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ABSTRACT. We describe the thermodynamic properties of an intramolecular triple helix with two all-
thymine linker loops in which the Hoogsteen strand is covalently crosslinked to the underlying Watson
Crick hairpin duplex by means of a disulfide bridge. We compare these properties to those of the
corresponding intramolecular triplex without the disulfide crosslink. Optical and calorimetric measurements
reveal that the uncrosslinked parent triplex melts in a biphasic manner above pH 6, with the initial triplex
to duplex transition (Hoogsteen strand release) occurring at lower temperatures than subsequent melting
of the hairpin helix. By contrast, crosslinking increases the thermal stability of the Hoogsteen transition
such that the triplex and underlying hairpin duplex melt as a single transition under all conditions studied.
Model independent thermodynamic data obtained by differential scanning calorimetry reveals the crosslink-
induced increase in triplex thermal stability corresponds to a free energy stabilization of about 3 kcal/
mol, with this stabilization being entirely entropic in origin. In other words, the crosslink is enthalpically
neutral, but nevertheless, induces a triplex stabilization of 3 kcal/mol due to a reduction in the entropy
change associated with triplex melting. In an effort to define the origin(s) of this entropic impact, we
measured the pH and ionic strength dependence of the melting transitions. From a comparison of the
melting transitions at different pH values and ionic strengths, we estimate that 0.4 more protons are
associated with the crosslinked triplex state than with the uncrosslinked triplex, and 1.3 fewer counterions
are released on melting the crosslinked triplex. We discuss how such crosslink-induced changes in proton
binding and counterion release, in conjunction with potential changes in hydration and conformational
freedom, could combine to give rise to the observed changes in entropy.

Custom-designed synthetic oligonucleotides frequently are To overcome some of the limitations posed by the use of
used to model structural and thermodynamic properties of short oligonucleotides, model systems have been devised in
complex polymeric DNA molecules. Such oligomeric model which the termini are covalently crosslinked to each other.
systems can simplify the properties of more elaborate DNA To this class of model compounds belong the DNA dumb-
molecules and hence provide a convenient means to gainbells first studied by Baldwin and co-workers (Baldwin,
insight into the characteristics of DNA molecules, particularly 1971; Erie et al., 1987, 1989; Wemmer & Benight, 1985;
as they relate to their biological function(s) (van de Sande Benight et al., 1988; Doktycz et al., 1992; Amaratunga et
et al., 1988; Williamson, 1994; Seeman & Kallenbach, 1994; al., 1992; Paner et al., 1992; Ashley & Kushlan, 1991;
Plum et al., 1995; Pilch et al., 1995; Kool, 1996). Due to Germann et al., 1985), the DNA hairpins crosslinked in the
their short length, however, the physicochemical properties stem region by a chemical crosslink (Glick, 1991; Cain et
of oligonucleotides do not always compare favorably to those al., 1985; Wang et al., 1994, 1995), as well as the duplexes
of larger, high molecular weight nucleic acids. For example, crosslinked by a chemical agent (Glick et al., 1992; Osborne
oligonucleotides have reduced thermal stabilities and greateret al., 1996a; Doktycz et al., 1993; Ferentz & Verdine, 1991,
end effects (Baldwin, 1971; Elson et al., 1970, Scheffler et Ferentz et al., 1993).

al., 1970; Breslauer, 1986; Breslauer et al., 1986; SantaL.ucia Thermodynamic and structural studies of such constrained
etal., 1996; Record & Lohman, 1978; Ohimsted et al., 1991; yqe| systems have provided unigue insights into the forces
MacGregor, Jr., 1996) relative to their polymeric counter- that stabilize DNA structures. For example, DNA dumbbells
parts. Furthermore, unlike polymers, the denaturation of gre yseful systems for elucidating nearest neighbor param-
short oligonucleotides often is a bimolecular process in which giers in duplex DNA (Docktycz et al., 1992) and for isolating
the effects of helix initiation can dominate those of helix ihe effect(s) of hairpin loop size on duplex stability (Ama-
propagation (Craig et al,, 1971;"fehke, 1971, 1977,  ayngaetal., 1992). In addition, studies on DNA dumbbells
Paschke & Eigen, 1971; Cantor & Schimmel, 1980b). and chemically crosslinked duplexes have highlighted the
p— ” 4 bv National Imetitutos of Health Grant importance of constrained denatured states for the stability
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r“tfgirp'gggers'ed”' triplexes with improved thermal stability (Prakash & Kool,
§Uni3ersi'ty of Michigan. 1991, 1992; Kool, 1991; Rubin & Kool, 1994; Rumney &
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The most common method to crosslink DNA duplexes is helices have resulted in considerable consensus concerning
to link the DNA backbones by means of nucleotide hairpin structural and thermodynamic aspects of triple helix forma-
loops (Erie, 1989; Docktycz, 1992) or some chemical tion, details of which may be found in several recent excellent
variation thereof (Doktycz, 1993; Rumney & Kool, 1993). reviews (Soyfer & Potaman, 1995; Plum et al., 1995;
Due to topological constraints, such links can be incorporated Radhakrishnan & Patel, 1994c; Thuong & Helene, 1993; Sun
only into structures made up of an even number of strands& Helene, 1993; Cheng & Pettitt, 1992).

