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ABSTRACT. The thermal denaturation of-820-bp DNA duplexes labeled with fluorescein and tetrameth-
ylrhodamine at opposing'fends was investigated by monitoring the fluorescence intensity of the dyes,
the fluorescence anisotropy of tetramethylrhodamine, the fluorescence resonance energy transfer between
fluorescein and rhodamine, and, for the 20-bp duplex, the UV absorption. Melting experiments with the
single strands of the duplexes revealed that the single strands can form hairpins stabilized by only a few
base pairs. The thermal denaturation curves of the duplexes were fitted well to an extended all-or-none
model assuming that only the fully base-paired duplex, the maximally base-paired hairpin, and the random
coil conformations are present simultaneously. The extent-of-melting versus temperature curves derived
from the different spectroscopic parameters are nearly identical, provided that the analysis of the baselines
is carried out correctly; thAH andAS of the dissociation compare well with predictions based on nearest
neighbor interaction values available in the literature. Our results imply that for all the oligonucleotides
other than the 34-bp oligomer, no partially melted intermediates other than hairpins are present in the
reaction mixture in amounts that can be detected by our methods. The melting of the hairpins was also
studied directly using single-stranded oligonucleotides. The melting of a 34-bp duplex can be accounted
for by a statistical zipper model.

It is now routinely possible to synthesize oligonucleotides can help elucidate the molecular mechanism of nucleic acid
of any desired sequence and label them site-specifically with thermal denaturation. It is advantageous to measure as many
one or more fluorophores. We and others have usedspectroscopic parameters as possible in order to extract a
fluorescence spectroscopic measurements, especiafiieFo  detailed description of the strand-dissociation reaction and
type fluorescence resonance energy transfer (FRET), toto avoid overlooking processes that may remain hidden when
determine the structures of nucleic acid molecules. The monitoring a single spectroscopic parameter. The investiga-
helical geometry of DNAIn solution has been observed by tion of relatively simple linear duplexes and their single-
FRET using duplexes labeled with fluorescein and TMRh stranded counterparts is important in order to be able to
(1). The structures of bulged DNA and RNA molecul@y ( interpret results obtained with more complex structures, such
and three- and four-way branched DNA molecul8s ) as branched molecules and bulged duplexes.
were determined using similar methods. Fluorescence
methods are also sensitive tools for investigating conforma-
tional changes such as the hetizoil transition of nucleic
acid molecules X, 10-14). The fluorescence of a dye is

sensitive to the surroundlr_ng environment, and IS & SeNSIVE o o4 ction mixture. This approximation becomes less valid
indicator of the conformation of an oligonucleotide to which

it is attached. The different fluor n rameter s the chain length of the oligomer increases because larger
s attacned. The difierent fuorescence parameters, SUChy., inngs of the molecules exist in partially melted intermedi-
as the intensity, anisotropy, lifetimes, spectra, and FRET,

reveal different aspects of the molecular structures, and thisate states during the course of the melting process. In
P ' addition, other conformations, such as hairpin structures, can
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The thermal denaturation of very short oligomers is often
described by a two-state all-or-none model, which assumes
that only the completely intact bimolecular duplex structure
and the completely melted random coil can be discerned in
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stabilization of the duplex structure, and to compare the concentrations many orders of magnitude higher than those
experimentally determined thermodynamic parameters de-used in this study. A review on the structural and thermo-
rived from the different spectroscopic measurements with dynamic aspects of stable nucleic acid hairpins and their
the thermodynamic parameters available in the literatlBe ( biological function has recently been publish@)(
A treatise of helix-coil transition theories and experiments
for polypeptides and nucleic acids, with an extensive MATERIALS AND METHODS
collection of original papers, is availabl&g). Construction of Fluorescently Labeled Single- and Double-

We have shown previously by time-resolved decay Stranded DNA OligonucleotideS he synthesis, purification,
parameters and steady-state measurements of TMRh fluodabeling, and hybridization of single-stranded (ss), hairpin
rescencel7) that in the double-stranded form the TMRh (hp), and double-stranded (ds) oligonucleotidég) (are
DNA complex can exist in three major conformations: two described in detail in previous studies. The main steps of
fluorescent species with lifetimes efl ns and~3—4 ns, the procedures are as follows. Oligonucleotides were
and a “dark” species (this isomeric form of the TMRDNA synthesized on an Applied Biosystems 392 DNA/RNA
complex has a very low quantum yield; that is, a very short synthesizer withj3-cyanoethylphosphoramidite chemistry
lifetime). Species with similar photophysical characteristics (26). In the final step of the synthesis amino groups at the
are also present in the single-stranded form, but with less, end of six-carbon linkers were coupled to tHeehd of the
or no, contribution from the “dark” state. In addition, the DNA strands withN-methoxytrityl-2-aminohexyl-2-cyano-
TMRh—DNA complex in the double-stranded form appears ethyl-N,N-diisopropyl aminophosphite27). Sequences of
to interact with two Na ions that hinder the rotation of the  the “top strands” of duplexes were the following: 8-base,
TMRh molecule. The temperature dependence of the 5-CCACTAGG-3; 12-base, SCCACTGGCTAGG-3; 16-
fluorescence parameters in the pure double- or single-base, 5CCACTGCACTGCTAGG-3 20-base, 5CCACT-
stranded forms, that is, the shape of the baselines of theGCACTCGCTGCTAGG-3 and 34-base,'SCCAGACTG-
fluorescence melting curves, is determined by the temper-CAGTTGAGTCCTTGCTAGGACGGAGG-3 Two other
ature-dependent redistribution of TMRh between the different single strands, an 8-base;GCACTACC-3, and a 16-base,
conformations. Knowledge of the spectroscopic and ther- 5-CCACTGCACTGCTACC-3 were synthesized. These
modynamic characteristics of these different conformations last two single-stranded probes have CC at then8l instead
is crucial for making a correct analysis of the fluorescence of GG to avoid the formation of hairpins in the single-
melting curves. We show here that reliable quantitative stranded state. Oligonucleotides were purified with anionic
analyses of the fluorescence melting curves require aexchange and reverse-phase HPLC. Fluorescence labeling
knowledge of the photophysical characteristics of the dyes was carried out at the’ @mino groups of the strands with
and of the particular spectroscopic parameter. 5-carboxytetramethylrhodamiméhydroxysuccinimide ester

In this work, we have measured the temperature depend-and of the complementary strands with 5-carboxyfluorescein
encies of the steady-state fluorescence intensity and theisothiocyanate (Molecular Probes, Eugene, OR) in 0.2 and
steady-state anisotropy of the fluorescein and tetramethyl-0.3 M carbonate buffer at pH 9.5. The stock solutions of
rhodamine attached to thé-&nd of single- and double- the dyes were originally dissolved in dry dimethylformamide
stranded oligonucleotides, and the efficiency of FRET or dimethylsulfoxide. Unreacted dyes were removed by
between the two fluorophores in doubly labeled molecules. chromatography on Sephadex G25 columns (Pharmacia,
The fluorescence intensity provides information about the Uppsala). Labeled oligonucleotides were purified by poly-
conformation of the macromolecule in the vicinity of the acrylamide gel electrophoresis (PAGE) on 20% gels. Comple-
dye (17). Fluorescence anisotropy reports on the local as mentary sequences were hybridized to form duplex molecules
well as the overall rotational mobility of the dye and the in 450 mM NaCl/24 mM sodium citrate/2 mM Mg&at pH
dye—DNA complex. FRET between two dyes attached at 7.0 by slow cooling from 80 to OC (the water bath was
different positions of the macromolecule reports on the brought to 80°C, then the bath was turned off and slowly
relative spatial and angular disposition of the two chro- cooled to room temperature; then the sample was cooled
mophores. slowly to 0 °C). Double-stranded molecules were con-

