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Abstract: The fluorescence enhancement of light-up probes (thiazole orange (TO) conjugated peptide nucleic
acids (PNAs)) upon hybridization to target nucleic acid depends on the probe sequence, mainly due to large
variations in free-probe fluorescence. Here we study three probes where the fluorescence in free state varies
more than 50-fold. We find that this variation is due to a fraction that has TO intramolecularly “back-bound”

to the PNA bases. The intramolecular affinity constant for this unimolecular interaction was determined by
temperature titrations using absorption spectroscopy, and the fluorescence quantum vyields of the probes in
back-bound conformation were calculated. The molar ratio of probes in back-bound conformation was 0.70
0.96 at 3C°C and 0.46-0.73 at 6(0°C, and the fluorescence quantum yield in back-bound conformation varied
between 0.0020 and 0.077 at 3G, and 0.000650.029 at 60°C. These data show that the variation in
free-probe fluorescence depends mainly on the fluorescence quantum yield of the probe in back-bound
conformation and to a much lesser extent on the tendency of the probe to adopt the back-bound conformation.
With increasing temperature the free-probe fluorescence decreases owing to both reduced degree of back-
binding and a decrease of the fluorescence quantum yield in back-bound conformation.

Introduction (a)

As the advantages of homogeneous hybridization asshys
are being realized the need for probes that generate large signal
increase upon hybridization is growing. One such probe is the
light-up probe, which is a peptide nucleic acid (PR which
an asymmetric cyanine dyés tethered. We have previously
shown that light-up probes based on thiazole orange (TO)
(Figure 1a) hybridize to DNA with high sequence specificity
and with up to 50-fold increase in fluorescericéhe fluores-
cence increase observed depended on PNA sequence, which
was mainly due to variations in free-probe fluorescence. The
great potential of light-up probes in homogeneous hybridization

R-NH

PNA TO-N’-10

pyr-LUP: lys*-CTCCTTCTCC-TO
AG-LUP: lys*-CTTCTCCGAT-TO
mix-LUP: lys*-lys*-ATCAACACTGCATGT-TO

{b)

assay% motivates a study of their fluorescence properties.
. . . . . Poc Kb Pbc
Here we characterize in detail three light-up probes. One is —
a homopyrimidine probe (TGCCTCTTCCTC-lyg), one is a PNA TO ¢

mixed sequence probe (FOGTACGTCACAACTA-lys*-
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bases (TG-TAGCCTCTTC-lys") (Figure 1a). The latter was

high free-probe fluorescenééelhe positively charged TO dye
(Figure 1a) binds with high affinity to single-stranded DN®,

to minimize internal complex formatidhSince TO fluoresces

Figure 1. (a) Chemical structure and sequences of the studied light-
up probes. B denotes nucleobases and R is either lysinyl amide or lys-
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and light-up probes are based on an uncharged analogue (PNA)
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electrostatically. It is this intramolecular interaction we study - @
here by temperature titrations using absorption and fluorescence N \‘Ap
spectroscopy. oy

-
1
~

Materials and Methods

Intensity

Light-up Probes. N-methyl-4-[(3-carboxydecyl-13-benzothiazol-
2'-yl)methylenyl]quinolinium iodide (TG-N'-10-COOH) was conju-
gated to the amino-terminal (N) of PNA as described previotiglyee
light-up probes were synthesized: F®'-(CH;)100CO—CCTCTTC-
CTC-lys" (pyr-LUP), TO-N'-(CHy)10-CO-TAGCCTCTTC-lys (AG- 400 450 500 550 600
LUP), and TO-N'-(CH,)10CO-TGTACGTCACAACTA-lys-lys" (mix- Wavelength (nm)

LUP). Thiazole orange (T@) was synthesized as describédviolar (b)
absorptivities of the probes at 260 nm were estimated as the sum of
the contributions from PN%& and TO: €26010° = 11.7g + 6.6nc +

13. 7, + 8.6n1 + 5oy M~ cml, wheree)g, = 7.1 16 M~1cm 1.1

The concentrations of the probes were determined by absorption
measured at 85C, where the PNA has lost its secondary structére.

