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We have constructed light-up probes for nucleic acid
detection. The light-up probe is a peptide nucleic acid
(PNA) oligonucleotide to which the asymmetric cya-
nine dye thiazole orange (TO) is tethered. It combines
the excellent hybridization properties of PNA and the
large fluorescence enhancement of TO upon binding
to DNA. When the PNA hybridizes to target DNA, the
dye binds and becomes fluorescent. Free probes have
low fluorescence, which may increase almost 50-fold
upon hybridization to complementary nucleic acid.
This makes the light-up probes particularly suitable
for homogeneous hybridization assays, where separa-
tion of the bound and free probe is not necessary. We
find that the fluorescence enhancement upon hybrid-
ization varies among different probes, which is mainly
due to variations in free probe fluorescence. For eight
probes studied the fluorescence quantum yield at 25°C
in the unbound state ranged from 0.0015 to 0.08 and
seemed to depend mainly on the PNA sequence. The
binding of the light-up probes to target DNA is highly
sequence specific and a single mismatch in a 10-mer
target sequence was readily identified.
Press
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As the exploration of gene organization and function
is applied to clinical diagnostics, the need for rapid and
cost-efficient methods to detect specific nucleic acid
sequences is growing. Most methods involve hybridiza-
tion of sequence specific probes to target nucleic acids.
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Traditional probes are single-stranded oligonucleo-
tides labeled with a radioisotope or a fluorophore. The
signals generated by these probes are independent of
their hybridization state and separation of free and
hybridized probe is required in the assay. The separa-
tion is time-consuming and complicated to automatize,
and the probes are not suitable, for example, to monitor
PCR product formation in real time. The separation
step can be eliminated by a probe whose signal changes
upon hybridization (1, 2) or which is degraded during
the PCR amplification reaction (3, 4). One such probe is
the molecular beacon (5, 6), which is an oligonucleotide
having a fluorophore and a quencher attached to the 5’
and 3’ ends, respectively, designed to form a stem-and-
loop structure. Upon hybridization the oligonucleotide
is straightened, which separates the quencher from the
fluorophore, resulting in an increase in fluorescence. A
similar design is employed in the so-called scorpions
primers used for PCR product detection (7).

We here describe new kind of probes for homoge-
neous assays. We call them light-up probes. They are
composed of thiazole orange (TO)? conjugated to pep-
tide nucleic acid (PNA), and combine the excellent hy-
bridization properties of PNA (8) with the extraordi-
nary fluorescence enhancement of asymmetric cyanine
dyes upon binding to nucleic acids (9). PNA binds se-
quence specifically to target nucleic acid bringing the
dye to it. Figure 1 shows the chemical structure of the
light-up probes. TO is covalently linked to the N-ter-
minus (H) of the PNA oligomer by a linker (X) attached
either to the quinoline (TO-N) or to the benzothiazole
(TO-N’) nitrogen of TO. The light-up probes can be
synthesized either in aqueous solution by attaching a
succinimidyl ester derivative of TO to PNA modified

% Abbreviations used: TO, thiazole orange; PNA, peptide nucleic
acid; LUP, light-up probe; meqg, mole equivalent; ACN, acetonitrile.

0003-2697/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



LIGHT-UP PROBES FOR DETECTION OF NUCLEIC ACIDS 27

with an amino linker or by coupling a carboxylic acid
derivative of the dye directly to the terminal PNA
residue during solid-phase synthesis (10).

The linker in the light-up probe is flexible, allowing
the dye to interact with the target nucleic acid upon
hybridization (Fig. 1). The dye can, however, also fold
back interacting with the bases in the free probe, which
might give rise to residual free probe fluorescence. In
fact, one reason the light-up probes are based on PNA
instead of normal oligodeoxyribonucleotides is that
electrostatic attraction of the cationic TO dye is elimi-
nated, minimizing this “back-binding.”

Owing to the particular hybridization properties of
PNA, the interaction of light-up probes with target
nucleic acid depends on the probe sequence (Fig. 1).
Mixed sequence probes are expected to form PNA-
DNA duplexes while homopyrimidine probes should
form PNA,—DNA triplexes (11, 12). Further, PNA-
DNA duplexes can form both in parallel and in antipa-
rallel orientation, and PNA,—-DNA triplexes can form
with the two PNA strands either parallel or antiparal-
lel to the DNA. The PNA-DNA complexes vary consid-
erably in thermal stability but are all much more sta-
ble than DNA duplexes (8).