The experiments showed that the single-stranded moleculesstructed with one fluorescein label only, with one rhodamine
are not always in a random-coil state; for instance, the single label only, and with one fluorescein and one TMRh label at
strands can exist as hairpins, as well as having a completelyopposing ends of the duplexes. The 34-bp duplex was
non-base-paired conformation. The thermal denaturationlabeled only with TMRh. The single strands labeled with
curves of the duplexes are influenced by the formation of TMRh were also used in melting experiments. The duplex
hairpins of the single-stranded oligonucleotides; the presencemolecules were purified by PAGE on 1Q0% gels.
of a hairpin conformation influences the spectroscopic Labeled duplexes were extracted from the gel slices by
parameters of the dyes near the hairpin structure, as well aselectro-elution or by soaking in buffer at’€ for the shorter
the thermodynamics of the main duptesandom coil transi- molecules. Double- and single-stranded molecules were
tion. During the thermal denaturation process the duplex, dissolved in 10 mM sodium phosphate pH 7.46, 80 mM
hairpin, and random coil species are simultaneously presentNaCl. The buffer was prepared by mixing M#0O, and
Measurement of different spectroscopic parameters made itNaH,PO;,. At pH 7.46 the Na& concentration of this
possible to deconvolve the dissociation of the strands from phosphate buffer is 18 mM. Phosphate buffer was chosen
the melting curves. Similar equilibria of the duplex and because its pH is essentially temperature-independent. The
hairpin DNA (18, 19 and duplex, hairpin, and random coil experiments with the 34-bp duplex and the 12-bp single
conformationsZ0—24) have been observed by NMR studies strands were carried out in a different buffer containing 68
of oligonucleotides; such measurements require samplemM tris-borate, 76 mM NacCl, 0.076 mM EDTA, and 30 wt
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% glycerol. The extent of labeling and the concentration of lifetime components to the steady-state fluorescence intensity.
the duplexes were calculated from absorption spectra takenFrom these data the molecular fractioas,of the lifetime
from 220 to 600 nm. For the determination of the concen- components were determined. The mean fluorescence
tration of the duplexes a molar extinction valueegdonm= lifetime for two components which is weighted according
13000 Mt cm™ bp ! was used. to the molecular species is directly proportional to the steady-
The Thermal Denaturation of DNA MoleculesThe state fluorescence intensity; it is defined as
melting process was monitored by measuring several dif-
ferent fluorescence parameters and UV absorption. The Bl= a7y + ayr, (1)
temperature change was precise withif.1 °C; the step _ o
size (13 °C steps) depended on the range of the transition The mean lifetimes could be reproduced withi.15 ns.
being measured; the step size was small around thend DATA ANALYSES
greater in the pre- and post-melting regions. The temperature
in the cuvette was set by a water-jacketed cuvette holder Calculating Steady-State Fluorescence Anisotropjuo-
connected to a water bath; the temperature was measured imescence anisotropy)(was calculated from the fluorescence
a second water-jacketed cuvette by a thermistor. DNA intensities measured at different polarizer settings according
molecules were denatured in a discontinuous heating processto the following equation:
The temperature change in the cuvette was complete within
5 min; 10 min was then allowed for equilibration of the co Pw T RRn o P
reaction components before taking the fluorescence and F,, + 2RF,/ Fin
absorption measurements. For absorption measurements the
temperature was controlled by a computer; for the fluores- whereF,y, Fun, Fny,, andFu, are the fluorescence intensities
cence measurements the bath was controlled manually. measured at different excitation and emission polarizer
Spectroscopy EquipmeniThe absorption measurements settings; the first index refers to the vertical/horizontal setting
were taken on a Uvicon 820 (Kontron; dth) spectropho-  of the excitation polarizer and the second to the emission
tometer; the absorption of the buffer was always subtracted. polarizer. Background values arising from light scattering
For melting curves the absorption spectra were measuredof the buffer solution and the dark current of the photomul-
from 240 to 274 nm in 2 nm steps, and the absorption valuestiplier were subtracted from the corresponding fluorescence
in this wavelength range were averaged in order to improve intensity values. The correction factBraccounts for the
the signal-to-noise ratio. Fluorescence measurements werdifferent transmission and detection efficiency of the detec-
made on an SLM 8000S (SLM Aminco, Urbana, IL) tion system for the vertically and horizontally polarized light
spectrofluorimeter with a cooled photomultiplier; the data and is constant for a given emission wavelength and slit
were acquired in the single-photon counting mode. All width setting of the instrument. The denominator of the
fluorescence data were corrected for fluctuations in the lamp expression of the anisotropy is proportional to the total
intensity. Polarization artifacts of the emission spectra were fluorescence intensity.
circumvented by using magic angle conditions between Analyzing FRET. Forster-type fluorescence resonance
excitation and emission polarizerg8j. Emission spectra  energy transfer (FRET) is a nonradiative deactivation process
were corrected for wavelength variations of the detection where the excitation energy of an excited fluorophore (donor)
efficiency of the instrument. Excitation slits were set at 4 is transferred to another chromophore (acceptor) through
nm and emission slits at 2, 4, or 8 nm depending on the resonance coupling of the emission dipole of the donor with
fluorescence intensity of the sample. Emission spectra werethe absorption dipole of the acceptor. It requires the
taken over broad wavelength rangésx = 490 nm (which appropriate relative orientation of the dipole moments of the
excites fluorescein and to a small extent TMRi), = 500~ dyes and an overlap between the emission spectrum of the
650 nm andle, = 560 nm (for exciting TMRh alone), and  donor and the absorption spectrum of the acce(®®y 83.
Aem= 570-650 nm. From these spectra a parameter called The rate of the process is directly proportional to the negative
“(ratio)a”, which is linearly dependent on the efficiency of sixth power of the distance between the fluorophores. The
FRET between the fluorescein and TMRh labels, was efficiency E of FRET is the fraction of excited donor
determined for doubly labeled duplexes (see below). Steady-molecules that transfer their excitation energy to acceptor
state anisotropy was measured in theonfiguration at two molecules and it is equal to
different excitation-emission wavelength pairstex = 490
nm andAem = 518 nm for fluorescein, andlex = 560 Nm kr 1
and Aem = 590 nm for TMRh. Steady-state fluorescence =~ - e
intensity of the two dyes was measured at the same excitation Zki 1+ (RRy)
and emission wavelengths as the anisotropy. .
Measuring Fluorescence Lifetimes of TMRKXanosecond R,” = (8.79x 10 * mo)(n""Q«?J) (3)
lifetime measurements were carried out with the phase and
modulation method29, 30 The instrumentation differs only ~ whereKy is the rate constant of the energy transfek; is
slightly from that described in réf1. See refl7 for detalils. the sum of the rate constants of all deactivation processes
Phase and modulation data were acquired at 13 excitationincluding those of fluorescence and FREs the distance
frequencies ranging from 1 to 140 MHz and analyzed with between the acceptor and the doriRyis the Faster critical
a software package from Globals Unlimited (Laboratory for distance for whichE = %,, n is the index of refraction of
Fluorescence Dynamics, Urbana, IL). This program yielded the medium between the dyeQq is the fluorescence
the 7; fluorescence lifetimes and thg contributions of the guantum yield of the donor in the absence of the acceptor,

(2)
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«? is an orientation factor (often approximated #ywhich Macintosh computer. For the-80-bp duplexes the param-

is often a good estimate if at least one of the dyes has aeters that define the baselines (see below for the models used
dynamically randomized orientatio4, 39), andJ is the to approximate the baselines) were determined simulta-
overlap integral of the fluorescence emission and absorptionneously with the thermodynamic parameters during the fitting

spectra of the donor and the acceptor, respectiv&yfor procedure. The temperature-dependent valuest dhat
DNA duplexes labeled with fluorescein as the donor and appear in the expressions for the spectroscopic observables
TMRh as the acceptor was estimated to be 43)Rof 50— (see next section) were expressed in terms of the appropriate

60 A (2); this depends on the particular isomers used for thermodynamic parameters of the equilibrium equations of
the labeling, on the temperature due to the temperature-the helix—coil transition (see Appendix eqs A-3). The
dependent distribution of the TMRh among the different melting of the hairpins was described with a monomolecular
TMRh—DNA complexes {7), and on the quantum yield of  all-or-none model (see eq A-4). For the melting of the 8-,
fluorescein. The efficiency of FRET was determined from 12-, 16- and 20-bp duplexes, an extended all-or-none model
(ratio)a (4), which is a normalized measure of the enhance- was used assuming the presence of three species: fully base-
ment of the fluorescence from the acceptor due to FRET, paired duplex, one species of hairpin, and random coil single-
stranded molecules (see eqs A-5,6). The dissociation of the
FA®(4907)  [€°(490)E + *(490)p™(1) 34-bp duplex was described by a simple all-or-none model

(ratio), = " = - i i . -
(D) A A (see eq A-3) assuming duplex and single-strand conforma
F(5604) ED (560 (A)A tions (no hairpin); the melting of this molecule was also
€ (490)_ L€ (490) simulated with a statistical zipper model (see eqs-At9),

€A(560)'- "(560) 4) taking into account intermediate states. A detailed descrip-
tion of the different thermodynamic and statistical models

where FA®)(4904) is the fluorescence intensity of the and the corresponding equilibrium equations of the kelix
acceptor (only the acceptor fluorescence) in the presence ofcoil transition are given in the Appendix.
the donor measured at the emission wavelerigth the Dependence of the Spectroscopic Parameters on the
sample is excited at 490 nR*®)(560,) is the intensity of ~ Extent-of-Melting. The observed parameters can be divided
the acceptor excited at 560 nrf and ¢* are the molar into two groups depending on how the extent-of-meltiay (
absorption coefficients of the donor and the acceptor at theaffects the value of the spectroscopic parameter. The
indicated wavelengths, anff'(1) is a shape function of the  fluorescence intensity and the UV absorption depend linearly
acceptor emission spectrum. The numerator of the expres-on a
sion is the sum of the emission of the acceptor due to FRET
and direct excitation (both spectra excited at 490 nm), while F=(1-a)Fgt+ aFg )
the denominator is the fluorescence of the acceptor due to
direct excitation at 560 nmFA®)(4904) can be calculated =~ whereF is the molar fluorescence intensity of the ds-ss
by measuring the total emission of the doubly labeled mixture, Fas and Fss are the baselines, that is, the molar
molecule excited at 490 nm and subtracting the contribution fluorescence intensities of the pure ds and pure ss species.
of the donor emission from i#j. Specifically the calculation A similar expression holds for UV absorption melting curves.
of (ratio), was performed by fitting the fluorescence emission Note thatFgs andFss can be temperature-dependent.

spectrum fex = 490 nm Aem = 500—650 nm) of the doubly The anisotropyr, and the (ratiq) values of the reaction
labeled duplex to a linear combination of the emission spectramixture depend omx in a nonlinear fashion becauseis

of a donor-labeled moleculéldy = 490 nm, lem = 500— present both in the numerator and in the denominator of the
650 nm) and of the doubly labeled moleculg,= 560 nm, expression

Aem = 570-650 nm). The best-fit coefficient of the latter

spectrum in the linear combination is equal to (ratioyhe . (1 — a)Fydgst aFdo

fitting procedure was written in the program LabVIEW '~ (1— o)Fy+ oFg
(National Instruments, Austin) implemented on a Macintosh (1 — Q)F, (ratio)y o + oF (ratio)
computer by R. M. Clegg and C. Gohlke. The parameter (ratio), = al Ads o A,8S (6)

(ratio)s is a linear function of the FRET efficiency, and its (1— o)Fyst+ aFg
temperature dependence can be used to determine the extent-
of-melting (see below). wherergs, sy (ratio) gs, and (ratio) ss are the double- and

Fitting the Temperature Profiles of the Different Spectro- single-strand baselines of the corresponding parameters. The
scopic Parameters According to Different Thermodynamic derivation of eq 6 for the expression of (rafid¥ given in
Models. The temperature dependence of the fluorescencethe Appendix.

intensity of both dyes, the anisotropy of TMRh, (raticand The Baselines of the Melting Cegs of Duplexes.The

UV absorption curves were analyzed by means of nonlinear baselines are the temperature-dependent curves of the pure
fitting techniques in order to determine theH and AS double-stranded and single-stranded species of the spectro-
(molar enthalpy and entropy changes) of the hetigil scopic parameters. The baselines of the absorption melting

transition, and the fraction(T) of melted molecules, that curves in the ds and the ss states were approximated by
is, the extent-of-melting. The spectroscopic observables werestraight lines, as were the baselines of the fluorescence
expressed as a function of the temperature and the fitintensity of fluorescein. The nonlinear double-strand baseline
parameters; the variance between the fit and the experimentabf TMRh fluorescencek g, was fitted according to a simple
data was minimized in iterative steps using the program monomolecular transition between two fluorescent states with
IGOR Pro (WaveMetrics, Lake Oswego, OR) run on a Power differing molar fluorescence intensities. The single-strand
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z L A Table 1: The Thermodynamic Parameters of the Melting of the