(duplexes, quadruplexes). In triple helical DNA structures,  |n intramolecular triple helices, the three strands are linked
the uneven number of strands cause any hairfiop type  in place by two oligonucleotide loop regions. Clearly only
crosslink to leave at least one strand unattached. To formone additional tether is required in order to form a constrained
conformationally constrained DNA triplexes, at least one (or system. In the system studied here, we have chosen to
possibly more) of the crosslink(s) has to be at the level of a chemically crosslink the Hoogsteen strand to the underlying
nucleic acid base, which by necessity requires chemical Watson-Crick hairpin via a disulfide bond, since we are
modification of the relevant base. In this respect, the mainly interested in the properties of the constrained higher-
reversible disulfide crosslinking methodology developed by order nucleic acid structure. Note, however, that our
the Glick laboratory (Glick, 1991; Goodwin & Glick, 1993)  methodology would also have enabled us to crosslink the
allows for incorporation of such a conformational constraint free end of the WatsenCrick hairpin (Glick et al., 1992;
into any higher-order nucleic acid structure. In this work, wang et al., 1994, 1995) or to crosslink both the hairpin
we characterize the thermal and thermodynamic conse-and the Hoogsteen strand by two independent crosslinks.

quences of incorporating a disulfide crosslink into the  the gynthesis of the disulfide crosslinked triplex (Goodwin
Hoogsteen strand of an oligonucleotide which previously has g 51 1994) and a preliminary structural characterization are

been shown to fold into an intramolecular DNA triple heliX  yaoscribed elsewhere (Osbomne et al., 1996b). However, on
(Haner & Dervan, 1990). Such macroscopic characteriza- the phasis of structural studies alone no conclusions concern-
tions of triplexes allows one to define the impact of synthetic ing the crosslink-induced changes in the thermal and
alterations on the phase diagrams of these higher-ordenermodynamic stability of the molecule can be made. To
nucleic acid structures. On a practical level, such knowledge yore completely understand the consequences of introducing
is essential for defining conditions under which altered tripleX he disulfide crosslink into the intramolecular triplex, it is

structures may be used to advantage in antisense technolopecessary to perform parallel thermodynamic studies on the
gies. On afundamental level, such knowledge increases ourgqsslinked molecule and its uncrosslinked parent. Here we
understanding of the macroscopic impact of microscopic e spectroscopic and calorimetric techniques to define the
structural alterations, thereby enhancing our ability to more {hermal and thermodynamic consequences of the disulfide
rat|onaI_Iy design synthetic analogues with predictably altered . gsslink technology. Specifically, we use UV and CD
properties. spectroscopy to detect and identify the nature of the
The formation of conventional intramolecular triple helices conformational states that the oligonucleotides assume and
in oligonucleotides containing an appropriate arrangementto monitor the temperature-induced transitions between these
of purine and pyrimidine stretches connected by some loop states. We also determine the effect of ionic strength and
region was first reported by Sklenar and Feigon (1990). pH on these transitions and use this information to construct
These oligonucleotides fold into “hairpin with dangling tail” appropriate phase diagrams. Differential scanning calori-
intermediates by conventional Watse@rick base-pairing metric measurements at select conditions allows us to obtain
between a homopurine and its complementary homopyrimi- model independent thermodynamic data for each transition.
dine strand. The dangling tail binds to the major groove of On the basis of these macroscopic data, we define the
the hairpin double helix via Hoogsteen base pairs (Hoogsteen thermodynamic and extra thermodynamic consequences of
19509) (if the tail consists of pyrimidines) or reverse Hoogs- incorporating a disulfide crosslink into an intramolecular
teen base pairs (if the tail consists mostly of purines), thereby triplex.
resulting in an intramolecular triple helix (Wer et al., 1993,;
Haner & Dervan, 1990; Sklenar & Feigon, 1990; Radhakrish- MATERIALS AND METHODS
nan etal., 1991a,b, 1992a,b, 1993a,b; Radhakrishnan & Patel, ) ) e
1993, 1994ac; Durand et al., 1992). Such intramolecular _Ollgonucleotlde Synthesis and Purlflca_tlomllgonucle-
triplexes have proven invaluable in elucidating many struc- ©tides ITS-TTA and ITS-xI-TTA shown in Chart 1 were
tural and thermodynamic aspects of pyrimidinerine— synthesized and purified as previously descnbgd (Qoodwm
pyrimidine* and purinepurine—pyrimidine triple helices. In €t al., 1994; Osborne et al., 1996b). After purification and
particular, intramolecular triplexes have facilitated high- desalting, the oligonucleotides were redissolved in pH 7.0
resolution NMR structural studies (Sklenar & Feigon, 1990; Puffer A (see below). The molar extinction coefficient of
Macaya et al., 1991; Radhakrishnan et al., 1991a.b, 1992a,b?h_e heat-denatured form of _each oligonucleotide was d_et_er-
1993a,b: Radhakrishnan & Patel, 1993, 1996aWang et mined by phosphate analy5|s (Snell & S_neII, 1949)_and isin
al., 1992) and have simplified thermodynamic studies on regsonable agreement with t.he extinction co_eff|C|ents ob-
DNA triplexes (Vdker et al., 1993 Vitker & Klump, 1994; tained by summing the cont_r|but|ons of qll nglghbor pgses
Plum & Breslauer, 1995: Rentzeperis & Marky, 1995). (Cantor et al., 1970). In particular, the extinction coefficient

These and other studies of intra- and intermolecular triple ©f [TS-TTA was found to be (2.8% 0.01) x 10° mol™
cm%, while that of ITS-xI-TTA was found to be (2.74

0.01) x 10° mol~t cm™1.
1 We shall adhere to the following notation throughout the text: the ; ; ;
Hoogsteen strand precedes the Watson purine strand, which in turn Buffer Preparation. All studies were performed using a