MATERIALS AND METHODS
Chemicals

Oligonucleotides were purchased from Medprobe
Inc. The molar absorptivities of oligonucleotides and of
PNA were estimated as €,,/10° = 11.7ng + 7.3n, +
15.4n, + 8.8n; M * cm ', where n, is the number of
bases of type X in the oligonucleotide (13). Concentra-
tions of oligonucleotides and PNA are expressed in
strands per volume.

Probe Synthesis

The dyes TO-N-5-COOH (N-carboxypentyl-4-[(3'-
methyl-1',3'-benzothiazol-2’-yl) methylenyl]quinolinium
iodide), TO-N-5-S (succinimidyl ester of N-carboxypen-
tyl-4-[(3'-methyl-1',3'-benzothiazol-2'-yl)methyl-
enyl]quinolinium iodide), and TO-N’-10-COOH
(N-methyl-4-[(3'-carboxydecyl-1',3"-benzothiazol-2’-
yl)methylenyl]quinolinium iodide) were synthesized by
a somewhat modified procedure of Zhou et al. (14). The
benzothiazolium and quinolinium salts of the dyes
were prepared via quaternization by heating equimo-
lar amount of the heterocyclic compound (2-methylben-
zothizole or quinoline) with either methyl p-toluene
sulfonate or y-bromocarboxylic acid (5-bromohexanoic
acid or 10-bromoundecanoic acid) at 110°C for 4 h. The
methyl salts were obtained in almost 100% yields and
the y-carboxylic acid salts were obtained in 20—60%
yield. The dyes were synthesized in 20—40% yield by
condensation of the corresponding benzothiazolium

and quinolinium salts by stirring equimolar amounts
of the two salts and five mole equivalents of triethyl-
amine (Et;N) in dichloromethane at room temperature
overnight. The reactions were quenched by addition of
30% Kil,, solution and the products were purified by
recrystallization from MeOH/H,0.

The PNAs were synthesized by solid-phase synthesis
as described elsewhere (10) and the carboxylic acid
derivatives of the dyes were coupled to the terminal
residue as follows. Ten to 20 mg t-Boc protected resin-
bound PNA (=0.15 mmol/g) was swelled overnight in
dichloromethane. The t-Boc protection groups were
cleaved with TFA:m-cresol (95:5) and the resin was
washed with dichloromethane:DMF (50:50) and pyri-
dine. Five mole equivalents (meq) of dye in 300 ul DMF
mixed with 4.5 meq HBTU (2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetrametyluronium hexafluorophosphate) and
4 pl di-isopropylethylamine was added. Nitrogen gas
was passed through the solution and the coupling re-
action proceeded for 2 h at room temperature. The
probes were cleaved from the resin by two repeated 1-h
incubations with m-creosol:thioanisole: TFMSA:TFA
(1:1:2:6) and precipitated in ice-cold dry ether. The
white solid was finally resuspended in 100 ul water,
which resulted in a clear red solution. One of the
light-up probes (LUP5) was synthesized in aqueous
solution by attaching TO-N-5-S to PNA modified with
an aminohexanoic (-aha-) linker at the N-terminus (H).
Forty nanomoles PNA (H-aha-TTCTTCTTTT-NH,)
was dissolved in a mixture of 50 ul 200 mM borate
buffer (pH 9.0) and 20 ul dioxane. Then 2 X 200 nmol
TO-N-5-S in DMSO was added and the reaction mix-
ture was stirred. After 2 h at 37°C the reaction was
quenched by addition of 10 ul of 5 M ammonium ace-
tate and the mixture was heated to 90°C for 10 min.

The probes were purified on an RP C,; HPLC column
(Waters Symmetry 3.9 mm X 15 cm) using an acetoni-
trile (ACN)/H,0 gradient containing 0.1% trifluoroace-
tic acid (ACN: 5%— 40%, 20 min; 40% — 100%, 5 min;
100%, 5 min). Yields of dye attachment exceeded in all
cases 50%. The pure probe fractions were freeze-dried,
redissolved in water at about 1 mM concentrations,
and stored in dark at —20°C.