£ Lo, Hairpingt

E5 08fF “a., AH AS AG Tm

s f\ °a o sample (kcal/mol) (cal/mol/K) (kcal/mol) (°C)

§ § 0.6 £q . 8-base strand 1785 54.3+ 16 0.8 40.0+ 6

s - 16-base strand 2887 87.0+ 22 2.1 48.2+ 5

S8 20-base strand 58510 179.3+ 32 5.0 53.1+2

= . O. 12-base stratd 22.0+5 70.7+ 16 0.9 37.9E5

o aThe values oAH andAS, the molar enthalpy and entropy changes

E 02 : . . ) , of the melting of the hairpin structures, were determined from nonlinear
0 20 40 60 80 100 fits of the fluorescence intensity versus temperature curves of the

T (°C) TMRh-labeled single strands shown in Figure 1A. The buffer solution

of the 8-, 16-, and 20-base strands contained 10 mM sodium phosphate,
pH 7.46, and 80 mM NaCl. The Gibbs free energ = AH — TAS

025y was calculated fromAH andASat T = 25 °C. ® The buffer solution
for the 12-base hairpin was different than for the other molecules; it
0.2 contained 68 mM tris-borate, 76 mM NacCl, 0.076 mM EDTA, and 30

wt % glycerol.

in Table 1. We also measured the fluorescence intensity

and anisotropy melting curves of the TMRh-labeled 8- and

16-base strands with modified sequences. In these molecules

o the GG bases at thé-8nd were changed for CC in order to

0 ” " P %0 00 avoid the formation of hairpins.

T (°C) Fluorescence Melting Cues of the 8-, 12-, 16-, 20-, and

34-bp Duplexes. Monitoring the Melting of the-80-bp

Ficure 1: Temperature dependence of the fluorescence parametersypexes by Multiple Fluorescence Parameters and Analyz-

of the TMRh-labeled strands. Original sequences: 8-base hairpin. the Melting P A ding to the Extended All

(®), 16-base hairpin{), and 20-base hairpinx(. Modified ing the Mefling Frocess According 10 theé Extended Afl-or-

sequences: 8-base random cei) @nd 16-base random coih]. None Model. Panels A-F of Figure 2 show the temperature

Exchanging the original GG bases for CC at theBd of the DNA profiles of the different spectroscopic parameters (fluores-

strand prevents hairpin formation and base pairing between the basegence intensity, anisotropy, energy transfer, and mean

at the 3-end and the CC bases at tHeehd. The buffer contained lifetime) of the 8-, 12-, 16-, and 20-bp duplexes.

10 mM sodium phosphate, pH 7.4, and 80 mM NaCl. (A) .
Fluorescence intensity (exc., 560 nm: em., 590 nm) of TMRh. The _ Fluorescence Intensity of TMRh and Fluoresceifhe

solid lines are nonlinear fits corresponding to a monomolecular fluorescence intensities of 8-, 12-, 16-, and 20-bp duplexes
reaction representing the melting of the hairpin structure (see eqlabeled with TMRh are presented as a function of temper-
A-4 of the Appendix). The baselines were fitted to straight lines. atyre in Figure 2A. The lower baselines (due to the double-
(B) Fluorescence anisotropy of TMRh. The solid lines are not stranded state) were approximated by a monomolecular

theoretical fits. AU . .
equilibrium between two states with different molar fluo-

fluorescence baselinEy, was determined from experiments €Scénce intensitied 7). The temperature-dependent fluo-
with the TMRh-labeled strand of the 8-, 16-, 20-, and 34- '€SCence curves of the hairpin molecules were used as single-

base molecules: the 12-base baseline was fitted with a straighrand baselines (except for the 12-base molecule where the
line because the 12-base single-strand melting curve wa ingle-strand baseline was fitted to a straight line because
taken in a different buffer than the duplex. The (rati@) the buffer of the single-stranded sample was different than

and (ratio).ss baselines were also approximated by straight that of the other samples,. and such the data could not be
lines. The temperature dependenceFaf and Fe in the used for the duplexes). Figure 2B shows the fluorescence

expressions for (ratiq)and r was taken over from the intensity versus temperature curves of the fluorescein label

fluorescence intensity fits. The ds baseligeof the TMRh ~ for the doubly labeled duplexes. The baselines of these
anisotropy was fitted to a straight line, whereas the single- CUrves were fitted to straight lines.

strand baseliness was determined experimentally with the ~_ Fluorescence Anisotropy of TMRh and Fluoresceline
TMRh-labeled strand (except for the 12-base whegef fluorescence anisotropy of TMRh of the doubly labeled

the 16-base strand plus a constant were fitted to the 8~20-bp duplexes is shown in Figure 2C. The anisotropy
experimental data). melting curves were fitted according to eq 6. The double-

strand baselines of the TMRh anisotropy curves were fitted
RESULTS to straight lines, and the anisotropy melting curves of the
hairpin molecules were used as the single-strand baselines.
Fluorescence Intensity and Anisotropy of the TMRh-  The anisotropy of the fluorescein label of the doubly
Labeled DNA Single StrandsThe temperature profiles of labeled duplexes is shown in Figure 2E. The temperature
the fluorescence intensity and anisotropy for the 8-, 16-, and dependence of the anisotropy curves of the fluorescein label
20-base TMRh-labeled single strands are shown in Figurewas not analyzed thermodynamically.
1. The 12-base single-strand melting curve is not shown, FRET Melting Cuves. The efficiency of energy transfer
because it was measured in a different buffer solution thanof the doubly labeled duplexes was monitored by the
the other molecules (see Materials and Methods). The van'tparameter (ratia) The melting curves monitored by (ratio)
Hoff enthalpies and entropies derived from the fits are shown are shown in Figure 2D. (ratig)is linearly dependent on

1 (560,590)
e
7y

TMRh anisotropy
<@

i

0.05
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Ficure 2: Temperature dependence of the different fluorescence parameters measured on the duplexes. Duplex lengfs1BHp (

(©), 16 bp @), and 20 bp &). Unless otherwise indicated, the solid lines represent fits according to an extended model including three
states: a fully base-paired duplex, one hairpin molecular species and a hon-base-paired random coil. For the model equations see eqs A-5
and A-6, and for the connection between the extent-of-melting and the spectroscopic parameter see eqs 5 and 6. The concentrations of the
samples are all in the range of 36000 nM. The duplexes used in the measurements were doubly labeled with fluorescein and TMRHh,
except for the lifetime measurements, where they were singly labeled with TMRh. The buffer contained 10 mM sodium phosphate, pH 7.4,
and 80 mM NacCl. (A) Fluorescence intensity of the TMRh label (exc., 560 nm; em., 590 nm). Intensities were normalized to one another

in the high-temperature range, where all molecules are supposedly in the single-stranded form; the maximum was arbitrarily set to 1. (B)
Fluorescence intensity of the fluorescein label (exc., 490 nm; em., 518 nm), normalized as above. (C) Fluorescence anisotropy of the
TMRh label (exc., 560 nm; em., 590 nm). (D) (Raipdhe normalized acceptor emission, a parameter depending linearly on the efficiency

of FRET. (E) Fluorescence anisotropy of the fluorescein label (exc., 490 nm; em., 518 nm). Solid lines are not theoretical fits. (F) Mean
lifetime (see text) of the TMRh label of the 8-, 16-, and 20-bp duplexes. Solid lines are not theoretical fits.

E. The temperature-dependent (raticurve was fitted baseline. The result of the all-or-none fit to the duplex
according to eq 6. The baselines of these curves weremelting curve is shown in Figure 3A.
approximated by straight lines. The melting process of the 34-bp duplex was also
Melting Curves of the 34-bp DuplexThe fluorescence  simulated with the statistical zipper model. A model-
intensity melting curve of the TMRh-labeled 34-bp duplex independent extent-of-melting curve was calculated by fitting
is shown in Figure 3A. Measurements with the labeled the duplex and single-strand baselinEg; and Fs, in the
single strands indicate that it is probable that the single stranddouble- and single-stranded regions, and then calculating
can form a hairpin (data not shown); however, thg of (M) = [F(T) — FadMJ[Fs{T) — FaT)]. The o(T) curves
this hairpin is far below th&,, of the duplex and the two  were then fitted to the zipper model by allowing the average
melting processes do not appreciably overlap. The data wereenthalpy change, corresponding to the opening of a base-
fitted with a simple all-or-none model involving duplex and  pair [AHyp[)to vary while holding other parameters constant
single-stranded (random coil) conformations (see eq A-3 of at different values; simulated curves from such fits are shown
the Appendix). The double-strand baseline was fitted to a in Figure 3B. The position of the base pairs that influence
monomolecular equilibrium between two states of the the fluorescence signal was varied. The zipper model fits
TMRh—DNA complex. The temperature dependence of the the experimental curve best if the assumption is made that
fluorescence intensity of the TMRh-labeled single strand was the base pairs-15, 2—5, or 3-5 at the TMRh-labeled end
measured, and this curve was used as the single-stranaf the molecule influence the fluorescence intensity signal.
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1y in Figure 5. The enthalpy values estimated using the nearest

neighborAH and AS values from refl5 are also given in

2
9 Table 2. The concentration of the TMRh-labeled 20-bp
§§ 08l duplex (1uM) used in the melting experiment monitoring
§§ UV absorption and that of the doubly labeled 20-bp duplex
v 07 (300 nM) used in the melting experiments observing
e fluorescence were different. The extent-of-melting curves
g %9 derived from the UV absorption curve (see Figure 4D) were
E 05 ‘ , ‘ . corrected for the concentration difference between the
20 30 40 50 60 70 80 90 samples according to the extended all-or-none model (see
Teo B Appendix); this correction shifts th&, (see eq A-8).