Absorption and Fluorescence MeasurementsAll spectroscopic
measurements were performed in 10 mM phosphate buffer, 500 mM
NaCl at pH 7.0. The samples were prepared in a standard 1 cm square 0 . .
quartz cell and degassed with helium. Absorption spectra were recorded 250 300 350 400 480 S00 S50 600
on a Varian Cary 4 spectrophotometer using 1 nm bandwidth, and Wavelength (nm)
fluorescence was measured on a SPEX Fluorobspectrofluorometer
using a bandwidth of 3:65.4 nm. Fluorescence emission spectra were
recorded using 470 nm excitation and fluorescence excitation spectra
by monitoring the emission at 580 nm. All spectra were digitized with
five data points per nanometer. Absorption at the excitation wavelength
never exceeded 0.05, making the inner filter effect negligiblEhe
buffer and instrument contributions to the fluorescence spectra were
corrected for. Fluorescence quantum yieldsg)( were determined
relative to fluorescein in 0.1 M NaOH, assuming a quantum yield of .
0.93 for the fluorescein dianidi A cell compartment temperature block —p ey
was used to control the sample temperature. The temperature of the 250 300 350 400 450 500 550 600
samples was increased from 15 to 85 in steps of 5°C and was Wavelength (nm)
allowed to stabilize for 5 min before spectra were recorded.

(c)

Figure 2. Absorption,A,, (- - -) and fluorescence excitatiof}, (—)
spectra of (a) pyr-LUP, (b) AG-LUP, and (c) mix-LUP recorded at 15
°C. The absorption spectrum of free T, is shown for comparison
Spectroscopic Properties of Light-up ProbesThree light- (--+). The spectra are normalized to have the same area in the interval
up probes (LUP) were synthesized with the same linker and 300-350 nm.
dye. Their sequences are shown in Figure la. pyr-LUP isa pure ) ) ]
polypyrimidine and was expected to exhibit very low free-probe coincides with that of nucleobase absor.ptlc.)n. In Figure 2 t.he
fluorescence. mix-LUP has a mixed sequence and exhibits highSPectrum of free TO and the probe excitation and absorption
free-probe fluorescendeAG-LUP has purines in positions 2  SPectra are scaled to the same area in the region380 nm.
and 3 and then only pyrimidine bases. The length of pyr-LUP If the fluorescence quantum y|elo_ls were independent of excita-
and AG-LUP is 10 bases, while mix-LUP has 15 bases. tion wavelength, the probes’ excitation spectra and the absorp-
Figure 2 shows absorption and fluorescence excitation spectralion spectrum of the free dye should be the same also at shorter
of the light-up probes at 18C. The spectrum of free TO is wa\(elgngths. This is not the case. Below 300 nm the prob(_es’
shown for comparison. Free TO absorbs mainly in the vis region, excitation spectra are much more intense than the '_I'O absorptlon.
having maximum absorption at 500 nm, but it has also Consequently, there must be an additional contrlbuthn to Fhe
significant absorption below 350 nm (Figure 2). The absorption Probes’ fluorescence than that caused by dye absorption. Since
spectra of the probes in the vis region are red-shifted comparedth® probes’ excitation maxima coincide with the probes’
to that of free TO, and they have a pronounced shoulder aroungabsorption maxima, excitation energy is most likely transfgrred
485 nm (Figure 2). For all three probes the excitation spectra ffom the bases to the dye. Such energy transfer has previously
are practically identical to the absorption spectra; around Peen observed for asymmetric cyanine dyes bound to the
maximum and at long wavelengths there is essentially no Nucleobases of DNA>'® Clearly, even though TO is not
difference, while around the shoulder the excitation spectra have@ttracted to PNA electrostatically, the probes at low temperatures
somewhat higher intensity. Below 300 nm nucleobase absorption@d0Opt & conformation where the dye interacts with the PNA
dominates the probe absorption spectra (Figure 2). Interestingly,Pases (Figure 1b).
also the probe excitation spectra exhibit significant intensity ~ Temperature Titration. The absorption in the vis region of
below 300 nm, having maximum at 26870 nm, which the light-up probes was studied as a function of temperature.
The probes’ concentrations were 0.3 uM. Figure 3 shows
So(cllgféogl;’eiggg?'lg%%prag“e’ R.H.; Cressman, H. W. Am. Chem. o hrohes’ absorption spectra recorded evel@ & the interval