precedes the Crick pyrimidine strand. Hoogsteen base-pairs are indicatedtandard bu_ﬁer (bUﬁer A) consisting of 20 mM sodium
by “-"; Watson—Crick base-pairs are indicated by-". acetate/acetic acid, 15 mM pHPOJ/H3PO,, 1 mM EDTA,
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and NaCl in the appropriate ratios to give the desired pH on the basis of th&, versus log[Nd] phase diagrams using
and ionic strength. The target pH was obtained by mixing the following relationship (Record et al., 1978):
appropriate quantities of the base form of buffer A (20 mM
sodium acetate, 15 mM NdPQ,, 1 mM EDTA, 10 mM d(1/T,)/d(log[a ]) = (RIn 10/AH)An. (1)
NacCl) with the acid form of buffer A (20 mM acetic acid,
15 mM HPO;, 1 mM EDTA, 50 mM NaCl), while the In this case §] corresponds to the mean molal sodium
desired ionic strength was obtained by mixing appropriate chloride activity Bnac] and An. = Anng® = Nna'(coi) —
quantities of buffer A with buffer A containm5 M NaCl Nnat (helix) COIrEsponds to the total amount of Neounterions
(buffer A high salt). released or taken up on melting. (Strict_ly speaking, _
UV SpectroscopyAbsorbance versus temperature profiles COrresponds to the total release of anions and cations.
at 260 nm (UV-melting curves) were measured using a However, due to the large negative charge density of the
Perkin Elmer Lambda 4C UV/visible spectrophotometer DNA, anion binding/release can to a first approximation be
interfaced via a National Instruments GPIB-SCSI controller considered insignificant.) The derivative d(4)/d(logla.])
to an Apple Maintosh computer. Samples were heated from '€Presents the slope of theTd/vs loglanacy curve,Ris the
0.5 to 90°C at a linear heating rate of 0°€/min to ensure ~ Universal gas constant, atHc, corresponds to the calo-
thermal equilibrium. Temperature/absorbance data points'Metric enthalpy for the transition. The mean molal sodium
were collected in 40 s intervals (roughly 0.33/data point), chloride activity Bnac| _for each ionic strength was calculated
and the resulting temperature versus absorbance profiles werd©m the known sodium ion concentration [Naand as-
analyzed as previously described (Marky & Breslauer, 1987). Suming only chloride counterions, as previously described
CD SpectroscopyCircular dichroism measurements were (Plum & Breslauer, 1995). Clearly neglecting contributions
performed using an Aviv DS60 (Aviv Associates, NJ) fror_n_all ot_her_buffgr components to th? mean mc_)lgl NaCl
spectropolarimeter by automatically recording spectra be- activity will give rise to errors in activity qoefﬁments_.
tween 360 and 200 nm in“& intervals. For each spectrum, prever, we judge thes‘? errors to he S.”.‘a“ In comparison
data points were recorded every 0.5 nm using a constant banéfv'th .the oyerall uncertainty In determlnllng the solution
width setting of 1.5 nm and an averaging time of 10 s per activity. Briefly, the molal Na cogcentraﬂon r(.“f) was
data point. Individual spectra were base line corrected to gﬁﬁﬂ?etelgng\?vnr: ;cjheenléir:ovg? sr,rc])(c)jliirm ?ﬁgﬁg?g:ﬁgg}f&t o5
account for buffer/cuvette absorbances and smoothed using,C (Weast, 1982) Th)(/a mean electrolvte activity then was
the algorithm provided by the manufacturer. To facilitate calculated,usin fhe relationshi :y s ywhere
comparisons, molar ellipticities were calculated from the 9 Bhiaci = TNa"yNaGlh

known oligonucleotide concentrations and the recorded Vnacy the mean molal_act|V|ty coefficient for NaCl at 26, .
. was taken from Robinson and Stokes (1959) as described
spectra (Cantor & Schimmel, 1980).

by Plum and Breslauer (1995). Since it was previously found
that the temperature coefficients gfaci are small (Plum &
Breslauer, 1985), no corrections for temperature effects of

Differential Scanning Calorimetry Calorimetric melting
profiles were obtained using either a Microcal MC2 dif-
ferential scanning calorimeter (Microcal, Amherst, MA) or anac) Were made.

a DS93 (Johns Hopkins University, Baltimore, MD) dif- he hH dependence of each conformational transition was
ferential scanning calorimeter. In each case the sample WaSnalyzed from thd, versus pH phase diagrams according

repeatecti)ly scanned from 0 to 100 at a constant heating 5 the following equation (Plum & Breslauer, 1995: Record
rate of 1°C/min, and the repeat scans were averaged. After al., 1976: Ptitsyn & Birshtein, 1969; Pfeil & Privalov,

subtraction of the appropriate buffer versus buffer base Iines,1976):

the calorimetric enthalpy for each transition was derived by

integrating the area of the excess apparent heat capacity d(L/T,)/d(pH)= —(RIn 10/AH_,) Ak (2)

curves (Marky & Breslauer, 1987). No evidence was found

for a heat capacity change accompanying any of the traceswhere d(1T,,)/d(pH) represents the slope of th& s pH

(i.e., ACp, = 0). The calorimetric entropy was calculated curve, Ak = ke — kneix COrresponds to the amount of protons

either by integrating the derive@,/T melting profile or by released or taken up during the transition, and all other

applying the well known relationshifSa = AHca/Tm variables are as described. Since by definition the pH

(Marky & Breslauer, 1987). The results of both approaches corresponds to the negative logarithm of the hydrogen ion

were indistinguishable. activity (—logida+]), the analogy of this equation to eq 1
Analysis of the Phase DiagramsThe ionic strength  used to analyze the ionic strength dependence of the phase

dependence of each conformational transition was analyzedtransitions should be readily apparent.
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the pH 7.0 UV melting profiles at 100 mM Ndor the parent
uncrosslinked triplex @) and for the crosslinked triplex .
constrained by one disulfide bridge®). Note that the 400000
uncrosslinked triplex melts in two well-resolved transitions
with Tr, values of 18.8+- 1 and 61.4+ 1 °C, respectively,
consistent with the melting behavior of other such triplexes . 200000
(Volker et al.,, 1993; Viker & Klump, 1994; Plum &
Breslauer, 1995). By contrast, the crosslinked triplex melts
in an apparent monophasic manner, witfi,aof 54.7 + 1

°C. Further, the total hyperchromic change associated with  -100000
the two-step melting of the uncrosslinked triplex corresponds 4
closely to the total hyperchromic change associated with the
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one-step melting of the crosslinked triplex. This cor- ~ -300000, = 220 240 260 280 200 220
respondence suggests a similar degree of net base unstacking Wavelength  [nm]
for both overall denaturation processes. Ficure 2: CD spectra as a function of temperature for the

One interpretation consistent with the above observationsuncrosslinked oligonucleotide ITS-TTA (panels A and B) and the

