very difficult to determine the differences in excess heat on the triplex stability, the melting experiments for the
capacity of each state, especially the intermediate state (thePyH1x PuCtPyW1 triplex were carried out in the absence
coexisting state of the duplex and Hoogsteen strand) due toor presencefdl M Na* containing various Mg concentra-
the slight overlap between the Hoogsteen transition andtions (pH 7.0), as shown in Figure 6. The results show that
Watson-Crick transition. Moreover, the different baseline the melting temperature of the Watse@rick transition is
constructions in the calorimetry analysis would give rise to more dependent on the NMigconcentration than that of the
some discrepancy in the resulting calorimetric enthaffyy (  Hoogsteen transition in the absence oftN@he possible
59), but it still lacks an unambiguous rule to assign the DSC interpretation is that Mg presents a site-specific binding
baseline under the current conditions. and is predisposed to bind to phosphate groégy (vhich
Effects of lonic Strength and Mixed-Valent Cations on may favor stabilizing the duplex more than the third strand.
Triplex Stability.The stability of a triple helix structure can In contrast, the melting temperature of the Wats@mick
be influenced by the ionic strength and mixture of mono- transition becomes nearly Mgconcentration-independent
valent and divalent cationsl{, 13, 17, 21, 25, 31 We in the presencefd M Na', and the melting temperature of
investigated the effect of the Naconcentration on the the Hoogsteen transition in the presence of Naclearly
PyH1x PuC1PyW1 triplex stability, where the Naconcen- lower than that in the absence of NaThis result may be
trations were changed from 10 mM 2 M and the total attributed to the competition between the two different valent
species concentrations were changed ov&d0-fold (data cations when binding to the triplex. Since Nis typically
not shown). The results show that when both thet Na non-site-specific and binds to phosphates and bases, under
concentrations and the strand concentrations are low, thesuch a high Na concentration, Na almost shields the
melting temperatures of the Hoogsteen transition are too negative charges where Kfgwould bind, which results in
small to be determined, but this case cannot be observedhe insensitivity of the W-C duplex stability on Mg and
when the N& concentrations are high while the strand reduces the stability of the Hoogsteen paired strand. These
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Table 2: Thermodynamic Parameters for Parallel Triplex Formation in Various Cations

Hoogsteen transitién Watson-Crick transitior?

AHy AS4 AGhz7 Th® AHwc ASwc AGwcsr Twc®

catiorft (kcal/mol) [cal/(mol K)] (kcal/mol) (°C) (kcal/mol) [cal/(mol K)] (kcal/mol) (°C)
PyW21 PuCix PyH1 triplex: d(TCTTCTCTTTCT)/d(AGAAAGAGAAGA)/d(TC TTTCTCTTCT)
Na* 427+ 2.4 120.4+ 8.2 5.36+ 0.15 24.7 66.3+ 2.8 180.8+ 8.7 10.23+ 0.12 53.9
Mg?* 71.7+5.7 215.3+19.2 4.92+ 0.26 27.7 99.5+ 4.6 288.14+ 14.5 10.08+ 0.09 47.8
Mn2* 59.9+ 4.0 175.8+ 13.4 5.32+ 0.20 28.2 102.2- 4.2 298.7+13.4 9.51+ 0.06 45.7
car 525+1.8 153.4+ 6.1 4.90+ 0.10 24.6 96.4- 4.9 282.1+15.6 8.85+ 0.05 44.0
Ba?" 57.3+ 0.8 170.1+ 2.8 4.57+ 0.05 23.7 89.1H-5.1 260.64+17.7 8.26+ 0.39 42.3
PyW2 PuC2xPyH2 triplex: d(TTTCCTTCTTCT )/d(AGAA GAAGGAAA)/J(TCTTCTTC CCTTT)
Na" nod nd nd nd nd nd nd nd
Mg+ 53.14+ 3.6 158.3+ 12.6 4.04+ 0.29 19.8 103.& 3.4 298.7+ 10.7 10.40+ 0.08 48.0
Mn2*+ 499+ 1.7 147.0+£ 5.4 4.324+0.02 20.4 98.4 2.0 286.8+-5.8 9.84+ 0.18 46.6
ca* 51.3+ 3.7 152.4+ 13.0 4.06+ 0.32 19.4 89.5t 3.2 259.1+10.1 9.15+ 0.05 45.4
Ba?+ 58.4+ 1.6 178.1+ 5.0 3.19+ 0.06 17.3 87.9+ 3.8 255.2+12.2 8.89+ 0.01 44.0
PYyW3PuC3xPyH3 triplex: d(TTTCCCTTTCTT )/d(AAGA AAGGGAAA)/d(TTCTTTCC CTTT)

Na* 58.0+ 2.5 176.6+ 8.6 3.56+ 0.21 17.5 82. 4 3.7 230.5+11.4 11.15+0.15 545
Mg?* 51.94+4.1 156.1+ 12.5 3.47+£0.25 16.7 123.&4.9 363.1+ 16.4 11.04+ 0.20 48.2
Mn2*+ 51.4+5.2 154.24+16.0 3.51+ 0.19 16.9 106.8 2.9 311.9+-9.2 10.08+ 0.05 46.9
cat 51.6+4.4 155.14+13.1 3.38+ 0.26 16.7 87.15.1 250.8+ 16.2 9.29+ 0.08 46.3
Ba?+ 58.2+ 4.6 181.3+15.4 2.03+ 0.20 11.8 86.4- 5.8 250.7+18.3 8.68+ 0.06 43.8