(12) Nielsen, P. E.; Egholm, MPeptide Nucleic Acids: Protocols and ~ 15—85 °C. For all of the probes, absorption depended on
Applications Horizon Scientific Press: UK, 1999; p 255

Results

(13) Kubista, M.; Sjback, R.; Eriksson, S.; Albinsson, Bnalyst1994 (15) Larsson, A.; Carlsson, C.; Jonsson, M.; Albinsson]. B\m. Chem.
119 417-4109. Soc.1994 116, 8459-8465.
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= pyrLUP @ back-bound conformation, respectively. The intramolecular
5 60000 -] TO—PNA equilibrium (Figure 1b) is described by
s ]
< C
Z 40000 - Ky(T) = 2 = Xoe )
.':_g: ] COC XOC
[]
5 20000 where Xpe = Cod/(Coc + Cod) @NdXoc = Cod(Coc + Coo) are the
& 1 molar ratios of probe in back-bound and open conformation,
g 0 ; | . l , . ' respectively. The intramolecular affinity constaki(T) is
400 450 500 550 600 assumed to depend on temperature according to the van’t Hoff
Wavelength (nm) equation
= AG-LUP (b)
§ 60000 - 1 AH°
5 60000 InK,(T)== (AS° - ) ®3)
= R T
2 40000 °
= whereAH® andAS’ are the molar enthalpy and entropy changes,
§ 1 respectivelyR = 8.31 J mot! K~1is the universal gas constant,
8 20000 and T is the Kelvin temperature. The absorption spectra are
< - ; ;
5 _ digitized and arranged as rows in a matéx A is then
g 0- decomposed into an orthonormal basis set using the NIPALS
J ’ ’ i routine}81°
400 450 500 550 600 '
Wavelength (nm)
.
- ix-LUP ) {c) =TP' ~TP = '
§ 0000 A=TP'+E~TP tip'; (4)
w 9 1=
?_, 4
2 40000 - where t; are orthogonal target vectorg,; are orthonormal
2 . . - . .
B projection vectorsk is the error matrix and = 2 is the number
§ 20000 - of spectroscopically distinguishable components. Equation 1 can
< be written in matrix form
3 - .
= 0 T T T T T T
400 450 500 550 600 A=CV+E=CV=)qy (5)
Wavelength (nm) =
Figure 3. Absorption spectra of (a) pyr-LUP, (b) AG-LUP, and (c) ‘ . .
mix-LUP recorded every 5C in the interval 15-85 °C. The probes’ Wherec! are vectors containing the component concentrations
concentrations were 1-L.3 «M. at the different temperatures an() are the component spectra.

Equations 4 and 5 are related by rotatit?
temperature. With increasing temperature the absorption shifts

to shorter wavelengths, and the shoulder becomes less pro- C=TR™ (6)
nounced. Similar changes in absorption are observed for TO V =RP 7)
mixed with single-stranded DNA when the FODNA < TO—

DNA equilibrium is shifted toward free speci€¢sThe wave- whereR is anr x r rotation matrix, which for a two-component

length of absorption maximum decreases from 507.2 to 505.0 system has the elements

nm for pyr-LUP, from 512.0 to 506.6 nm for AG-LUP, and

from 514.6 to 508.2 nm for mix-LUP. In all titrations two R = [rll r12] ®)

isobestic points were observed (Figure 3); at 509.0 and 519.8

nm for pyr-LUP, at 510.2 and 526.4 nm for AG-LUP, and at

512.4 and 531.2 nm for mix-LUP, revealing the presence of Since a single sample is studied, the total probe concentration

two spectroscopic components in each titration. Two speciesis constant,

were also identified by the statistical methods of Elbergali et

al.l” The obvious conclusion is that the two species are probe CodT) + Cpd(T) = Ct 9)

in open Poc) and back-boundR,) conformation, respectively,

that is, probe with the dye either free in solution or bound to Which is used to constrain matri [eq 8]° The remaining

the PNA (Figure 1b). elements oR can be determined by finding the combination
Determination of Equilibrium Constants. Assuming linear ~ of AH® and AS’ trial values that produce the best fit of