Concentration Dependence of thg.TThe effect of the
oligonucleotide concentration on the melting temperature of
the 16-bp doubly labeled duplex was studied. Melting curves
were taken at four different concentrationss = 68, 136,
408, and 1556 nM, wherey is the total concentration of
each strand. Each melting curve was fitted independently
according to the extended all-or-none model as described
above, and theAH and AS of the duplex-random coil

transition were determined. Th&Hp, and AS,, of the

55 oLy 70 7 hairpin—random coil transitions were determined from
°C) . . .
) experiments with the TMRh-labeled single strands (see
FiGure 3: The melting of the 34-bp duplex. (A) Fluorescence gph5ye). The concentration of each reaction component (the

intensity of TMRh (exc., 560 nm; em., 590 nm). The solid line is o o _
a two-state fit. The concentration of the sample wd® nM, and duplexes, [ds], the hairpins, [fip= [hp,] = [hp], and the

the buffer contained 68 mM tris borate, 76 mM NacCl, 0.076 mM random coil species [if = [rc;] = [rc]) can be determined
EDTA, and 30 wt % glycerol. (B) Extent-of-melting curves: at any particular temperature from knowledge of the total
experimental data®), two-state fit O), and five simulations  strand concentration and the thermodynamic parameters of
according to the statistical zipper model. The two-state fit deviates the helix-coil equilibria; thus the temperature where [ds]

considerably from the experimental curve both in the low- and high- i
temperature region of the melting and yieltlsl = 194 kcal/mol = [rc] can be found. We define the temperature where [ds]

which is 76% of the value predicted by a nearest-neighbor = [rc] as the melting temperaturd,,, of the ds— rc
calculation based on ret5. The four other curves represent transition, and we defin& as ¢ = [ds] + [rc]. The

simulations aCCOFding to the leper model, aSSUming that the helix determ|ned molar enthalpy and entropy Changes Of the ds

or coil state of the lastri” bases affects the fluorescence signal, n  __ .

being 4 (), 5 @), 10 (+), and 34 &): the diamond ©) represents rc and hp— rc reactions were used to calculate the yalues
a simulation when the'third, fourth, and fifth base pairs counted Of Tm @ndc atT = Ty at the different total concentrations
from the end affect the signal. The average due to the helix- used in the melting experiments (see eqgs A-7 of the
]E_O-_coil transitiﬁn ofdabsingle bagelpairhwas varietfzi etfz&f':}i Lhe It/)est- Appendix). According to the all-or-none model the depen-
itting curve allowed by the model in the range of 8- cal ix) i

mol/bp, whileASwas set to 24 cal/mol/K. The simulations with dence offy, on ¢ (see Appendix) is

= 5 (@) or that observing bases—3% (<) are closest to the

extent-of-melting

experimental curve and give better agreement with the data than Th= AH/(AS— RIn(c/2)) (7A)
the two-state fit. The simulated for- 10 and 34 Imost
idgnti:aﬁ ate fi e simulated curves an are almos AT = —(RAH)Inc+ (AS+ RIn 2)AH  (7B)

The [AHy,Ovalues yielding the best fit to the experimental It is important to note that is different fromcy; co = ¢ +
data are given in the legend of Figure 3B. The average [hp]. The reciprocals of th&;, values versus lo are plotted
entropy changéAS,,[iwas set to 24 cal/mol/K. in Figure 6; this graph should be linear (see eq 7B) if the

Enthalpy and Entropy Changes of the HeliRoil Transi- aII-orjnone model for thg duplea«_andom coil transition
tion. Extent-of-Melting Cures Obtained from the Different ~ Pertains. The slope of this curve is equaRid\H, and the
Parameters. The nonlinear fits according to the extended intercepton the T, axis is AS+ RIn(2)J/AH. The average
all-or-none model (see Appendix) of the fluorescence melting AH andASyaIues determined from the slopes and intercepts
curves of the doubly labeled-20-bp duplexes and the UV~ &€ shown in Table 2. .The errors of the values @k ldre
absorption melting curves of the 20-bp duplex labeled with On the order of the differences between th&llalues
TMRh yielded the enthalpyAH) and entropy 4S) changes dgtermmed from the different fluorescence parameters (see
of the denaturation process and the parameters defining thd-igure 6).
t.)aselln.es. The thermodynamlc model and 'the baselines Werey s cUSSION
fitted simultaneously. By using the best-fit parameters we
calculated the extent-of-meltingt) curves (see Figure 4). Before discussing details of the results there are several
For these moleculas is the molecular fraction of all single-  general aspects that can be considered. The thermal dena-
stranded molecules, that is, the total fraction of hairpin and turation experiments were carried out under equilibrium
random coil conformations. ThAH and AS values for conditions; therefore, the underlying description of the results
melting are presented in Table 2. These values represenis based on statistical thermodynamics. The molecular
the enthalpy and entropy differences between the duplex andhermodynamic description must be independent of the signal
random coil states. The enthalpy changes are also showrthat has been selected for following the progress of the
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Ficure 4: Temperature dependence of the extent-of-melting of the duplexes. The extent-of-melting versus temperature curves were derived
from fits of the temperature dependence of the fluorescence intensity of fluoreagdefluprescence intensity®) and anisotropy@) of

TMRh, (ratiox (x), and UV absorption heatingdj and cooling M) curves. The fits (lines) correspond to an extended all-or-none model
including duplex, hairpin, and random coil forms of the oligonucleotides. The actual value of the extent of melting means the sum of the
hairpin and random coil fractions. (A) Eight-base pair duplex: the discrepancy between the curves derived from the different parameters
is probably due to a fitting error caused by a baseline error in the double-stranded form. (B) Twelve-base pair, (C) sixteen-base pair, and
(D) twenty-base pair duplexes. The good agreement between the extent-of-melting dufsemd equal to within 1 degree K) suggests

that fraying of the ends does not occur to an extent detectable by our multiparameter comparison.

denaturation reaction; however, the deconvolution of spec- duplex, where the appareiit, values of the raw spectro-
troscopic data in terms of a molecular model is never unique, scopic melting curves vary widely. This increases our
and it is better to procure additional information by observing confidence in our interpretation of the molecular processes
several different spectroscopic signals. The temperatureparticipating in the baselines of the spectroscopic melting
denaturation curves corresponding to the different spectro-curves, as well as in the ultimate thermodynamic interpreta-
scopic signals all have unique characteristic temperaturetion of the major duplexsingle-stranded thermal transition.
profiles. The molecular processes occurring in the wings The fluorescence parameters of TMRh and fluorescein
of the main transition of the melting curve are quite attached to the'send of DNA oligonucleotides are effective
diverse: static and dynamic quenching, temperature-dependindicators of the helixcoil transition.

ent molecular rearrangements of the TMRh between distinct  To allow a meaningfuguantitative analysis of the helix
TMRh—DNA isomeric configurations (see Figure 7), tem- coil transition, a parameter chosen for following the melting
perature-dependent formation of hairpins in certain single- transition must be measured accurately and it is better if its
stranded molecules, temperature-dependent variations in theelative change upon melting is not too small. These
absorption coefficients of the dydNA complexes, and  conditions are fulfilled by the fluorescence intensity of both
changes in the rate of rotational diffusion resulting in changes dyes, the fluorescence anisotropy of TMRh, and (rat{@)

in the fluorescence anisotropies of the dyes and nonlinearitiesparameter characterizing the efficiency of FRET). 1t is
in certain parameters, such as (ratiahd anisotropy. Many  reasonable to assume that the fluorescence intensity is
of these parameters affect the ultimate calculation of the dependent on the double- or single-stranded character of the
extent-of-melting and the temperature dependence of thenucleotides mainly at the end of the molecule where the dye
FRET efficiency. Information about the molecular processes is located, whereas the anisotropy probably depends both
in the wings of the main transition (the baselines) is crucial on the state of the few nucleotides in the vicinity of the dye,
for making a reasonable interpretation of the data in the and on the overall state of the molecule, and the efficiency
region of the major transition of the duplegingle-stranded  of FRET depends on the distance and relative orientation
denaturation reaction. The variety of spectroscopic effects between the reporter dyes at opposing ends of the duplexes.
in the baselines leads to the disparate appearance of the The TMRh-Labeled Single Strands Can Form Hairpins.
profiles of the different raw melting curves. However, as Many of the melting profiles can only be interpreted
can be seen in Figure 4, when these molecular events are@easonably if the presence of the hairpins is taken into
correctly taken into account in the baselines, the descriptionsaccount, and this is especially true if the values of the
of the actual duplexsingle-stranded transitions are very thermodynamic parameters for the duptessngle strand
similar, regardless of which spectroscopic parameter is usedtransition are to be determined “correctly”. We discuss first
to follow the melting transition, even for the case of the 8-bp the formation of the hairpins of the single-stranded oligo-
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Table 2: The Thermodynamic Parameters of the Dupfexes

duplex AH AS AG AH/bp ASbp

length parameter (kcal/mol) (cal/mol/K) (kcal/mol) (kcal/mol) (cal/mol/K)

8 bp F(490,518) 58+ 8 158+ 21 10.9 7.2+1.0 19.8+ 2.7
r(560,590) 65+ 8 1854 23 9.8 8.2+-1.0 23.14+:2.9
ratio A 61+ 6 173+ 21 9.4 7.7+0.8 21.6+ 2.6
nearest n. estimate 56 7.0 224

12 bp F(560,590) 975 269+ 17 16.8 8.1+ 0.5 224+ 1.4
F(490,518) 935 257+ 17 16.4 7.8:04 214+ 1.4
r(560,590) 88+ 5 242+ 15 15.8 7.4+ 0.4 20.2+1.3
ratio A 9449 260+ 30 16.5 7.9-0.8 21.7+£25
nearest n. estimate 92 7.7 224

16 bp F(560,590) 134+ 10 3804+ 29 20.7 8.4- 0.6 23.8+:2
F(490,518) 136+ 8 378+ 25 23.3 8.5+ 0.5 23.6+ 1.6
r(560,590) 13A 12 3894+ 31 21.0 8.6+ 0.7 243+ 2.2
ratio A 13949 389+ 30 23.0 8.7+ 0.6 243+ 1.9
UV abs 122+ 28 333+ 85 22.7 7.6-1.8 20.8+5.3
from 1/Ty, vs In(c) 153418 4254 53 26.3 9.5+1.1 26.64 3.3
nearest n. estimate 118 7.4 224

20 bp F(560,590) 1828 4974 23 33.8 9.14-04 24.94+1.2
F(490,518) 175:5 478+ 16 325 8.+ 0.3 23.9+0.8
r(560,590) 170k 8 4644 22 31.7 8.5+ 0.4 23.2+1.1
ratio A 170+ 8 4684+ 22 30.5 8.5+ 0.2 23.4+ 0.6
UV abs 162+ 13 4394 39 31.1 8.14+-0.7 22+ 2
nearest n. estimate 154 7.7 224

34 bp F(560,590) 1944 20 533+ 55 35.1 5.7+ 0.6 157+ 1.6
nearest n. estimate 252 7.4 224

aThe molar enthalpyAH) and entropy AS) changes of the helixrandom coil transition of the 8-, 12-, 16-, and 20-bp doubly labeled duplexes
were determined by nonlinear fits of the different spectroscopic parameters according to the extended all-or-none model; this model assumes the
presence of three conformations: the fully base-paired duplex, the fully base-paired hairpin, and the random Adil.ahlde\S for the 34-bp
duplex was determined according to the all-or-none model assuming only duplex and random coil conformations (no hairpins). The tabulated
values ofAH and AS are averages af measurements\(= 5 for the 16-bpn = 2 for the 20-bp, aneh = 1 for the 8-, 12-, and 34-bp duplexes).
The errors are either standard deviations of several measurements or error estimates yielded by the nonlinear fits of the melting curves. The values
of AG (T = 25°C) are also given.