Polymerase Chain Reaction

A 355-bp DNA fragment containing the target se-
quence for light-up probe LUPS5, cloned in the Pstl site in
the polylinker of Bluescript KS™, was produced by PCR
using 1 ng of template (10° molecules) and the primers
5'-AAAGGGGGATGTGCTGCAAGGCG-3' and 5'-GCT-
TCCGGCTCGTATGTTGTGTG-3'. The PCR reaction
buffer contained 10 mM Tris (pH 8.3), 50 mM KClI, 2.5
mM MgCl,, 0.3 uM of each primer, 50 units/ml of Taq
DNA polymerase (Sigma), and 200 uM of each dNTP.
The cycle 94°C (45 s), 55°C (45 s) and 72°C (45 s) was
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FIG. 1. (a) Chemical structure of light-up probes. B denotes nucleo-
bases and R is H, lysinyl amide, or lys-lysinyl amide. X denotes the
linker which is either (CH,)s—NH-CO—(CH,); or (CH,), wherey is 5
or 10. The linker is attached either to the quinoline (TO-N) or
benzothiazole (TO-N’) nitrogen of thiazole orange. (b) Schematic
showing how mixed sequence (I) and homopyrimidine (Il) light-up
probes may interact with single-stranded target nucleic acid.

repeated 30 times. Ninety-three microliters of the ampli-
fied samples was mixed with 2 ul probe solution (final
concentrations: 150 nM probe and 5 mM MgCl,).

Absorption and Fluorescence Measurements

The probes were studied in 10 mM phosphate buffer,
100 mM NacCl at pH 7.0. The samples were prepared in
a standard 1-cm square quartz cell and degassed with
helium. For the PCR samples a reduced volume (70 ul)
cell was used. Absorption spectra were recorded on a
Varian Cary 4 spectrometer using 1 nm bandwidth,

and fluorescence emission spectra were recorded on a
SPEX Fluorolog 72 spectrofluorometer using 470 nm
excitation and a bandwidth of 3.6—4.8 nm. For the PCR
samples 480-nm excitation and a 9-nm bandwidth
were used. Absorption at excitation wavelength never
exceeded 0.06 making the inner filter effect negligible
(15). Contribution from buffer, which for the PCR sam-
ples also included Taq polymerase, primers, and
dNTP’s, was subtracted.

Molar absorptivities of the probes at 260 nm were
estimated as the sum of the contributions from TO
(7100 M™* cm™" (16)) and from PNA, assuming the
same extinction coefficients of the PNA bases as in
deoxyribooligonucleotides.  Fluorescence quantum
yields were determined relative to fluorescein in 0.1 M
NaOH assuming a quantum yield of 0.93 for the fluo-
rescein dianion (17). The probe—DNA thermal melting
temperatures (T,,) were determined by absorption at
260 nm. The temperature was increased at a rate of
0.5°C/min and the measured signal was digitized to 1
data point per °C. T, was determined as the maximum
of the first derivative of the melting curve.

RESULTS
Spectroscopic Properties of Light-Up Probes

Figure 1 shows the basic structure of the light-up
probes (LUP) and their assumed mode of interaction
with target nucleic acids. The probe stem is a PNA,
which is a chain of standard nucleobases joined by
N-(2-aminoethyl)glycine units. The asymmetric cya-
nine dye TO is tethered to the PNA. A few different
chemical compositions of the linker are tested and it is
attached either to the quinoline (TO-N) or to the ben-
zothiazole (TO-N') nitrogen of the dye. The sequences,
linkers, and dyes used in the probes are shown in Table
1. The PNA is 5 to 15 bases in length, and in some
probes one or two lysine residues are attached to the
PNA C-terminus (NH,) to improve PNA solubility (18).
LUP1, LUP2, LUP6, LUP7, and LUP8 are mixed se-

TABLE 1

Composition of the Light-Up Probes

PNA sequence Linker/dye

Probe ©) (N)