response the recorded specé(d) (vector variables are depicted N Ko(T) versus 1T [eq 3]. Such analysis is, however, quite

as bold lower-case letters and matrix variables as bold capital Unstablei??and when performed on the probe absorption data,

letters), are linear combinations of the spectral responses of0 unique solutions were found. Stable analysis would be

o1 T

probe in openyoq4), and back-boundysd(4), conformation: (18) Fisher, R.; MacKenzie, WI. Agric. Sci.1923 13, 311—320.
(19) Kubista, M.; Sjback, R.; Nygren, JAnal. Chim. Actal995 302
A1) = CotVod4) T CocVdl4) @ 12%;01)2K5Qbista, M.; Sjback, R.; Albinsson, BAnal. Chem1993 65, 994—
wherecyc andcyc are the concentrations of probe in open and jjg%{)ll;li/g_ren, J.; Andrade, J. M.; Kubista, Mnal. Chem.1996 68,
(17) Elbergali, A.; Nygren, J.; Kubista, Minal. Chim. Actal999 379, (22) Kubista, M.; Nygren, J.; Elbergali, A.; $jack, R.Crit. Rev. Anal.

143-158. Chem.1999 29, 1-28.
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Figure 4. (Top) Left: Absorption spectra of AG-LUP recorded everyGin the interval 15-85 °C (—), and of free TO red-shifted by 5.0 nm

(- --). Right: Linear regression of IK;, with respect to I¥ for ther,; value that resulted in the smallest sum of square residuals (insert). (Bottom)
Left: Calculated absorption spectra of AG-LUP in opef) @nd back-bound:{-) conformation. The spectrum of free TO red-shifted by 5.0 nm
(- - -) is shown for comparison. Right: Molar ratios of AG-LUP in op€)) @nd back-boundA) conformation compared to those predicted by the
temperature dependence of the equilibrium constant (lines).

possible if the spectrum of the probe in open conformation, ting a trial R matrix [eq 10], trial concentrations [eq 6], and
Vod4), could be determined separately to further constrain the trial affinity constants [eq 2]. Linear regression of K with
R-matrix1921 The only chemical difference between TO and respect to IV is then performed, and the; trial value that
TO—N'-10 tethered to PNA is that the TO methyl group is produces the best fit is considered correct. It is then used to
replaced for an aliphatic linker (Figure 1a). This is not expected calculate the spectroscopic profiles [ed%7{the analysis is

to affect the dye absorption appreciably. Absorption spectra of readily performed with the DATAN program available on the
free TO and free TGN'-10-COOH, when measured at low Internet: www.molbiotech.chalmers.se/research/mk/dafan).
concentration{0.84M) and high temperature (8%) to avoid Intramolecular Interaction of TO and PNA in Light-up
dimer formatior?! are identical in shape but shifted relative to  probes. The temperature dependence of the affinity constant
each other by 2.8 nm (not shown). We therefore assume thatfor the intramolecular TOPNA interaction for AG-LUP is
the spectrum of the probe in open conformatieg1), canbe  shown in the top right panel of Figure 4, and the calculated
modeled by the appropriately red-shifted and scaled spectrumabsorption profiles and molar ratios of the probe in open and

of free TO. The shift and scaling factor are readily estimated back-bound conformation are shown in the bottom panels. Best
from the two isobestic points observed in the titrations (Figure fit gave AH® = —55 kJ mot? andAS® = —169 J mot! K1

4, upper left panel). and generated an almost perfectly linear van't Hoff plot. The
R can now be described by a single scalgi,and four factors  absorption of the probe in back-bound conformation relative to

that are determined by the constraifits, the probe in open conformation is more red-shiftéff,( =
f,, fy 512.0 nmA.y, = 505.4 nm) and has somewhat lower absorp-

tivity (€2, = 62300 Mt cm2, €2 = 64500 ML cm ).
R=1, £+ (b —r l)fil (10) The spectrum of the probe in back-bound conformation also
2 T2tV 2vg exhibits a pronounced shoulder around 485 nm. The spectrum
of free TO red-shifted by 5.0 nm, which was used to model the
wherefi; = (ra2 — r1g)/(riarzze — riar21), fiz = (rin — rag)/(ruara2 spectrum of the probe in open conformation (Figure 4, upper
— 1), f21 = r1; andfy, = rio ro; can be determined by  left panel) is practically identical to the spectrum of the probe
requiring that matriXR should rotate the target vectors to give in open conformation calculated from the fit (Figure 4, lower
concentration vectors that produce an equilibrium constant left panel). The pyr-LUP and mix-LUP absorption titrations were
whose natural logarithm is a linear function offféq 3]. This analyzed accordingly, and the results are summarized in Table
is done by generating trial values ofi and for each calcula- 1. The mix-LUP spectra recorded at low temperatures-¢5b