300 p— . 0.00302
L n.n. estimate
B F (560,500
250 | m FE490,518; F
~ 7 1 (560,500)
g 200 § (ratiO)A - —r
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5 150 el -
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=2 ? 3 ﬁ§ ' n
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ol I 1 0.00298}
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Ficure 5: Standard enthalpy change accompanying the dissociation  0.00296 ‘ : : ‘

of the duplexes. ThaH values correspond to the molar enthalpy -17 -16 -15 -14 -13
difference between the random coil and duplex forms determined Inc (M)
according to an extended all-or-none model dealing with duplexes ds+rc

plus haitrpint ad”g rantcrzllom Cﬁ_” states of ?it’%glil stramid.valqets ity FiGURE 6: Dependence of the melting temperature of the 16-bp
were extracted Irom theé melting curves ol the fluorescence INeNSIty ey on the concentration of the samlg values of the duplex
|(2|e)ng ??AORr?ngh:?r?te%rs?t{/ %?rfﬁa(?rgiciq;ls?gfcpyéeox"520,5(;?' 590: random coil transitions, where the duplex and random coil

X » U . - ’ P * conformations have equal concentrations, that is, fdgtci] =
(ratio) (bars with horizontal stripes), and UV absorptian by [rc;] were determined (see text) from the melting curves of the
nonlinear least-squares fitting technique. The ploidd values

. fluorescence intensity®) and anisotropy @) of TMRh, the
are averages af measurements; for the 16-bp duplex= 5) and : ; ; d
the 20-bp duplexr(= 2) the error bars are standard deviations of fluorescence intensity of fluorescein), and (ratio) (x). The 1,

. . T versus In€) function should be linear according to the two-state
the values obtained in the individual measurements. For the 8- and ;40| o melting, while the statistical mechanical description based
12-bp duplexes = 1, error bars indicate the estimated error of

) X ; on the evaluation of the partition function of the molecule should
AH from the fit of the melting curves. The predicted valueg\bf : ) . 3
(O) calculated by summing the nearest-neighbor enthalpies of yield a concave-up curve; our curves are concave-down. The

. A h averageAH and AS of the helix—coil transition calculated from
hyﬂ}rogrei n-l;ondlng and base-stacking interactions are shown forthe slopes and intercepts of the straight-line fits are shown in Table
comparison 15). 5

nucleotides because this reaction must be included in thepresumption of hairpin formation is based on the comparison
final analysis of the duplexsingle strand transition. Our of the temperature profiles of the fluorescence parameters
results show that the TMRh-labeled single strands with GG- of the duplexes (see Figure 2) and the single strands (see
3" at the 3-end can form hairpins. Figure 8 shows possible Figure 1). Four strong arguments for hairpin formation are
Watson-Crick base pairs consistent with the sequences. Our the following: (1) For those single-stranded oligonucleotides
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FIGURE 7: The temperature-dependent redistribution between the (ratio)a (x) and the fluorescence intensity of TMR®X The
different TMRh-DNA complexes. The change of the temperature Continuously decreasing tendency of (ratioyhich is linearly
affects the equilibria between the three different lifetime states of dependent on the efficiency of FRET, implies that strand dissocia-
the TMRh-DNA complex: a short lifetime state (-1 ns), along  ton is under way at the very beginning of the melting curve. On
lifetime state ¢ ~3—4 ns), and a “dark” (low quantum yield) state the other hand, the fluorescence intensity of TMRh, which is
(17). The changes of the fluorescence intensity and anisotropy areSUPPOsed to increase upon the opening of the end of the duplex,
understandable in light of the transitions between the three speciesSNOWs that the 'send where the TMRh dye is situated is still in a

in the different regions of the melting curve. The transitions in Pase-paired state. This is direct evidence of hairpin formation of
brackets are observable directly by measuring the time-resolvedthe dissociated TMRh-labeled strand.

parameters of fluorescence; the transitions involving the dark state . s
can be deduced by indirect methods, for example by comparing ©f the 8-base and the 16-base single-stranded ‘Cligh-

the temperature dependence of the mean lifetime and the steadymers are shown in Figure 1. The decrease of the fluores-
state intensity 17). cence intensity and anisotropy curves of the 8- and 16-base

single strands is smooth, lacking any abrupt variation

e e C-T attributable to the denaturation of hairpins.
'(I: ?ﬂ-&jc . TEr S ?_‘?;C We analyzed the fluorescence intensity melting curves of
3G ’G\A/T 3G \A/T*C’ G-T the hairpins assuming that the melting of the hairpin structure
takes place in an all-or-none manner (for the thermodynamic
TMRh T TMRh oot equation describing the process, see the Appendix). If we
12 hp \(; ¢ -A G C-C-A \(l;f C-A_C-T assume that the enthalpy ghange is abogt 8 .kcaI/moI per base
316G %_éfG 366 T84t dd pair, the van't Hoff enthalpies and entropies in Table 1 imply
Y Y c that, especially for the 16-base strands, fewer base pairs are

Ficure 8: Possible structure of the hairpin molecules. The possible formed t_han shown in Figure 8. Another equally p055|bl_e
Watson-Crick base pairs are shown. The vertical solid lines €Xplanation for the value of the total two-state enthalpy is
between the bases represent the number of base pairs that arthat the stability of some of the base pairs in the hairpins is
probably formed as indicated by theH and AS of the melting  Jower than in a normal duplex, even though all base pairs
transition; the vertical dashed lines between the bases indicateghqwn in Figure 8 are formed. We cannot distinguish these
hydrogen bonds that could also be formed. The standard enthalpyt ibiliti Th It'. f the hairbi
changes accompanying the melting of the 8-, 12-, 16-, and 20- WO POSSIDIIUES. € meling process or the hairpins
base hairpin molecules are shown in Table 1. involves only a small number of base pairs, and therefore,
the transitions are broad and the baselines must be determined

that could form hairpins, the fluorescence intensity of the over a large temperature range. The uncertainty in fitting
attached TMRh molecules increases as the temperature igshe curved baselines leads to more uncertainty inAke
raised (see Figure 1A) similarly to a thermal denaturation values of the hairpins than for the duplexes (Table 1).
curve of the duplex (see Figure 2A). In the duplex, this However, including the thermodynamic and spectroscopic
increase has been attributed to the hetwil transition of influence of the hairpins greatly improved the analysis of
the bases at the'®end of the molecules where the dye is the melting of the duplexes, especially in the case of the
attached (see below). (2) The TMRh anisotropy decreases8-bp duplex (Figures 4 and 9).

abruptly as the temperature is raised in the same temperature The hairpin formation can be easily observed because the
range where the fluorescence intensity increases; this isfluorescence intensity and anisotropy are sensitive to the local
consistent with the increased mobility of the dye when its environment of the dyes. Fluorescence is an excellent
environment changes from a duplex state to a random coil parameter for following the formation of hairpins. This
state. (3) The T," of the melting of the hairpins was not would be difficult to do with other methods such as
affected by using two concentrations differing by a factor absorption in the nanomolar concentration range because of
of 10 (data not shown), which is to be expected for a the low number of base pairs involved; absorption would
monomolecular transition. (4) Our proposal of hairpin require micromolar concentrations. The existence of hairpins
formation with the single-stranded oligomers was cor- stabilized by 2 base pairs has been shown using NBER (
roborated by the melting experiments using the 8- and 16- but this technique requires even higher concentrations, on
bp strands with CC rather than GG at theeBds. As the order of a few millimolar.

expected, this change prevented base pair formation between The Baselines of the Melting Cags. To analyze the
the 8- and 3-ends of the molecule. The temperature profiles melting curves properly, a detailed knowledge of the
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baselines is required. Unquestionably, the best way to _ €2(490)_  €4(490)
determine the baselines is to measure individually the (ratio)y gs= — ——E+— (8B)
spectroscopic parameters of the ds and ss species. It is € (560)  €(560)

possible to determine the temperature dependence of the
spectroscopic parameters of the single-stranded species usin

the single strands of the duplexes. The double-strand ; . ;
baseline can only partially be explained by the temperature

baselines are more difficult to determine. By increasing the X . L
concentration of the sample, which shifts fhgto a higher depe_ndence of Fhe ratio of qbsorptlon coefficieB.( The
remainder of this increase is apparently due to an increase

temperature, the more extended double-strand region of the . . : .
X . . _n FRET resulting from an increase in the overlap integral
melting curve can be used as a baseline for a sample havin S
X : nd from the temperature-dependent redistribution of the
a lower concentration and a low&f,. Unfortunately, this

ossibility is often limited by the amount of sample. In such TMRh molecule on the duplex DNA structure. As the
P ity y . pe. temperature is increased, the peak of the emission spectrum
cases it is helpful to have a physically reasonable model for