LUP1 Lys"-TAGCT-- --CO-(CH,)s-TO-N

LUP2 Lys"-TAGCTGCT-- --CO-(CH,)s-TO-N

LUP3 Lys"-CTCCTTCTCC-- --CO-(CHy)1,-TO-N’

LUP4 TTTTCTTCTT-- --CO-(CH,)s-TO-N

LUP5* TTTTCTTCTT-- --CO-(CH;)s-NH-CO-(CH,)s-TO-N
LUP6 Lys"-TAGCTGCTCTT-- --CO-(CH,)s-TO-N

LUP7 TTTTCTTCTTATGCT-- --CO-(CH,)s-TO-N

LUP8 Lys'-Lys -ATCAACACTGCATGT-- --CO-(CHy)1,-TO-N’

@ Synthesized in aqueous solution.
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FIG. 2. Absorption spectra of free TO (—) and of free LUP2 (---) and
LUP3 (...). T = 25°C.

quence probes forming duplexes with single-stranded
nucleic acid target, while LUP3, LUP4, and LUP5 are
homopyrimidine probes expected to form (LUP),—DNA
triplexes (11, 12).

Fluorescence and absorption of the free probes was
measured at 0.4-1.2 uM probe concentration. Some
probes had a tendency to adsorb to cell and tube walls
and losses were minimized by using the same cell for
absorption and fluorescence measurements. Figure 2
shows absorption spectra of LUP2, LUP3, and of free
TO at 25°C. Free TO absorbs mainly in the VIS region
having absorption maximum at 501 nm and a molar
absorptivity of 63,000 M cm * (16). Both TO (Af” =
512, Apar? = 506 nm) and PNA (Amar” = 260, Apar” = 270
nm), whose absorption depends on the sequence, con-
tribute to the probe absorption. The TO absorption in
the VIS region is red-shifted and it has a somewhat
higher molar absorptivity than free TO (Fig. 2).

LUP2, which has the most red-shifted TO absorp-
tion, also has a pronounced shoulder around 485 nm.

At 25°C both these probes are more fluorescent than
free TO, having fluorescence quantum yields (®g) of
0.0089 (LUP2) and 0.0015 (LUP3), while free TO has
0.0002 (16). The spectroscopic properties of the light-up
probes are summarized in Table 2. The free probe
fluorescence at 25°C varies among the probes. In gen-
eral, homopyrimidine probes (LUP3, LUP4, and LUP5)
have low free probe fluorescence (PF¥°¢ =
0.0015-0.0064), while large variation is observed for
the mixed sequence probes. LUP1 and LUP2 exhibit as
low free probe fluorescence (®2° = 0.0024—0.0089) as
the homopyrimidine probes, while LUP7 and LUPS8
exhibit significantly higher fluorescence (®F° =
0.060-0.083). Further, the wavelength at absorption
maximum varies among the probes. The homopyrimi-
dine probes absorb at shorter wavelengths (An., =
506-507) than the mixed-sequence probes (A = 508—
514). Although probes that absorb at longer wave-
lengths tend to have high free probe fluorescence (Ta-
ble 2), there are exceptions. LUP2 and LUPS8, for
example, are both shifted to the same extent (Ao’ =
512 nm, Apm’ = 514 nm) but LUPS is 10 times more
fluorescent than LUP2.

As a rule, free probe fluorescence decreases when tem-
perature is increased (Table 2). The ®** /P *C ratio,
however, varies among the probes. For LUP8 the fluores-
cence quantum vyield decreases about twofold, while for
LUPS5 and LUP7 the decrease is sixfold (Table 2).

Specific Detection of Nucleic Acids in Homogeneous
Solution

An equimolar amount of either complementary or
noncomplementary oligonucleotide was added to LUP2
(0.2 uM) and LUP3 (0.5 uM) at 30 and 50°C, respec-
tively. The complementary oligonucleotide added to
LUP2 had the target sequence in position 1 through 8
of 18 bases and the one added to LUP3 had it in