Free-Probe Fluorescence of Light-up Probes J. Am. Chem. Soc., Vol. 123, No. 5, 2001

Table 1
1)) (I)bc
light-up AH® AS Ko Xoe - ; be
probe  [kJmo]  [@mollKY  30°C  30°C  60°C  30°C  60°C  30°C  60°C  [nm]
pyr-LUP “3 ~99 23 070 046 00014 000037 00020  0.00065  507.4
AG-LUP 55 ~169 52 084 040 0022 00019 0026 00046  512.0
mix-LUP -62 ~179 24 096 073 0073 0021 0077  0.029 514.6

°C) were excluded in the analysis because they were identical

to the spectrum recorded at 3G. The spectrum of pyr-LUP

in open conformation was shifted by 4.0 nm relative to that of

free TO, and that of mix-LUP was shifted by 5.8 nm. At 3D

the highest affinity constant was observed for mix-LWg €

24), and the lowest, for pyr-LURK( = 2.3) (Table 1). <

Figure 5 shows the temperature dependence Kfland the £
molar ratios of probe in open and back-bound conformation
for the three light-up probes. The temperature dependence of
the affinity constants varies among the probes (Table 1). For
pyr-LUP AH® = —32 kJ mot! andAS’ = —99 J moftt K1
are substantially higher than for AG-LUR\K°® = —55 kJ
mol~1, AS = —169 J mot! K~1) and mix-LUP AH° = —62
kJ mol, AS = —179 J mof! K1) (Table 1). At 30°C mix-

LUP is almost entirely in back-bound conformatiog.(= 0.96)
while the molar ratios of AG-LUP and pyr-LUP in back-bound
conformation are 0.84 and 0.70, respectively. Increasing the
temperature decreases the degree of back-binding. AC5be
molar ratios of pyr-LUP and AG-LUP in back-bound conforma-
tion are about 0.5, while it is 0.8 for mix-LUP. Not even at 85
°C are any of the probes entirely in open conformation (Figure
5).

Figure 5 also shows the calculated absorption spectra of the
probes in back-bound conformation. The spectra of AG-LUP
and mix-LUP are quite similarﬂ?ncax = 512.0 and 514.6,
respectively, while that of pyr-LUP is substantially different
(g = 507.4 nm) (Table 1). O Tm  ® @ ® s o @

Fluorescence Properties of the Light-up Probesi-luores- Temperature (°C)
cence emission spectra of the probes were measured every 5
°C in the interval 15-85 °C. The spectra measured at 16
are shown in Figure 6. At this temperature the back-bound <+ 800%0
conformation dominates in all of the probes (Figure 5). The
probes’ emission spectra vary both in shape and in the
wavelength at emission maximum. From the combined fluo-
rescence and absorption data fluorescence quantum yield as a
function of temperature was calculated and is shown in Figure
7. It varies substantially among the probes (Table 1). AtG0
it is only 0.0014 for pyr-LUP; it is more than 15-fold higher
for AG-LUP (®r = 0.022), and it is 50-fold higher for mix-
LUP (® = 0.073). Increasing the temperature from 30 to 85
°C decreases the fluorescence substantially of all three probes o
(Figure 7). For pyr-LUP it decreases 8-fold, becoming as low
as that of free TO @ UP85C = 000018, ®[O%C =
0.00014). The fluorescence of mix-LUEﬁSOC = 0.0018) and Figure 5. (a) Calculated values of I, at some inverted temperatures

) 85°C __ i for pyr-LUP (O), AG-LUP (»), and mix-LUP @) compared to the
(r)gsgfctli_vuellz; (@~ = 0.00030) decreases 40 and 70-fold, temperature dependence ofdp predicted by the van't Hoff equation