: . ) of the fluorescein label (donor) is shifted to the red (521.5
the spectroscopic behavior of the ds species to extrapolate 523.5 nm between 0 and 8C), and the absorption peak
the d(_)uble—strand baseline in the m_eltmg region where no of the TMRh label (acceptor) is shifted to the blue (560
experimental data for the pure species are available. 556 nm between 0 and 8C). This slightly increases the
For the absorption melting curves and the fluorescence overlap between the two spectra and thereby increases the
melting curves following the intensity of fluorescein, the FRET efficiency contributing to the increase of the (rai@)
nonlinearities of the baselines are probably negligible, and baseline. The contribution of the TMRh redistribution to
therefore, no single-stranded samples for the absorptionthe increasing baseline is discussed in the following section.

baselines were measured. For these data the baselines were The ds baselineys of the TMRh anisotropy was fitted to
fitted well with straight lines. a straight line, whereas the single-stranded baselineas

On the other hand, the fluorescence intensity of TMRh in determined experimentally with the TMRh-labeled strand.
the ds form of the duplex deviated significantly from a The temperature dependence of the equilibrium between the
straight line. This is due to a temperature-dependent two fluorescent conformations of the TMRIDNA complex
rearrangement among the multiple conformations of the contributes to the temperature response of the anisotropy,
TMRh—DNA complex that are preserit]): two fluorescent in addition to the usual change of the rotational diffusion of
species with lifetimes of~3—4 and ~1 ns and a third the probe. Fortunately, the shapes of the double-strand
nonfluorescent (low quantum vyield), “dark” species. The baselines of the anisotropy are very close to straight lines
equilibrium among these states shifts toward the dark statefor the 12- and 16-bp duplexes. The temperature dependence
and toward the shorter-lifetime state as the temperature isOf the anisotropy of the 20-bp duplex in the double-stranded
increased, resulting in a decrease of the fluorescence intensitform is nonlinear (see Figure 2C); this phenomenon will be
(see Figure 7). In the baseline region of the pure duplex, discussed in the next section.
the temperature dependence of the duplex fluorescence The Effect of the Existence of Multiple TMRDNA
intensity, Fgs, could be fitted well according to a simple Complexes on the Spectroscopic Parameters of the Dyes and
model of a monomolecular transition between two fluorescent on the Efficiency of FRET below the,T The temperature-
states with differing molar fluorescence intensities. Inclusion dependent redistribution among the different conformations
of a further state, for example, the dark state, in the Of the TMRh-DNA complex influences several of the
calculations did not improve the fit but simply increased the Measured spectroscopic parameters; these effects are quite

redundancy and uncertainty of the parameters. Using this@Pparent in the melting profile of the 20-bp duplex. V¥&)(
model it was possible to fit the lower baselines of all the have shown that the equilibrium between the 4- and 1-ns
TMRh melting curves. lifetime states is shifted toward the shorter lifetime state as

the temperature is raised, which causes the average lifetime
of the TMRh to decrease. The majority of this isomerization

_by strai_ght lines. Both baselir_les of (_raﬁ(]hc_rease With of the TMRh—DNA complex takes place between 20 and
increasing temperature. The increasing (ratiopaseline 0 °C. The shift to the shorter lifetime component is

can be accounted for completely by the shifts and the Changesaccompanied by an increase in the anisotropy (see Figure

in shapes of the different spectral regions of the absorption 5y anq a decrease of the fluorescence intensity (see Figure
spectrum of TMRh. The efficiency of energy transfer is O 2A) of the TMRh label on the 20-bp duplex molecules. In

in the single-stranded state, so the value of the single-strandede same temperature range the fluorescence parameters of

he ratioeP(490)k”(590) is also an increasing function of
e temperature; however, the increase of the (ragio)

The (ratio) ¢s and (ratio) ss baselines were approximated

baseline is (see eq 4) the following: the fluorescein label and the (raticdurve are also affected
A A by this change in the TMRh configuration. The fluorescence
(ratio), ss= F"(490,590)F"(560,590)= intensity of the fluorescein drops (see Figure 2B), and its

(490)K(590) (8A) gnisotrc_)py (see Figure 2E) s_hows a slower decrease with
increasing temperature than either below or above this range;
. , i (ratio)a (see Figure 2D) increases rapidly in this temperature
With increasing temperature the value6¢490) increases a9 - All of these effects imply that the efficiency of FRET
ande”(590) decreases, and their ratio varies with temperaturejnreases, decreasing the fluorescence lifetime of the fluo-
as does the experimental (rang) data (see Figure 2D). rescein. Perhaps the relative orientation of the TMRh and
The double-strand baseline of (rafi@) is (where energy  fluorescein dipoles is more favorable or the distance between
transfer is present) the two dyes is shorter, when the TMRBNA complex is
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in the 1 ns lifetime state. The last four bases of the sequenceof (ratio)s does not depend linearly on the molar fractions
of the 8-, 12-, 16-, and 20-bp molecules are identical in all because terms proportional to the molar fractions are present
the duplexes. However, the influence of the transition in the denominator as well as in the numerator in the
between the different lifetime states on the spectroscopic expression for (ratia)(see Appendix for derivation). There-
parameters is most prevalent in the melting curves of the fore the (ratio) melting curves cannot be analyzed simply
20-bp molecule. as the fluorescence intensity melting curves. In the event
Temperature Profiles of the Fluorescence Intensity of that the (ratiogy melting curves are analyzed according to
TMRh and Fluorescein through the-elss Transition Region.  an equation similar to eq 5, the calculated extent-of-melting
We have showni(7) that a larger molecular fraction of the curves are displaced to a lower temperature; this displacement
TMRh—DNA complex is in the dark state in the duplex form is an artifact, resulting simply from the terms proportional
than in the single-stranded form at any particular temperature.to the molar fractions of the duplex and single-stranded states
In addition, the fluorescence lifetimes are slightly longer, of the oligonucleotides in the denominator. If a correct
and the molecular fraction of the long lifetime state is also analysis is made of the (ratip)curves, as shown in the
larger in the single-stranded state than in the duplex state.Appendix, then the calculated extent-of-melting curve is not
As a consequence, the apparent overall quantum yield ofoffset, as shown in Figure 4, and the FRET extent-of-melting
TMRh is greater in the single-stranded form than in the curve agrees with the extent-of-melting curves calculated
double-stranded form, and the melting is accompanied by directly from the fluorescence intensities.
an increase of the fluorescence intensity (see Figure 2A). With the knowledge of the temperature dependence of the
The inherent fluorescence intensity of fluorescein (e.g., appropriate absorption coefficient ratios (see eq 4), the
duplexes labeled with only fluorescein; data not shown), efficiency of FRET,E, could be determined. However, the
which is located at the opposing-&nd of the duplex with  knowledge ofE is not required in order to determine the
respect to the TMRh label, also increases upon melting (seeextent-of-melting from the FRET data; the temperature
Figure 2B). However, the fluorescein fluorescence intensity dependence of (ratig)can be evaluated directly. The
is also diminished by energy transfer in molecules doubly advantage of (rati@)is that it is a more directly determined
labeled with fluorescein and TMRh. If the fluorescence parameter thak. It does not necessitate the measurement
intensities of the different duplexes are normalized in the of the temperature dependence of the absorption coefficients;
ss-region, the longest molecule, the 20-bp duplex, has thetherefore its measurement is easier and its error is smaller.
highest fluorescence intensity in the duplex state becauseAs long as the baselines of (ratigre approximately straight,
the energy transfer for this molecule is the lowest, Figure the determination of the absorption coefficient ratios can be
2B. avoided. Imperfect labeling of the oligonucleotides would
Temperature Profiles of the Fluorescence Anisotropy of change the value of (ratig) but it would not influence the
TMRh and Fluorescein through the-elss Transition Region.  temperature profile of the extent-of-melting curves deter-
The abrupt decrease of the anisotropy as the temperature isnined from the (ratig) versus temperature curves.
increased to the range where strand dissociation takes place Temperature Profiles of the Mean Lifetime of TMRh.
(see Figure 2C) suggests that the mobility of the TMRh label Assuming that the fluorescence lifetime of a species is
is greater in the single-stranded form than in the double- proportional to its quantum yield and all the species are taken
stranded form. In addition, the equilibrium between the short into account with their corresponding molar fractions when
and long lifetime states of the TMRIDNA complex is calculating the mean lifetime (according to eq 1), the shapes
shifted toward the state with a longer lifetime as the strands of the mean lifetime and the steady-state fluorescence
dissociate; this also contributes to the decrease of theintensity curves should be identical.
anisotropy. This has been found in all of our previous However, the percent decrease of the steady-state intensity
measurementsl( 17). The anisotropy of the fluorescein is greater than that of the mean lifetime in the same
label is much lower than that of the TMRh label at all temperature range of-3%0 °C. Both parameters follow a
temperatures, indicating that the interaction between thesimilar decreasing tendency in the double-stranded range and
oligomer and the fluorescein label is looser and the mobility an increasing tendency in the temperature range where the
of the dye is higher than for TMRh. The anisotropy of melting takes place. The decrease of the mean lifetime and
fluorescein is already low in the double-stranded form, and steady-state intensity in the duplex state as the temperature
the change of the anisotropy upon melting is small; this increases is due to the shift of the equilibrium between the
makes it difficult to analyze the melting transition quanti- two fluorescing states toward the shorter lifetime sta@.(
tatively by using the fluorescein anisotropy data. Because The steady-state fluorescence intensity is further diminished
of FRET, which lowers the lifetime of the donor (thereby by the increase of a population in a dark state (low quantum
increasing its anisotropy), the fluorescence anisotropy of yield), but the presence of this dark state does not affect the
duplex molecules singly labeled with fluorescein (data not observed lifetimes. This causes a discrepancy between the
shown) is lower than that of doubly labeled molecules. The measured steady-state intensity and the mean lifetime and
value of the anisotropy of the fluorescein is the lowest for indicates that the dark state becomes more populated in the
the 20-bp duplex because this molecule has the least energyluplex state as the temperature is increased.
transfer so that the fluorescence lifetime is the longest (see The mean lifetime (eq 1) is greater in the single- than in
Figure 2E). the double-stranded form. In the single-stranded state the
FRET Melting Cures. Changes in the efficiency of FRET lifetimes are slightly longer and the molecular fraction of
from the (ratio), values can be calculated at every temper- the longer lifetime component is greater than in the duplex
ature (see eq 4). However, in a mixture of different species state. It has been shown by Masi et al. {7) that the dark
(see eq 6), for example, duplexes and single strands, the valuestate is probably less populated in the single-stranded form
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than in the double-stranded form. Comparison of the Melting Cues of the 8-bp Duplex
The Analysis of the Melting Cues of the 12-, 16-, and  Taken with Different Spectroscopic Parameteiie effect
20-bp Duplexes According to the Extended All-or-None that the different spectroscopic parameters have on the
Model Yields Good Agreement between Data Sets Taken wittbbserved melting curves can be seen most effectively by
Different Spectroscopic Parameterhe extended all-or-  comparing the melting curves of the different fluorescence
none model (see Appendix) fits the melting curves of the parameters of the 8-bp duplex. It was the melting behavior
12-, 16-, and 20-bp duplexes well. The extent-of-melting of this duplex when followed by measuring the fluorescence
curves (see Figure 4) and the thermodynamic parameters (se@tensities and (ratia)that made us realize that the melting
Figure 5 and Table 2) are nearly identical when derived from process of the duplexes is not a simple bimolecular equi-
the different fluorescence parameters and from the UV librium of the random coil and duplex conformations. For
absorption melting curves (for the 20-bp duplex). During the sake of comparison, the melting curves of the fluores-
the melting of these duplexes the presence of partially meltedcence intensity of TMRh and (ratipwere plotted together
intermediates other than the hairpins is not detectable. Thisin Figure 9. The decrease of (ratioguggests that melting
does not exclude a more complex mechanism of melting, is under way at the lowest temperature of the measurement.
such as a zipper model, but shows that a more complexThe fraction of dissociated strands at 2@ is about 10%
model is not required. according to our analysis. On the other hand, the fluores-
Morrison and Stols 12) observed by FRET that the cence intensity continues to decrease with increasing tem-
equilibrium properties of the melting reaction mixture of 10- perature between 0 and 1€, where there are major changes
and 20-bp duplexes could be described adequately with anin the (ratio) values. The expected increase of the
all-or-none model. Their sequences could not form stable fluorescence intensity as the end of the DNA molecule, where
hairpins; however, their kinetic data suggest thatrttezh- TMRh is attached, becomes single-stranded is apparent only
anismof the helix—coil transition is more complex than the above 12°C. (ratio) and the fluorescence intensity of
two-state model. By observing the temperature-induced TMRh display substantially different apparefi values;
spectral shift of a modified fluorescent base, 2-aminopurine, (ratio)a shows earlier melting. In a paradoxical way strand
Xu et al. (L3) have shown that a premelting transition purely dissociation seems to precede the opening of the end of the
dynamic in nature can be observed prior to melting of the molecule. This discrepancy can be resolved by assuming
B-helical structure. that the dissociated TMRh-labeled strand can fold back on
Concentration Dependence of the, ©f the 16-bp Du- itself forming a hairpin with a locally base-paired structure
plexes. The determination oAH andASfrom the concen-  at the end of the molecule, delaying the increase of the
tration dependence of th&, is thought to be a fairly robust  fluorescence intensity of the TMRh fluorescence curve.
analysis 88). In our calculations we defined,, as the Melting Cures of the 34-bp DuplexThe 34-bp duplex
temperature where the molecular fractions of the strands thatmolecule is considerably longer than the other duplexes
are in duplex and random coil conformations are equal; this studied in the present paper. Thus the melting process of
is not'/, of the total number of strands because the hairpins this duplex can be expected to deviate most from the two-
are also present. Thik, is different from the “apparent”  state mechanism. Even though the TMRh-labeled single
melting temperature where half of the molecules have strands can form a hairpin, the hairpin is not stable in the
dissociated and are either in the hairpin or in the random temperature range of the main duptesingle strand transi-
coil form. The graph of I, versus I, wherec is the sum tion; therefore, the inclusion of this species in the thermo-
of the concentrations of the duplex and random coil forms, dynamic analysis is not necessary. However, the fluores-
should be linear according to the all-or-none model. Though cence intensity melting curve of this molecule is not fitted
the actual graphs in Figure 6 are not linear, Até¢ andAS well by the all-or-none model (Figure 3A). In addition, the
values determined from the slopes and intercepts compareAH determined from the two-state fit is omy77% of the
well with the values derived from the nonlinear fits of the value estimated by adding the nearest-neighbor interaction
individual melting curves and with the nearest-neighbor terms available in the literaturel) (see Table 2). This
estimates. We cannot definitely account for the downward discrepancy, which is not apparent for the shorter oligo-
concave shape of the Tl versus I curves, but some nucleotides, is indicative of the presence of intermediates;
possibilities can be ruled out. When analyzing the melting the presence of more intermediate states causes the broaden-
curves according to the two-state model without taking into ing of the transition and this leads to decreased apparent
account the presence of the hairpins, the shapes of The 1/ values of the expected energetic parameters if the transition
versus lic curves are very similar to those shown in Figure is analyzed as two-state.
6 (data not shown). Simulations according to the statistical The extent-of-meltingp, was simulated according to a
zipper model have shown that the presence of partially meltedstatistical mechanical zipper model of the melting (see Figure
intermediates would yield an upward concave curve; thus 3B); in this model the base pairs can open up (become un-
the shape of the curves cannot be explained by the presencéase-paired) from both ends, but no internal loops are
of further intermediate states, either. The shape might beallowed; internal loops are highly improbable because of their
due to experimental error in the measurement of the relatively low entropy contribution1@). In our simulation
temperature in the individual melting curves or to inaccuracy we assumed that presence of the helix or coil state of only
in the determination of the energetic parameters of the a certain number of base pairs at certain positions of the
melting of the hairpins. Finally, we cannot exclude the duplex affects the fluorescence signal. The varied parameters
possibility that the melting process, or the coupling of the during the simulation were the averageHp[belonging to
spectroscopic signals to the molecular process of melting, the opening of a base pair, and the position of the base pairs
is more complicated than assumed in our models. influencing the signal from one selected molecule. It was
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found that the data are best represented by the simulation ifmaximally base-paired hairpin, and the random coil confor-
we assume that only the last 5 base pairs have an effect oomations. The reaction mixture does not contain other
the signal originating from a given molecule. Of course, partially melted intermediates in amounts perceptual by our
the state of the other bases also influences tibal methods. The thermodynamic parameters of the duplex