TABLE 2
Spectroscopic Properties of Free and Hybridized Light-Up Probes

25°C 50°C
Probe )\Inr: )\rI:‘)/alz( (I){:ree q)gyb (I)lr:\yb/q){:ree (le:ree (I)I;yb (I)I;yb/q)lf:ree (I)’f:ree, 25”C/q>gee. 50°C
TO 501 — 2x10™ — — — — — —
LUP1 508 — 0.0024 — — 63 x10™ — — 3.8
LUP2 512 514 0.0089 0.14 16 0.0035 0.073 21 2.5
LUP3 506 512 0.0015 0.068 45 58 x 107 0.025 43 2.6
LUP4 507 512 0.0064 0.042 7 0.0016 0.017 11 4.0
LUP5® 507 512 0.0059 0.057 10 0.0010 0.018 18 5.9
LUP6 510 514 0.017 0.083 5 0.0072 0.034 5 2.4
LUP7 511 513 0.060 0.14 2 0.010 0.047 5 6.0
LUP8 514 514 0.083 0.063 0.8 0.037 0.025 0.7 2.2

% Not studied.

® Hybridized to target in parallel orientation. The data are from a separate temperature study of LUP5.
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FIG. 3. (a) Fluorescence emission spectra of free LUP3 (---) and

LUP3 in presence of noncomplementary (...) and complementary
(—) single-stranded oligonucleotides. The DNA sequences were 5’'-
AGTGTTCCAATCAATAGCCTCTTCCTCATCTGTC-3' and 5'-GA-
CAGATGAGGAAGAGGCTATTGATTGGAACACT-3'. T = 50°C. (b)
Fluorescence emission spectra of free LUP2 (---) and LUP2 in pres-
ence of complementary single-stranded oligonucleotide (—) and an
oligonucleotide with two mismatches (. . .). The DNA sequences were
5'-ATCGACGAGAGAATATCA-3' and 5'-CACGTATCCAAGAGA-
GAATAC-3'. T = 30°C.

position 8 through 17 of 34 bases. The noncomplemen-
tary oligonucleotide added to LUP3 was truly non-
complementary, while the one added to LUP2 was de-
signed having a stretch with 6 of 8 bases
complementary to the probe to test stringency. Figure
3 shows fluorescence emission spectra of the probes
recorded before and after addition of oligonucleotides.
Addition of noncomplementary oligonucleotides hardly
affected the probe fluorescence while addition of com-
plementary oligonucleotides resulted in a 35- and 25-
fold increase in fluorescence intensity for LUP3 and
LUP2, respectively. This demonstrates that both
mixed sequence and homopyrimidine light-up probes
bind specifically to their target sequences and report
their presence with high sensitivity.

Light sources of standard UV illumination tables
deliver light that excites the light-up probes. Figure 4
shows two samples containing LUP2 in polypropylene
PCR tubes placed over a UV illumination table. The

sample volume is 20 ul and the probe concentration is
11 wM. The right tube contains equimolar amounts of
a complementary oligonucleotide while the left tube
contains fivefold excess of a noncomplementary oligo-
nucleotide. The fluorescence emitted from the right
tube is readily observed by the naked eye while no
fluorescence is seen from the left tube.

Spectroscopic Properties of Hybridized Light-Up
Probes

The light-up probes were hybridized to complemen-
tary oligonucleotides that all had the same overhang to
which TO could bind (5'-[target sequence]-GACAGCT-
GGCGA-3'). The target oligonucleotides and probes
were designed such that LUP2, LUP6, LUP7, and
LUP8 formed antiparallel duplexes, LUP3 and LUP4
formed triplexes with the PNA strands antiparallel to
the target oligonucleotide, and LUP5 formed a parallel
triplex (the oligonucleotide having opposite orienta-
tion). Probe concentrations were 0.4-1.2 uM and oli-
gonucleotide was added in slight excess at 90°C. Hy-
bridization took place during 20 min while the
temperature was lowered to 25°C, whereafter absorp-
tion and fluorescence emission spectra were recorded
and fluorescence quantum yields were calculated. The
hybridization procedure was then repeated but this
time measuring spectra at 50°C instead of at 25°C.
Results from the hybridization studies with all probes
but LUP1, which is too short to bind sequence specifi-
cally, are summarized in Table 2. Most probes exhib-
ited a large increase in fluorescence quantum yield
upon hybridization. For all probes but LUP7 and LUP8
the increase at 25°C was more than 5-fold; for LUP3 it
was even 45-fold (®F* = 0.0015, ®* = 0.068). The
fluorescence quantum yield of the hybridized probes
(®P° = 0.042—0.14) varied much less than that of the
free probes (®f* = 0.0015-0.083). The fluorescence
increase upon hybridization was accompanied by a red-
shift of the TO absorption (Table 2). LUP8 differed
from the other probes by not exhibiting any red-shift or
fluorescence increase upon addition of target oligonu-
cleotide. With the homopyrimidine probes (LUP3,
LUP4, and LUP5) the wavelength at TO absorption
maximum shifted about 5 nm, from 507 to 512 nm,
upon hybridization, while the absorption maximum of
mixed sequences probes (LUP2, LUP6, LUP7, and
LUPS8) shifted to 513-514 nm. The increase in fluores-
cence and the shift in TO absorption evidence changes
in the TO environment upon hybridization.