(lines). (b) Molar ratios of probe in open and back-bound conformation
for pyr-LUP (©O), AG-LUP (a), and mix-LUP ) compared to those
predicted by the temperature dependence of the equilibrium constant
Back-Folding of TO onto the PNA Gives Rise to Free-  (lines). (c) Absorption spectra of pyr-LUP-{, AG-LUP (- - -), and
Probe FluorescenceAnalysis of absorption spectra recorded Mix-LUP () in back-bound conformation.
at various temperatures reveals the presence of two forms of TO monomer bound to single-stranded DR¥suggesting that
the light-up probes that are in thermal equilibrium. The one the low-temperature form of the probes is a back-bound
dominating at low temperature is characterized by absorbing atconformation where TO folds back onto the PNA interacting
longer wavelengths and by having a characteristic shoulder in with its bases (Figure 1). All three probes exhibit unproportional
the TO band (Figure 3, Figure 5). It has also substantial fluorescence when excited in the UV region (Figure 2),
fluorescence (Table 1). These features are characteristic of thesvidencing energy transfer from the PNA bases to the dye. Such

Molar ratio

()

40000

20000 4

Molar absorptivity (M cm

450 500 ' 550 600
Wavelength (hm)

Discussion
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Figure 6. Normalized fluorescence emission spectra of pyr-LY#,

AG-LUP (- --), and mix-LUP {--) recorded at 15C.
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Figure 7. Effective fluorescence quantum yields of the free light-up

probe ©) and the fluorescence quantum yield of the light-up probe in

back-bound conformatiomy) as function of temperature; (a) pyr-LUP,
(b) AG-LUP, and (c) mix-LUP. The probes’ concentrations were-1.0

1.3uM. The lines are shown to guide the eye. In (c) the dashed lines

indicate the maximum of thg-axes in the two other graphs.

close contact energy transteis efficient only over very small

valpik et al.

Assuming that the fluorescence quantum yield of the probes in
open conformation is the same as for TO free in solution, the
guantum yield of the probes in back-bound conformat'rbﬁ"X

can be calculated as

D(T) = XML’

%o T) (1

Op(T) =

where ®[° = 0.00014, andk,(T) and x,(T) are the molar
ratios of probe in open and back-bound conformation, respec-
tively. At 30 °C the difference indg° for mix-LUP (2
0.077) and pyr-LUP ¢ = 0.0020) is 40-fold, while the
fraction in back-bound conformation differs by only 40%
(x-LtUP = 0,96, XY PP = 0.70). The difference inb° is

Xoc
even larger at 60C (Table 1). Hence, the variation in free-

probe fluorescence is mainly due to the fluorescence quantum
yield of the probe in back-bound conformation and to a much
lesser extent to the tendency of the different probes to adopt
the back-bound conformation.

Free-Probe Fluorescence Depends on Which Bases TO
Interacts with in Back-Bound State. The absorption spectra
of the probes in back-bound conformation (Figure 5) and the
fluorescence emission spectra of the probes &Clg-igure 6)
differ both in shape and in the wavelength at intensity maximum
(Table 1). This suggests that the dye is bound differently in the
three probes, probably between different bd8eslso, the
affinity constant of the intramoleculd®,: < Py equilibrium
(Figure 1) varies: at 30C K, = 2.3 for pyr-LUP,K, = 5.2 for
AG-LUP, andKy = 24 for mix-LUP (Table 1). Since all probes
have the same linker and dye, the PNA sequence must determine
the dye affinity. Most likely, it depends on the particular bases
the dye interacts with. This is reasonable, considering that the
TO affinity is very different for the various single-stranded
homopolymerd? The affinity for polypurines is much higher
than for polypyrimidines, owing to more efficient stackity.
AH° = —32 kJ mot! for the back-binding of pyr-LUP, while
for AG-LUP and mix-LUP it is about-60 kJ mof* (Figure 5,
Table 1). This suggests that TO in the latter probes folds back
stacking with purine bases. Further, the fluorescence quantum
yield of the probes in back-bound conformatic;hﬁ() varies.
Again, pyr-LUP deviates from the other probes by ha\ﬂiﬁ
as low as 0.0020 (30C). For AG-LUP and mix-LUP(I)Ec is
0.026 and 0.077, respectively (Table 1). This suggests that TO
in the latter probes is contacting guanine, which is the base

distances. Although it has been observed for groove-binding giving rise to the highest fluorescente.