fluorescence signal from the sample through the statistical random coil transition determined from the temperature
weights by which the different intermediate conformations profiles of the fluorescence parameters compare well with
are represented in the partition function of the molecule. the values derived from UV absorption melting curves and

The shape of the simulated curve is a very sensitive predictions based on the nearest-neighbor interaction values

function of the parameters of the simulation, such astHe  available in the literature. The extent-of-melting curves

and AS of the formation of a given base pair at a certain derived from the different spectroscopic observables show
position of the duplex. This sensitivity is the strength and 3 good agreement.

weakness of simulations with such a multivariable model,
but the statistical model represents the actual molecular

situation better than the two-state model. It is therefore Idbe b imulated by th istical zi del. Th
necessary to pick reasonable average values for the paramcould be better simulated by the statistical zipper model. The

eters and to introduce variations only if the molecule has Shapeé of the apparent extent-of-melting curve changes
special features such as mismatched or bulged nucleotide$ensitively depending on the region of the molecule that
or junctions (see, for example, re8 and 39; Gohlke et influences the signal. Assuming that the helix or coil state
al., in preparation). In our case of a simple 34-bp duplex, it Of the last 5 base pairs in the vicinity of the dye affects the
was sufficient to use averageH andASvalues to represent ~ signal gave the best agreement between the measured and
the melting curve with reasonable accuracy, but the two- simulated extent-of-melting curves. Fits assuming that bps
state model is insufficient. 1-5, 2-5, or 3-5 affect the fuorescent signal gave similarly
good agreement with the experimental data.

CONCLUSIONS The simultaneous measurement of several parameters is

Because fluorophores are sensitive indicators of their N€cessary to resolve more complex molecular transitions.
physical-chemical surroundings, the spectroscopic parameterd Nis was the case for the 8-bp duplex; strand dissociation
of fluorophores attached covalently to oligonucleotides are Was indicated by the decrease of FRET, while the opening
useful tools for studying the helixcoil transition of these  of the 3-ends of the duplexes or the single strands adopting
macromolecules. The different fluorescence parameters, théhairpin conformation was shown by the change in the
fluorescence intensity and anisotropy of TMRh, the intensity fluorescence intensity of TMRh. These overlapping pro-
of fluorescein, and the efficiency of energy transfer between cesses could not have been resolved by following only one
fluorescein and rhodamine, all provide disparate views of spectroscopic parameter. The measurement of the fluores-
the melting process; in some cases the information providedcence parameters allows the investigation of the mechanism,
by the different parameters is complementary. These thermodynamics and kinetics of the hefizoil transition,
fluorescence parameters can be measured with sufficientand other transitions of more complex macromolecules if
accuracy and their change upon melting is large enough sothey can be fluorescently labeled. These fluorescence
that they can be used for the quantitative analysis of the parameters are sensitive to different aspects of the -helix
helix—coil transition. coil transition and provide complementary information.

The shapes of the baselines of the fluorescence parameters
related to TMRh can _pe gnderstood in terms of the temper- A\CcKNOWLEDGMENT
ature-dependent equilibrium between several conformations
of the TMRh-DNA complex. The knowledge of the
baselines is crucial for the evaluation of the temperature
profiles of the spectroscopic parameters. It is best to
determine the baselines experimentally, for example, using
single-stranded molecules; however if the experimental
determination is not possible, the knowledge of the thermo-
dynamic and photophysical properties of the different-eye
DNA complexes is useful.