; inleing i ; ; i+, crosslinked oligonucleotide ITS-xI-TTA (panel C) in a 100 mM
Isfthr? t C_rqs_slllnk_lnlg mduce;]s in m%reas.e Im the t:’j]el’m(;:’d Slta.lb”lty Na' buffer, pH 7.0. To better illustrate the two sequential transitions
of the Initial triplex such that the triplex and underlying  gpserved for ITS-TTA, panel A shows the CD spectra in the

duplex melt as a single transition, rather than as two temperature range-40 °C, while panel B shows the CD spectra
thermally resolved melting events, as occurs with the in the temperature range 380 °C. Panel C illustrates the single

uncrosslinked triplex. In other words, crosslinking changes cooperative transition observed for ITS-xI-TTA in the temperature
the path by which the initial triple helical state denatures to fange 0 to 90C.

a less ordered, final “coiled” state, an observation which is
consistent with NMR studies on these same molecules
(Osborne et al., 1996b). In the section that follows, we
describe how we confirm this interpretation by using CD
measurements to define the different interconverting states.

temperatures both the uncrosslinked and crosslinked struc-
tures exhibit negative bands at 21314 nm, a property
characteristic of triple helices (Gray et al., 1995; Callahan
et al., 1991; Steely et al., 1986; Plum & Breslauer, 1995).
In other words, at low temperature both the uncrosslinked
and crosslinked structures exist in solution as triplexes. With
increasing temperature, the uncrosslinked structure undergoes
Crosslinking Precludes Formation of an Intermediate two sequential transformations, with each transition reflected
Duplex State During Triplex MeltingPanels A and B of by the CD spectral changes shown in panel A40 °C)
Figure 2 show the pH 7.0 CD spectra at 100 mM*Nar and panel B (3590 °C). Note that in panel A we observe
the parent, uncrosslinked triple helix over a range of initial loss of the 213-214 nm negative band, accompanied
temperatures (panel A0 °C, and panel B, 3590 °C). by an increase in intensity and slight blue-shift of the 280
Panel C shows the corresponding spectra from 0 t6®0 nm positive band, changes characteristic of duplex formation
for the disulfide-crosslinked triplex. Note that at low from a triplex state. At higher temperatures, as shown in

Temperature-Dependent CD Studies at pH 7.0
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CD-Melting duplex state exists at any temperature. Panels A and B of
Figure 3 also reveal that the intensity of the CD signals of
the high-temperature denatured state of both oligonucleotides
agrees to within the noise of the measurement, while
significant differences exist in the intensity of the CD signals
of the native states. These observations suggest that
crosslinking may result in some small local perturbations in
the structure of the native triplex state, in agreement with
the NMR results obtained for this and a related disulfide-
crosslinked triplex (Osborne et al, 1996b). The similarity
of the CD signals of the denatured states may reflect a similar
—e—TTA, pH 7.0 . .
e ame | ] degree of base unstacking in both molecules at the elevated
300000 - ‘ . ) temperatures, although such a conclusion may well exce_ed
0 20 40 60 80 the information content of the CD measurement. To obtain
Temperature  [°C] more quantitative evidence for the assertions noted above,
CD-Melting we also subjected our CD spectra to a SVD analysis to extract
§ , : , the principle spectral components and to assess how these
10k Na 1S miha HPOL 20 M Nakcotate, pH 70 8 components change with temperature. The conclusions
] derived from this analysis (not shown) are fully consistent
with those derived from inspection of the experimental CD
spectra.

In the aggregate, we can summarize the CD data as
follows. The melting of the unconstrained structure involves
conversion of an initial triplex state to an intermediate duplex
state, followed by melting of this duplex to form a final

single-stranded state. This sequential melting behavior is
150000 e in agreement with previous studies of other such intramo-
lecular triplexes (Plum & Breslauer, 1995; Ker et al.,
100000 20 a0 60 80 1993; Vdker & Klump, 1994; Durand et al., 1992). By
Temperature  [°C] contrast, the melting of the constrained structure involves
FiGURE 3: CD melting curves for ITS-TTA®) and ITS-xI-TTA the conversion of an initial triplex state directly to a final
(O) monitored at 214 nm (A) and 277 nm (B). single-stranded state, without significant population of an
intermediate duplex form. These two transition pathways
panel B, we observe a spectral shape reflective of subsequentan be represented schematically by the cartoons shown in
formation of a single-stranded structure, primarily character- panels A and B of Figure 4. Note that the melting pathway
ized by a decrease in positive ellipticity at 277 nm. In of the uncrosslinked triplex (panel A) initially produces a
contrast to this behavior, for the crosslinked structure, as hairpin duplex with a dangling'3single strand prior to
shown in panel C, increasing the temperature causes the CDmelting to an extended single strand. By contrast, based on
spectra to go directly from shapes characteristic of a triplex our optical measurements, we propose that the crosslinked
state (with a negative band at 21314 nm) to spectra  triplex melts directly to a constrained “lariat-like” final
consistent with a final single-stranded state. In other words, “single-stranded” state, with a hypothetical intermediate
in contrast to the sequential triplex-to-duplex and duplex- constrained hairpin duplex shown in brackets to emphasize
to-single-strand melting of the uncrosslinked triplex, crosslink- that we detect no evidence for its existence. Support for
ing causes the triplex state to melt directly to the final single- such a one-step transition is provided in a later section in
stranded state, with no apparent intermediary of a duplexwhich a comparison of our calorimeric and van't Hoff
state. transition enthalpies reveal this transition to be a two-state

These characteristic alterations in the CD spectra are besprocess. However, before presenting and discussing our
followed by monitoring the temperature induced change in calorimetric measurements, we first describe in the sections
the CD signal at a single wavelength, preferably one which which follow pH dependent melting studies which permit
corresponds to the maximum change in ellipticity. Figure us to construct phase diagrams for both the unconstrained
3 shows such CD melting curves at 214 nm (panel A) and and constrained triplex structures.
at 277 nm (panel B) derived from the temperature-induced . .
changes in the CD spectra described above. Note that forPH Dependence of Triplex Melting
the uncrosslinked oligonucleotid®), the initial triplex-to- Biphasic Melting of the Uncrosslinked Triplex Becomes
duplex melting event at low temperatures is clearly revealed Monophasic at pH Values Below 7.0, While the Melting of
at both 214 and 277 nm, while the subsequent higher- the Crosslinked Triplex Remains Monophasieicthe Entire
temperature denaturation of the duplex state shows up mospH Range StudiedPanels A and B of Figure 5 show the
clearly at 277 nm, as expected for duplex melting. In influence of pH on the melting behavior of the uncrosslinked
contrast to this melting behavior, for the uncrosslinked triplex and crosslinked triplexes, respectively. For the uncrosslinked
only one transition is detected at both wavelengths, with this triplex (panel A), note that the pH 7.0 biphasic melting
transition corresponding to the direct transformation of the behavior described above at 100 mM*Ndisappears at pH
initial triple helical state to its final “single-stranded” state. values below pH 6.0. This observation is consistent with a
In these CD melting curves, no evidence for an intermediate pH-induced increase in triplex thermal stability such that