Probe fluorescence also depends on temperature in
hybridized state. Increasing the temperature de-
creases the fluorescence (Table 2). For most probes the
decrease in fluorescence when raising the temperature
from 25 to 50°C was less in the hybridized than in the
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FIG. 4. 20-ul samplesin polypropylene PCR tubes placed over a UV illumination table. Both samples contain 11 uM LUP2 in 100 mM NacCl,
10 mM phosphate buffer, pH 7.0. The left tube contains also 55 uM of a noncomplementary single-stranded oligonucleotide (5'-TCCTTCAT-
TCGCTTC-3") and the right tube contains 11 uM of complementary single-stranded DNA (5'-ATCGACGAGACAGCTGGCGA-3’). The tubes

were photographed using ASA 400 film.

free state, resulting in a larger fluorescence enhance-
ment upon hybridization at 50°C (Table 2).

Mismatch Sensitivity

The probe LUPS5, which exhibited large fluorescence
enhancement upon hybridization with target nucleic
acid, was chosen for further characterization. Emission
and absorption spectra of free probe (0.9 uM) were
recorded every 5°C between 20 and 90°C and fluores-
cence quantum yields were calculated (Fig. 5a). At
20°C @, was 0.0083. Increasing the temperature to
55°C dropped the fluorescence 10-fold, and at 90°C it
reached the level of free TO (¥ = 0.0002). Hence, the
total decrease in fluorescence was about 40-fold.
Equimolar amounts of oligonucleotide 5'-AGCGGTC-
GACAGAANAAGAAAA-3’, with N being either G or T,
was added to LUP5. The “G” oligonucleotide is fully
complementary in parallel orientation to the probe and
is expected to form a (LUP5),—DNA triplex, while the
“T” oligonucleotide has a single mismatch in position 8
in the 10 base target sequence. The complementary
oligonucleotide was added to a cell containing 0.9 uM
LUPS at 90°C, and the temperature was lowered to

20°C during 20 min for hybridization to take place. The
temperature was raised again and absorption spectra
were recorded every 5°C between 20 and 90°C. The
procedure was then repeated but this time recording
fluorescence emission spectra. Finally, the same mea-
surements were performed on LUP5 in the presence of
the mismatched target. From the combined spectro-
scopic data fluorescence quantum yields were calcu-
lated. With both targets the fluorescence decreased
with temperature. With the mismatched target the
fluorescence reached the level of free probe around
65°C and with the complementary target around 85°C
(Fig. 5a). This reflects different melting temperatures
(Tw) in the two probe-target oligonucleotide com-
plexes, which were in a separate experiment deter-
mined to 48 and 78°C. Hence, in the range 50 to 75°C
the probe fluorescence is substantially higher in pres-
ence of the fully complementary oligonucleotide than in
the presence of an oligonucleotide having a single mis-
match. Figure 5b shows the ratios of the fluorescence
quantum vyields of LUP5 in the presence and in the
absence of the target oligonucleotides. The largest in-
crease in fluorescence quantum yield upon addition of
the complementary target is about 18-fold and is ob-
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served at 55°C. At this temperature the mismatched
target gives only a 3-fold increase in fluorescence.