2 All experiments were carried out in a buffer of 50 mM HEPES (pH 7.0) containing 1000 miM MamM Mg, 10 mM Mré*, 10 mM C&",
and 10 mM B&", respectively? The Hoogsteen transition is a triplex-to-duplex unfolding process in the low-temperature range, and the-Watson
Crick transition is a duplex-to-single unfolding process in the high-temperature range. The thermodynamic stability of the global triplex can be
evaluated by the sum of the free energies of the two transitéMs69. ¢ Ty and Twc are the melting temperatures of the Hoogsteen transition and
Watson-Crick transition in 10* M total species concentration, respectivéliNot determined.

insights are indirectly supported by a footprinting assil ( (65). Interestingly, the order of the divalent cations for
and quantitative affinity cleavage titratiof4). Moreover, stabilizing the W-C duplex in the triplex is consistent with
the competition and displacement of the mixed-valent cationsthat for stabilizing the free WC duplex (data not shown),
in stabilizing the oligomeric structure have also been but differs somewhat from that for stabilizing the Hoogsteen
observed in the RNA tertiary structurés). paired strand. This implies that the interaction of divalent
Cation Effect on the Thermodynamics of the Trip@XA cations with the triplex may be different for the Watson
is negatively charged and its stability is explicitly dependent Crick duplex and the Hoogsteen paired strand; however, the
on the countercations. We investigated the influence of divalent cations stabilize the global triplex in an order nearly
various cations, such as an alkali metal {INalkaline-earth identical to that for stabilizing the host YAC duplex due to
metals (M@", C&*, and B&"), and transition metals (Mn, the larger difference in free energy between the @/duplex
Co?t, and Ziit), on the thermodynamic properties of and the Hoogsteen paired strand.
PyH1xPuCtPyW1, PyHZPuC2PyWw2, and PyH3PuC3 The influence of divalent cations on the triple helices is
PyWws3 triplexes at pH 7.0, as summarized in Table 2'Co rather complicated and not yet well understood. The results
and Zrf™ were subject to slight and obvious aggregations presented here show a slight difference from the cation effect
within our experimental range, respectively; therefore, the on the intermolecular PuPuPy triplexes {1, 3]). Since the
data are not shown. Considering the possible effect of ionic protonation at N3 of Hoogsteen cytosine residues plays a
environments on triplex formation and stability, all cations key role in stabilizing the PyPuPy triplex structure while
were investigated as their chloride salts and the divalent the PuxPuPy triplex does not require this precondition, the
cations were kept at the same ionic strength. interaction of divalent cations with a triplex may be very
The data in Table 2 show that the thermodynamic stability different for the two classes of triplexes. It has been reported
of a triplex is much greater with divalent cations than with that Mg?* is crucial for the formation of the BuPuPy
monovalent cations, and almost a 100-fold concentration of triplexes but not for the formation of the RPuPY triplexes
Na' is required to stabilize the triplex as effectively as¥g  (66). Another possibility may be due to the differences in
or Mn?* (27, 64. This case may be related to the valence- buffer species, pH value, and base sequences.
specific cationic stability of the triple helix structuré4). Effect of the Position of the 'GC Triplet on Triplex
In the series of Mg, Mn?", C&", and B&", the W-C Stability. It is generally thought that triplexes containing the
duplex stability in the triplex increases from left to right C™xGC triplets are thermally more stable than those
(i.e., Mg+ > Mn?* > Ca&t > Ba?"). This order is in good  completely formed by the XA-T triplets, but the relative
agreement with the ionic radii of the divalent cations position of the CxGcC triplets would affect the triplex
(rmgt = 0.66 A, rynz- = 0.80 A,rczr = 0.99 A, andrgz+ = stability (19, 20, 40, 67, 68 Interestingly, these investiga-
1.34 A, ref26), which suggests that the divalent cations with tions mostly focused on the intramolecular triplexes, and
a smaller radius may increase the affinity of the nucleotide moreover, the effect of the position of the GC triplets on
alignment, resulting in enhancing the stability of the double the stability of the intermolecular triplexes has yet to be
helix structure. A very similar case has recently been reporteddetermined for the various cations under near physiological
for the RNA tertiary structure, in which the stabilizing ability conditions. To extend these results, we herein compared the
of a monovalent cation to RNA depends on the ionic radius thermodynamic properties of PyltPuCtPyw1, PyH2
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PuC2PyWw2, and PyH3PuC3PyW3, where all three tri-  PyH1xPuCZ*PyW1 triplex unfolding, the pH-dependent CD
plexes have the same base compositions and differ only inspectra of the PuC1 and PyH1 paired strand @& 0and the
that the C xGC triplet in PyH1x PuCPyW1 is flanked by excess heat capacity vs temperature profile of the RyMIC2
the TxA-T triplet, while PyH2PuC2PyW2 and PyHXPuC3 PyW1 triplex thermal denaturation. This material is available
PyW3 contain the adjacent two and threex@-C triplets, free of charge via the Internet at http:/pubs.acs.org.
respectively, as shown in Table 2.
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