50000 f 100 M Na . 15 mM Na zbI1P0,, 20 mM NaActla‘I;. pH 70 "a ]
ol
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-150000

Ag214nm

-200000

-250000

450000

400000

350000

300000 [

250000

200000

Agz770m  [deg M1 cm-1]




Energetics of a Constrained Triple Helix Biochemistry, Vol. 36, No. 4, 1997761

I
T

Model for the Denaturation of the Uncrosslinked Oligonucleotide 3'1‘ A
c T
3
T T
c c
T c T
T
cT T
T T
c T
TT T T
T T T T
T T
T T T T
s T
T  A—T CT
c---- G—C T ‘ c
T AT e e T O —— Tr
¢ G—¢ A—T — ¢
T A—T G—¢C A
T AT A—T !
¢t--- G—C G—¢C T
T T—A A—T 7
$oTT A—T A
TT 6—cC A
T—A G
T T A
TT G
A,
Intramolecular Hairpin "with —
Triple Helix —_— dangling 3' tail" —_— Coil
Model for the Denaturation of the Crosslinked Oligonucleotide B
] —_— T TT T T
T c
T T
TT T
T T T Ty c ¢
T . T T T T T
T - A—T T .A—T c ¥
CH---- G—C c G—¢C T Ac
T - A—T -~ T A—T
oo G—c . e—c b ——y T c T T
T A—T T A—T Jss-xT T
T, A—T T A—T G
c+ ..... G—C c G c A
Y—s-sX—A Y-s-5-X— A A
? TT ¥ T T ¢
TT TT e
- — A,
cross-linked -linked cross-linked
Intramolecular e [ crc::;rpr:n = Coil
Triple Helix ( "Lariat" )

Ficure 4: Schematic representation of the temperature-induced unfolding pathway of the uncrosslinked (panel A) and and crosslinked
triplex (panel B). In panel B, the hypothetical crosslinked hairpin intermediate state is shown in brackets to indicate that it is not detected
experimentally.

triplex melting occurs at a temperature where the intermediatePhase Diagrams

duplex state no longer is thermally stable, thereby resulting We have combined the information obtained from the
in the transformation of the triplex directly into the single- temperature- and pH dependent UV and CD spectra dis-
stranded state at pH values below pH 6.0. By contrast, ascussed above to construct the phase diagrams shown in
shown in panel B, the melting profile of the crosslinked panels A and B of Figure 6 for the uncrosslinked and
structure remains monophasic over the entire pH rangecrosslinked triplexes, respectively, at 100 mM*Narhese
studied, although th&, increases with decreasing pH. These figures map which states interconvert under a given set of
observations are consistent with the crosslinked structurepH and temperature values. The interconverting states are
melting directly from the triple helix to the single-stranded noted by the Roman numeraldl (= triplex, Il = duplex,|

state over the entire pH range studied. The increase in triplex= “single-strand”), while the arrows designate the transitions
thermal stability observed as the pH is lowered is as expectedbetween these states. Inspection of the-fHbhase diagram
and can be attributed to a pH-induced shift in the apparentfor the uncrosslinked structure (panel A) reveals that it
equilibrium from the unprotonated/unbound Hoogsteen cy- contains domains which correspond to three different classes
tosines to the protonated/bound Hoogsteen cytosines. of transitions: the triplex (Ill)-to-single-strand (1), the triplex
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Ficure 5: Absorbance versus temperature profiles at different pH 40 5.0 (;': 0 8.0

values. Panel A shows the characteristic UV melting profiles for ) ] )
the uncrosslinked triplex ITS-TTA. The biphasic transition at high FIGURE 6: pH phase diagram for the uncrosslinked triplex ITS-

pH becomes monophasic at pH values below pH 6.0. Panel B shows] TA (panel A) and the crosslinked triplex ITS-xI-TTA (panel B)
the characteristic UV melting profiles for the crosslinked triplex The roman numerals indicate the number of “strands” associated

ITS-xI-TTA. The transition remains monophasic over the entire pH With each statelll corresponds to the triple heli, corresponds
range. to the duplex, andl corresponds to the “single strand”. The arrows

indicate the temperature-induced conformational transitions between

(ln-to-duplex (1), and the duplex (ll)-to-single-strand (1) these states.

transitions. By contrast the pHTI phase diagram of the

crosslinked structure (panel B) contains just a single domain
reflective of only the triplex (Ill)-to-single-strand (l) transi-

tion. These two phase diagrams dramatically illustrate the
impact of crosslinking on the pH and temperature-dependent
states accessible to the molecule. In a later section, we will
describe the impact of salt concentration on these transitions