drugs?* it is usually taken as evidence for intercalatiéié25

In summary, the variations in back-binding and spectroscopic

We conclude that a subpopulation where TO folds back onto properties suggest that free-probe fluorescence depends on which

the PNA interacting with its bases, probably by intercalation,

causes the free-probe fluorescence.
Free-Probe Fluorescence Depends Mainly on the Quan-
tum Yield of the Dye in Back-Bound Conformation. The free-

bases the dye is interacting with in the back-bound conformation.

In AG-LUP and mix-LUP TO is likely to contact purine bases,

while in pyr-LUP it interacts with pyrimidine bases.
Free-Probe Fluorescence Decreases with Temperature

probe fluorescence varies substantially among the three probespye to the Temperature Dependence oK, and ‘I’Ec- The
Largest difference was between pyr-LUP and mix-LUP: itwas flyorescent back-bound conformation is favored at low tem-

50-fold at 30°C and 60-fold at 60C (Table 1). In the same

perature (Figure 5), resulting in a decrease in free-probe

temperature range the difference between the back-boundfjyorescence with increasing temperature (Figure 7). AtGO
fractions of the same two probes was never more than 2-fold mix-LUP is almost completely in back-bound conformation

(Figure 5, Table 1). Clearly, the fluorescence quantum yields

mix-LUP = 0.96, Figure 5), and still, its fluorescence is

of the probes in back-bound conformation must be different. g hstantially lower than at 1% (Figure 7). Also for pyr-LUP

(23) Reinhardt, C. G.; Roques, B. P.; Le Pecq, JBBchem. Biophys.
Res. Commuril982 104 1376-1385.

(24) Hyun, KM.; Choi, SD.; Lee, S.; Kim, S. KBiochim. Biophys. Acta
1997 1334 312-316.

(25) Sari, M. A.; Battioni, J. P.; Dupre, D.; Mansuy, D.; Le Pecq, J. B.
Biochemistryl199Q 29, 4205-4215.

and AG-LUP does the fluorescence increase considerably when
temperature is lowered below 3@ (Figure 7), even though
the fraction in back-bound conformation does not change
appreciably (Figure 5). This means that the fluorescence
quantum yield of the probes in back-bound conformation must
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depend on temperature. Figure 7 shows the calculated [eq 11]P,c < Py equilibrium also varies among the probes (Figure 5,
fluorescence quantum vyield of the probes in back-bound Table 1), and as a consequence the temperature dependence of
conformation QJE) as a function of temperature. |ndeeﬁ,2° the fraction in back-bound conformatiory{) is different for
decreases with increasing temperature. This is typical of the three probes. For all probes the decreasg,jwas less
asymmetric cyanine dyes bound to DNA and is due to increasedthan that ofd)Ec in the temperature interval 385 °C. For
thermal motion of the nucleobases, which allows for more AG-LUP it was 5-fold, while for mix-LUP and pyr-LUP it
internal rotation in the bound dy&€6The temperature depen- was 3-fold (Figure 5). Since AG-LUP has the largest decrease
dence ofCIJE° varies among the probesbfic for AG-LUP in both xy,c and <I>E° with temperature, it has the most ex-
decreases 22-fold when the temperature is increased from 30reme temperature dependence of free-probe fluorescence
to 85 °C (®2C = 0.026, 2% = 0.0012) while the  (Figure 7).

decrease is 14-fold for miX-LUFq(ECﬁo"C = 0_077,q>l;°v85’° = In conclusion, free-probe fluorescence of light-up probes
0.0057) and only 7-fold for pyr-LUP @&!**°C = 0.0020, decreases with Egmperature due to the temperature dependence
285 = 0.00030) (Figure 7). We do not know the reason for Of bobtch Kp a.nd¢>F ._For the three probe_s studied here the effect
this variation, but it may reflect the energy barrier for rotating 0f ®¢ dominates in the temperature interva-3b °C.

the benzothiazole and quinoline rings about the ethylene bond

in the bound dyé® The temperature dependencekgffor the JA002294U