We observed that the single-stranded molecules with 5 APPENDIX
CC and GG-3ends can form hairpins stabilized by only a
few base pairs. This is easily observable and identifiable in ~ Calculating the Value of the Parameter (ratiofor a
the fluorescence experiments. Changing the sequence to CCMixture. Just like fluorescence anisotropy, (rafi¢see eq
3 prevents hairpin formation completely in all oligonucle- 4) is a ratio of fluorescence intensities. This is why the
otides. The existence of hairpin structures must be takenmeasured value of (ratigfrom a mixture of several species
into account in the statistical thermodynamic description of can be calculated from the characteristic (ratieglues and
the dissociation of the duplexes made up of single strandsthe molar fractions of the different species in a manner
that can form hairpins. similar to that of the calculation of the anisotropy of a

The helix—coil transition of the 8-, 12-, 16-, and 20-bp mixture. Equations 2 and 4 in the text give the definitions
duplexes can be described well by the extended all-or-noneof the anisotropy and (ratig) The (ratio) value of a mixture
model including only the fully base-paired duplex, the of duplex and single-stranded molecules is the following:

The denaturation of the 34-bp duplex cannot be described
sufficiently by the all-or-none model; the melting profile
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(ratio), = B [B] OL AH A
FAO4907) _ (1 - a)FA4904) + aFi®(4907) _ KM= "1-a & r{— =t
A(D) A(D) A(D) -
F*(5604) (1 — a)Fys '(5604) + aF ' (5604) a(T) _ K(T) (A-4)
Fa)(4902) FAP) (4907) 1+K(T)
=9 Camisgon 0P 4 amigg0, 000

where [A] and [B] are the concentrations of the two species.
(1 — 0)F4P(5604) + aFLP(5604)
(C) The Extended All-or-None Model Describing the
_ (1~ oj(ratio), aFa(5604) + a(ratio), (AP (5602) Al Equilibrium of the Duplex, Hairpin, and Random Coil
(1 — )FiP(5602) + aFAP (5604) A1) Conformations.The dissociation of the 8-, 12-, 16-, and 20-
bp duplexes was described in terms of an extended all-or-
where (1— o) is the fraction of duplexes in the mixture,; none model involving duplex (ds), hairpin (hp), and random
is the fraction of dissociated strandEQéD) (An42) and coil (rc) conformations. There is a monomolecular temper-
FA®) (11,4,) are the fluorescence intensities of the acceptor ature-dependent equilibrium between the two forms of single
on the pure ds and ss species in the presence of the donorstrands with a distincAH andAS; the hairpin is more stable
A1 is the excitation and, is the emission wavelength; and at lower temperatures and the random coil predominates at
(ratio)a ¢s and (ratio) ssare the (ratio) values of the pure ds  higher temperatures. The thermodynamics of the duptex
and ss species. Note that (rafi) the single-stranded form  sjingle-stranded strand dissociation process is affected by this
is lower than in the double-stranded form because in the gqujlibrium between hairpins and random coils. The effect
expression for (ratig) (see eq 4F = 0 for single strands, 4t e existence of the hairpin on the dissociation constant
that is, there is no energy transfer in the case of single strandsOf the duplex is negligible if th&, of the hairpin is far below

The above expression can be generalized to any number,
of conformations by extending the sum to all conformations theTm of the duplex. The chemical reactions and equilibrium
constants of the system are the following:

Y ay(ratio)y FAP)(5604)

. ' rcyJ[rc
(ratlo)A = (A-2) ds< rc, + rc,, Kd(T) = % = exg— % + AR%
> aF ) (560)
. hp, <> rc,,
whereq; i i iQ) i Ay, | Ay,
a; is the molecular fraction, (ratig) is the charac- Ky, (T) = [re,l/[hp,] = expd — ,
teristic value of (ratio), and F*® (5607) is the molar " RT R
fluorescence of th&h species. hp, <> rc,,
Thermodynamic Models Describing the HeliRoil Tran- AH, AS,
sition. (A) The All-or-None Model for the Dissociation of K = [reVho.] = exp(— P2y pZ) A5
Duplexes. The dissociation of a duplex to two random coil hpz(T) [re2l/lhp2] RT (A-5)

molecules reand r¢ is described by the van't Hoff equation

for a bimolecular process: where ds means the double-stranded speciesntrg are

[rcl][rcz] e AH A the random coils, hpand hp are the hairpin conformations
Ky = ds] 1-a =exg— RT + Rj of the two complementary strand&; andKp, (i = 1, 2) are
the equilibrium constants of the dissociation of the duplex
A(T) = Kd(T) o and of the melting of the hairpindH andASare the molar
T1-a enthalpy and entropy differences between the random coil
—A(T) + /A(T)2+ 4A(T) and the duplex state, amiHn, and AS,, are the molar
a(T) = > (A-3) enthalpy and entropy differences between the random coil

and hairpin of theth strand. In our calculations we assumed
whereKj is the dissociation constant, [ds], {tcand [rc] that AHny, = AHnp, andASy, = ASy, that is, the thermal
are the concentrations of the duplex and coil molecutes, stabilities of the hairpins of the two complementary strands
= [ds] + [rcy] = [ds] + [rcy] (cis the total concentration of — are the same; thus, fic= [rco] and [hp] = [hps]. Using
each strand)q is the molar fraction of coil molecules (or these equalities and omitting the indexe®ferring to the
the extent-of-melting)AH and AS are the molar enthalpy  two strands, we can define an extent of melting and an

and entropy change of the transitidijs the gas constant,  apparent dissociation constant by the following equations:
andT is the temperature in K.

(B) The All-or-None Model for Monomolecular Transi-

tions. The transition A— B between two states with K3 (T) o2

different molar Gibbs free energies, such as the hairpin andA(T) = c —1= o

random coil states of a DNA strand or two different TMRh ) 2

DNA complexes, is described by the van't Hoff equation o(T) = —A(T) + (A(M)” + 4A(T)) (A-6)

for a monomolecular process:
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< ()= s5F _ (el +[re)® _ Z(N) = Y exp(-G/RT) (A-9)
d [ds] [ds] !
[rc]2( [hp)? S[hp] whereR is the gas constant, is the temperature in K, and
[ds]\ [rc]2 L[rc] - G; is the molar Gibbs free energy of the molecule in itie
conformation. The summation is taken over all possible
Ko(M(L + KM 72+ 2K (M) = conformationsj, allowed by the zipper modelG, = H; —
AH AS AH,, AS, TS, whereH; and S are the corresponding enthalpy and
expg— BT + R 1+2 exr(ﬁ — T) entropy of the conformation G, = 0 is assumed for the
coil state, and all bases are assumed to be equivalent in the
2AHp,  2A§,, AH AS coil state. A specific enthalpy changkH; ,, and a specific
ex “RT R /™ exXn— RT + R Keod T entropy changeAS,,, are assigned to the opening of the

jth base pair of the sequence. THBigpiex= —Zszl (AH;j 0p
where ss refers to single strands either in the hp or in the rc = TASp) for the intact duplex. Sequence specificity can
conformation,a is the molar fraction of ss molecules, and be taken into account by assigning different valueAldf,
Co is the duplex concentration if all the molecules are in the and ASp, for every base pair. A special concentration-
duplex state.Kc(T) is the correction factor for the apparent dependent “nucleation parameter” can be assigned to the
dissociation constantKe.(T) was determined from melting ~ opening of the last intact base pair of the molecule. The
experiments using the TMRh-labeled single strands of the total Gibbs free energy of a conformation is equal to the
duplexes. As we can se&, the apparent dissociation sum of the contributions of each base pair. If, for example,
constant of the duplex, ang the extent-of-melting, can be  the firstl base pairs are open and the Itbase pairs are
expressed in terms of the temperature and the thermodynami€l0sed, then
parameters of the duplexxandom coil and hairpin-random |
coil transitions. —

The Concentration Dependence of theiif the Extended &= Cauptex ;(AHJ’bp A3 (A-10)
All-or-None Model. We defineT, as the temperature where

[dS] = [rcl] = [I’Cz] = [rc] (rc can mean either [®r rc, and The statistical Weight,\/\/i, of the ith conformation is
hp stands for either hmr hpz) We definec andcy asc = defined as\, = exp(—G;/R'D, and the molecular fraction of
[ds] + [rc] and co = [ds] + [rc] + [hp]. At T = T, where, a conformation is equal t6//Z(N). Note that the molecular
according to our definitions, [dsF [rc] = c¢/2 and [hp]= fraction of a conformation is temperature-dependent. The
o — ¢, the reaction equilibria are the following: molecular fractiorg of a class'U” of conformations is the
sum of the statistical weights of the conformations belonging
[rc] /2 p{ AH,, ASnp) to “U” divided by the partition function:
[hp] c—c 2 RT, R B= ZV\/i/Z(N) (A-11)
le
el _ p = exp{— AH L A—S) (A7)
[ds] RT, R In the simulation of the melting we assumed that the helix/

coil state of the base pairs in a well-defined contiguous range
Note that bothc and T, are unknown. Ifco and the  (we will call this the “critical range”) consisting af base
thermodynamic parametefsH, AS, AHp, andAS,, of the pairs (the “critical base pairs”) determines the fluorescence
reaction equilibria are all known, the above system of two signal of the molecule. Only base pairs near the labeling
equations can be solved fdr andc. The second equation  position are expected to affect the signal. The fluorescence
can also be written in the following form indicating clearly signal of a conformation can have one f+ 1 possible
the concentration dependenceTef different values, depending on how many bases belong to
the coil segment existing at the fluorescently labeled end of
1T, =—(RAH) Inc+ (AS+ RIn 2)/AH (A-8) the molecule. The apparent degree of melting of one
molecule iski/n, wherek; is the number of critical base pairs
in the coil segment at the labeled end of the molecule. The
apparent extent-of-melting of the mixture is calculated by
the following sum:

Simulating Melting Cures with the Statistical Zipper
Model. The melting of longer molecules is often not well-
described by the all-or-none model. Longer duplex mol-
ecules undergo stepwise melting, and the reaction mixture K
may contain partially melted intermediates. A good discus- a=S —W/Z(N) (A-12)
sion of the statistical mechanical models describing the i; n
melting of chain molecules can be found in the treatiss. (

The zipper model16) assumes that the molecules open up whereU represents the set of conformations in which the

at the ends of the helix and the process of melting proceedscoil segment at the labeled end of the molecule contains at
away from the ends similarly to the opening of a zipper; least one base pair of the critical range.

conformations containing internal loops are excluded. Inour Experimental extent-of-melting curves can be approxi-

model we allow the molecule to open from both ends mated with simulated curves by varying the values of the

simultaneously. Th&(N) partition function of the molecule  energetic parametersH; ,, andAS p, assigned to the opening

N residues long is the following: of the individual base pairs and changing the position and
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length of the critical region. In our simulations we set equal
values forAH,; u, for each internal base pair and varied only
this common[AHpdvalue. The entropy values &S,
were set to a uniform value dAS,,[= 24 cal/mol/K. The
calculation of the partition functions and the molecular

fractions was performed on a computer by using numerical

techniques.
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