each heat capacity curve yields the transition enthalpy data,
' AHca, Which are listed in the third data column of Table 1.
Note that for the uncrosslinked structure, the thermally-
induced triplex to duplex conversion exhibits a transition
enthalpy of 33.9 kcal/(mol of triplex), while the subsequent
duplex-to-single-strand transition exhibits a transition en-
‘thalpy of 53.9 kcal/(mol of duplex). The latter value for
duplex melting is in excellent agreement with the enthalpy
value of 50.2 kcal/(mol of duplex) predicted from nearest
Crosslinking Results in No Net Change in Enthalpy for neighbor data (Breslauer et al., 1986). This agreement
the Querall Triplex to Coil Transition. Figure 7 shows the  suggests that, at the duplex melting temperature, the single-
calorimetric melting profiles at pH 7.0 for the uncrosslinked stranded 3dangling end shown schematically in panel A of
(panel A) and crosslinked (panel B) triplexes. The observed Figure 4 contributes relatively little to the enthalpy of duplex
biphasic (panel A) and monophasic (panel B) melting melting. The value of 33.9 kcal/(mol of triplex) that we
behaviors are consistent with the temperature-dependent UVmeasure for the triplex-to-duplex transition falls within the
and CD results described above. Furthermore, despiterange of published values (Plum et al., 1990, 1995; Plum &
significant concentration differences, tig values derived Breslauer, 1995; Soyfer & Potoman, 1995) for Hoogsteen
from these calorimetric curves are consistent with those transitions, although, as expected, it is considerably less than
extracted from the corresponding optical melting profiles (see the enthalpy of 53.9 kcal/(mol of duplex) associated with
Table 1), as one would expect for monomolecular transitions. the duplex-to-single-strand transition. Using “Hess’ Law”,
These calorimetric measurements also allow us to obtainthe sum of these two transition enthalpies yields a predicted
complete thermodynamic profiles for each melting event. As value of 87.8 kcal/mol for the enthalpy associated with the
described in the methods section, integration of the area undeoverall conversion of the uncrosslinked triplex to the single-

Triplex Melting Thermodynamics
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Table 1: Comparison of Calorimetric and van't Hoff Thermodynamic Data for the Melting Transitions of the Uncrosslinked and Crosslinked
Triplexes

Tn® Tn® AHyy AHy¢ AS ASH® AGyy AGy©
(cal) (UV) AHcoP (cal) (Uv) ASP  (cal) (UV) AGcaP (cal) (Uv)
pH 7.0 PCl [°C] [kcal/M]  [kcal/M]  [kcal/M]  [eu] [eu] [eu] [kcal/M]  [kcal/M]  [kcal/M]
3<2TTA 20.0 188 33.9 48.6 51.0 1157 1658 1747 -0.59 -0.82 -1.08
2<-1TTA 61.1 61.4 53.9 61.2 61.9 160.8 183.1 185.1 5.97 6.62 6.77
3<>1lcalcd TTA 444 407 87.8 109.8 112.9 2765 3489 3598 5.38 5.79 5.64
3<1xI-TTA 55.4 54.7 87.9 87.5 77.5 267.2 266.4 236.4 8.25 8.09 7.03
pH 5.0
3<1TTA 61.3 59.3 924.9 N/A 78.7 283.2 N/A 236.8 10.28 N/A 8.11
3« 1xI-TTA 771 759 98.1 116.9 108.7 280.1 333.8 3114 14.60 17.39 15.87

aThe T, values have an estimated uncertaintyf.0 °C. ® Except for the Hoogsteen transition of TTA {3 2) the calorimetric values have
an uncertainty of the order of 5%. The uncertainty for the-2 transition of TTA is estimated to be of the order of 10%, due to the ill-defined
lower base line¢ The estimated uncertainty of the van't Hoff values is of the order of SExtrapolated value: reaction not reversible, i.e., area
under the curve becoming progressively small&H., value calculated by linear extrapolation to first scan. No degradation detected by HPLC.

ITS-TTA enthalpic differences between the initial triplex states and
Cp vs Temperature . . . .
, i . , their corresponding final single-stranded states but rather
100 MM Nas, 15 mM Na2HPOA, 20 MM Nakcetate, pH 7.0 A from the entropic consequences of crosslinking.

L ] The identity between the enthalpies associated with the
triplex-to-single-stranded transitions of the crosslinked and
uncrosslinked structures noted above may result from
fortuitous compensation of crosslink-induced enthalpic ef-
fects in both the initial and final states. Alternatively, the
enthalpic identity could reflect crosslinking in both the initial
and final states being enthalpically neutral events. Although
our data cannot differentiate between these two extreme
possibilities, as described below we can use the calorimetric
, , data to derive complete thermodynamic profiles for the
0 20 40 60 80 100 uncrosslinked and crosslinked structures.
Temperature  [°C] Crosslinking Results in an Increase in Triplex Stability
Due to a Net Decrease in the Entropic bing Force
Cp ve Tomperature Favoring Triplex Melting. The intramolecular design of the
triplex systems studied here causes all transitions to be
monomolecular. Consequently, we can calculate entropy
changes using the directly measured and T, values and
the relationshipAS = AH/T,. This approach yields the
entropy valuesAS, listed in the sixth data column of Table
1, that are identical to those we obtain by integration of the
derived C/T versus T heat capacity curve (Marky &
Breslauer, 1987; Breslauer, 1994, 1995), as one would expect
for a monomolecular transition. As with the enthalpy data,
the entropy changes associated with the two pH 7.0 transi-
tions for the uncrosslinked structure can be summed to obtain
an overall entropy change af276.5 eu for the triplex-to-
0 20 40 60 80 100 single-strand transition of this molecule. This entropy change
Temperature [°C] corresponds to &AS contribution of 82.4 kcal/mol at 25
FiGure 7: Apparent excess heat capacity vs temperature curve °C to the free energy of melting the uncrosslinked triplex.
measured by differential scanning calorimetry for the uncrosslinked These numbers should be compared toABevalue of 267.2
triplex (panel A) and the crosslinked triplex (panel B). eu for the triplex-to-“single-strand” transition of the crosslinked
stranded state at pH 7.0. This calculated enthalpy value canmolecule, which corresponds toTaS contribution of 79.6
be compared to the enthalpy we have measured for thekcal/mol at 25°C to the free energy of melting. THRAAS
corresponding triplex to “single-strand” transition of the difference of 2.8 kcal (82:479.6) reflects the crosslinking-
crosslinked structure in order to assess the overall enthalpicinduced reduction in the entropic driving force favoring
impact of crosslinking. The latter enthalpy was obtained by triplex melting to the coil state. This entropic impact of
integration of the area under the heat capacity curve showncrosslinking on the triplex to coil transition is fully expressed
in panel B of Figure 7. This integration yields 87.9 kcal/ in the free energy term since our calorimetric data reveal
mol for the enthalpy of melting of the crosslinked structure, that crosslinking is enthalpically neutral. Thus, as reflected
a value which is essentially identical with the enthalpy of by the AGg, values listed in the ninth data column of Table
87.8 kcal/mol associated with the overall melting of the 1, crosslinking results in a 2.8 kcal increase in triplex stability
uncrosslinked structure. This agreement suggests that theelative to the coil state [8.25 vs 5.380.59+ 5.97) kcal/
significant impact of crosslinking on triplex thermal stability mol]. In the section that follows, we discuss possible
that we have noted\(T,, = 36 °C) does not derive from net  microscopic origins of these macroscopic data.
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Potential Origins of the Entropic Consequences of states. Further inspection of the data in Table 1 reveals
Crosslinking. Exclusively on the basis of configurational somewhat different behavior for the uncrosslinked structure.
considerations, crosslinking is expected to entropically For the triplex-to-duplex plus single strand transition, we find
destabilize both the native and the denatured states relativehe van't Hoff enthalpy to be higher than the corresponding
to their uncrosslinked counterparts. One might also expectcalorimetric value. This curious disparity previously has
the magnitude of the crosslink-induced change in configu- been noted by us and others for such third-strand expulsion
rational entropy of the native state to be significantly smaller and Hoogsteen transitions and to date remains unexplained
than the magnitude of the crosslink-induced change in (Plum et al., 1990, 1995; Plum & Breslauer, 1995;Ikév
configurational entropy of the denatured state, since theet al., 1993; Wilson et al., 1994). By contrast, the calori-
native triplex already is configurationally constrained by metric and van't Hoff enthalpies for the subsequent duplex-
Hoogsteen base pair formation. Thus, on the basis of to-single-strand transition of the uncrosslinked structure are
configurational arguments alone, one might expect the similar, within the experimental uncertainty. This qualitative
crosslinked triplex to exhibit a net entropic stabilization (i.e., agreement suggests a near-two-state event for the duplex-
exhibit a lower entropy of denaturation) due to the more to-single-strand transition, a result consistent with previous
constrained lariat-like final state. Indeed, our experimental observations on other short duplexes (Breslauer, 1986;
entropy data are consistent with this expectation, with the Breslauer et al., 1986).
uncrosslinked triplex-to-single-strand melting event being  Impact of Crosslinking on Melting Induced Changes in
entropically driven by 9.3 eu more (276-367.2 eu) than  Counterion Condensation and Proton Bindin@n the basis
the corresponding melting event for the crosslinked triplex, of a formalism outlined by Record et al. (1978), it is possible
although we recognize that this difference is close to the to estimate from salt and pH dependent melting behavior
uncertainty in the data. Interestingly, however, the experi- the change in the degree of counterion condensation (Man-
mentally observed entropy change of 9.3 eu due to crosslink-ning, 1978) and proton binding (Record et al., 1976)
ing is modeled extremely well by the calculated entropy associated with the denaturation of a poly/oligoelectrolyte.
changes of 11.3 or 12.4 eu for constraining the denaturedBy applying this formalism to the thermally-induced transi-
state based on the probability of ring closure of an appropriatetions of the uncrosslinked and crosslinked triplexes, we have
random chain (27 statistical segments of 3.4 or 4.1 A in calculated the degree of counteriakn) and proton release
length) using the formalism of Jacobson and Stockmeyer (Ak) associated with each of the relevant transitions (see
(1950). On the basis of this apparent consistency, one mightMethods). These data are listed in Table 2. For the biphasic
argue that the impact of the crosslink is due mainly to melting of the uncrosslinked triplex, we calculate the overall
constraining the denatured state of the triple helix, with little counterion/proton release for the hypothetical triplex to
or no contributions resulting from constraining the native single-stranded state in a manner analogous to our calcula-
state. However, one must keep in mind that the overall tions of the thermodynamic functions of state. However,
entropy change we calculate from the calorimetric data for reasons discussed in the paragraph that follows, it is not
reflects contributions from differential solvation and coun- clear if such a simple additive approach is justified for
terion release, as well as from configurational effects. In estimating the overall release of counterions/protons for a
fact, as discussed below, crosslinking induces significant “hypothetical” one-step triplex-to-coil transition in a pH
differences in the degree of counterion/proton binding/releaserange where the transition actually is biphasic.
for the conformationally constrained triplex. It also is In principle, the calculated number of counterions/protons
reasonable to expect some differences in the degree ofreleased in going from a native to a denatured state should
solvation. Currently, it is not possible to estimate the be independent of the transition path. This assertion is true
entropic impact of such differential solvation/counterion (de)- since the change in the melting temperature with counterion
binding phenomena. Consequently, a full account of the concentration or pH can be considered to result from changes
various component contributions to the total observed entropyin the chemical potentialu) of the electrolyte/proton
change cannot be given at this time. Nevertheless, inde-concentration in solution. However, since the proton coun-
pendent of our ability to resolve these component contribu- terions interact with the oligonucleotides by site binding in
tions, our data reveal the net entropic impact of crosslinking the interior of the triple helix [which is outside the scope of
to reduce by about 3 kcal the free energy driving force the counterion condensation theory (Manning 1987)], while
favoring the triplex-to-coil melting process. In other words, the Na counterions are condensed onto the exterior, mutual
crosslinking results in entropic stabilization of the triplex influences (“cross-talk”) between these two classes of

state by about 3 kcal. “counterions” may modulate their individual interactions in
. o unknown ways. Indeed, it previously has been observed
Extra Thermodynamic Consequences of Crosslinking (Volker & Klump, 1994) that d@./d log[Na'] values for

van't Hoff Versus Calorimetric Melting Enthalpies and protonated DNA triple helices depend in nontrivial ways on
the Nature of the TransitionsWe have analyzed the shapes the number and relative position(s) of potential protonation
of the DSC melting profiles at pH 7.0 for the uncrosslinked sites in the DNA structure. Furthermore, counterion con-
and crosslinked triplexes to obtain the model-dependent van'tdensation theory only should be applied to polymers with a
Hoff transition enthalpies listed in the fourth data column ratio of polyion length to polyion diameter close to infinity
of Table 1. Note the good agreement between the calori- (Manning, 1987; Olmstead et al., 1989, 1991; Record &
metric and van't Hoff values for the melting of the Lohman, 1978). Clearly this condition is not met by the
crosslinked structure. This agreement demonstrates thatsmall oligoions studied here. With an awareness of these
under these conditions, the triplex to “single-strand” transition concerns, yet a desire to compare our results with other
of the crosslinked structure occurs in an approximately two- similar analyses of oligoions in the literature, we have
state manner, with no significant population of intermediate calculated the counterion and proton release for the pH 7.0
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(3]

= ~8 ~ one-step hypothetical triplex-to-coil transition using a simple
= o PR additive approach, as described and discussed below.

S < ﬂ_—]és ul Crosslinking Increases the Number of Protons Released
g § D= upon Triplex Melting. The hairpin duplex portion of the

S |4 o o intramolecular triple helix is unprotonated at all pH values
3 I|coc & above pH 6.0. Consequently, a comparison of the degree
é SIHE N of proton releaseAk) accompanying denaturation of the
£ e 2 | 2 uncrosslinked and crosslinked triplex structures at pH 7.0
% Sy should not be affected by the crosslinking-induced change
S om in the path of the transition from 3> 2 < 1 to 3« 1.

§ sa Inspection of theAk data in the final column of Table 2

S 3 sl reveals, that melting of the crosslinked triplex to its coil state
= 2 et results in a release of fractio_nally more protoAk.(= 2.11)

§ |5l . TR L TR
%L = %z crosslink should not result in a change in the number of
o ;‘i =] protonatable sites in the pH range between pH 4.0 and pH
S 0 S99 8.0, this increase ir\k requires a more subtle explanation.
Dcf © o In developing such an explanation, it should be noted that
2 N the enhanced proton release we observe upon melting of the
De_ c <9 crosslinked structure occurs at pH values considerably more
) < ﬁﬁ than one pH unit removed from thé&pof any of the free

g 2 N bases (Saenger, 1984). Consequently, in the absence of some
2 |3 = o unusual K, shift induced by the lariat coil structure, it is

E Z S unlikely that the denatured states of either the crosslinked
5 g 4 4 or the uncrosslinked structure remain protonated at these pH
e 2 i e values. Thus, the difference we observe in the degree of
o 5 L= proton release should reflect differences in the degree of
] ~o  © protonation of the initial triplex states. In focusing on these
2 22 g triplex states, it is interesting to note that the calculated
% Sldd 4 number of protons released for either third strand bears no
2 | B3 3 direct relation to the number of cytosines in the third strand
g an e © that can be protonated, an observation consistent with a
® o previous study on another intramolecular triplex (Plum &
E % s S 2 Breslauer, 1995). Furthermore, it has been found that, when
S o4 E@ 4 separated by intervening thymidines, all third-strand cytosines
T 2 oo | 2 are protonated to a similar degree”(ker & Klump, 1994;

= 5 Husler & Klump, 1995; Plum & Breslauer, 1995). In light
g ~® 0 of these observations, we propose that the difference
=) Sc o observed between the number of protonatable sites and the
2 3 ga‘g g actual number of protons released upon triplex melting at
b= Lo o H 7.0 is consistent with a rapid equilibrium between free
g8 R |°7 ° Srotons and triplex-bound protons. Thus, the apparent
9 I increase in the number of protons released from the
g = Z gg p crosslinked structure may simply reflect a crosslinking
g 843 4 induced change in the equilibrium between the bound and
Z 2 %g’ | & unbound protons (i.e., a change in appareKt)p This

2 = ~ potential explanation is reasonable since binding to double-
a ® stranded DNA has been shown to cause shifts in the apparent
=R IS pK, of various drugs (Lamm & Pack, 1990; Misra & Honig,
°3| |4| & 1994; Jones & Wilson, 1981) and of Hoogsteen third-strand
gg R cytosine residues (Mker et al., 1993; Plum & Breslauer,
sl - 1995; Sklenar & Feigon, 1990; Singleton & Dervan, 1992),
2 %’ Il%| w so it is not surprising that the crosslink investigated here
g ? % 3 could cause a similar effect. We therefore propose that the
8 g Sl 1. further increase in the apparent(pof the crossllnked _
g5 2 VS structure relative to its uncrosslinked parent observed in this
25 5 work is due to the chemical constraint of the crosslink which
L C . . . .
o < keeps the Hoogsteen strand in proximity with the major
o § << f_‘":. groove. This point of view is supported by NMR studies
g% KeE 3 on the crosslinked structure (Osborne et al., 1996b) which
=3 141 show that the observed increase in the appar&atop the

£o ™o mm third-strand cytosines depends on the length of the link used
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to crosslink the third strand to the major groove of the triple due to a decrease in the entropic driving force favoring
helix. An alternative explanation, which cannot be ruled out melting of the crosslinked structure. In other words, the
based on the results presented here, envisions only someimpact of crosslinking is enthalpically neutral. We also have
rather than all, of the third-strand cytosines being protonated shown that crosslinking increases the number of protons and
within a given molecule. In this case, the observed increasereduces the number of counterions that are released upon
in the number of protons released from the crosslinked triplex melting. In the aggregate, our results reveal and
molecule would be due to a larger fraction of protonated characterize the profound impact that crosslinking can have
cytosines in the crosslinked triple helical structure. on triplex stability and melting behavior. Such assessments
Crosslinking Reduces the Number of Counterions Releasedare important in a range of practical applications where one
upon Triplex Melting. Inspection of theAn data listed in must rationally modulate triplex properties. On a more
Table 2 allows one to compare the calculated degree offundamental level, our results contribute to the characteriza-
counterion release for the hypotheticat31 transition of tion of the molecular forces that stabilize/destabilize Wat-
the uncrosslinked oligonucleotideAil = 2.24) with the son—Crick and non-WatsonCrick nucleic acid structures.
observed 3 1 transition of the crosslinked oligonucleotide
at pH 7.0 An= 0.96). This comparison reveals a significant ACKNOWLEDGMENT
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