Post-PCR Detection

The light-up probes were tested on PCR products.
Three samples were prepared: a reference sample con-
taining only buffer (10 mM Tris—HCI, pH 8.3, 50 mM
KCI), a “negative sample” containing 1 ng calf thymus
DNA, and a “positive sample” also containing 1 ng (10°
molecules) plasmid having the LUP5 target sequence.
Taq polymerase, dNTP’s, MgCl,, and primers, encom-
passing the target sequence, were added and a 355-bp
segment of the plasmid was amplified in 30 cycles.
LUP5 was then added to a final concentration of 150
nM. The samples were heated to 95°C for 1.5 min and
cooled to 65°C before emission spectra were measured
(Fig. 6). The reference and negative samples had es-
sentially the same fluorescence, while the fluorescence
of the positive sample was three times higher.

DISCUSSION
Fluorescence of Free Light-Up Probes

At 25°C absorption maxima of free light-up probes
(A\Zy = 506-514 nm) are red-shifted relative to that of
free TO (Apo, = 501 nm). A similar red-shift is observed
for monomeric TO bound to DNA (A13>"* = 507-511)
(16). Some of the free probe spectra also exhibit shoul-
ders around 485 nm that are not observed for free TO

(Fig. 2), but appear when TO binds to DNA (16). Fur-
ther, the free probes exhibit higher fluorescence than
free TO (Table 2). The similar spectroscopic features of
free probes at 25°C and of monomeric TO bound to
single-stranded DNA suggest that TO in the free probe
is not unrestrictedly free in solution, but folds back
interacting to some extent with the PNA bases. Con-
sidering that cationic intercalators bind very weakly, if
at all, to PNA (19) this may seem surprising. However,
in the light-up probe TO is tethered to the PNA, which

Fluorescence
i

——

500 550 600 650 700
Wavelength (nm)

FIG. 6. Fluorescence emission spectra of PCR amplified samples
containing 150 nM LUPS5. The samples contained buffer (low inten-
sity), calf thymus DNA (1 ng) (low intensity, line is overlaid), and
amplified template in the presence of calf thymus DNA (1 ng) (high
intensity), respectively.
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results in a very high “local” TO concentration in the
vicinity of the PNA, shifting the equilibrium toward
bound species. The decrease in free probe fluorescence
when temperature is raised (Table 2 and Fig. 5a) is due
to reduced residual back-binding of TO to the PNA. At
90°C, back-binding is totally eliminated and the free
probe fluorescence is as low as that of free TO (LUPS5,
Fig. 5a).

We expected that structurally similar probes, i.e.,
probes with the same linker and the same dye attach-
ment (TO-N or TO-N’), would exhibit similar spectro-
scopic properties. However, this was not the case (Ta-
bles 1 and 2). LUP3 and LUPS8, which have the same
linker and point of dye attachment (TO-N’), exhibit
extreme free probe fluorescence responses (®Z° =
0.0015 for LUP3 and ®#° = 0.083 for LUPS8) (Table 2).
Both LUP4 and LUP7, which have short linker and the
TO-N dye (Table 1), exhibit 10-fold difference in free
probe fluorescence (Table 2). Clearly, the linker length
and dye attachment does not determine the free probe
fluorescence. Nor does the free probe fluorescence cor-
relate with the length of the PNA or the presence of
lysine residues (Table 2). Hence, neither the length of
PNA, the linker length, the mode of TO attachment nor
the presence of lysines has a major effect on the free
probe fluorescence. LUP4 and LUPS5, which have dif-
ferent linkers but the same PNA sequence (Table 1),
exhibit similar spectroscopic properties (Table 2), sug-
gesting that the PNA sequence is an important deter-
minant.

Homopyrimidine probes (LUP3-LUPS5) exhibit very
low free probe fluorescence (P& = 0.0015-0.0064)
(Table 2). They also have the smallest shift in absorp-
tion (A%< = 506-507 nm) relative to free TO (A% =
501 nm). This suggests that TO in these probes is
mainly free in solution and does not interact signifi-
cantly with the PNA, which is consistent with the
generally very low affinity of TO for polypyrimidines
(16). The variation in free probe fluorescence of probes
containing all four nucleobases is considerably larger
(®Z° = 0.0024-0.083). The mixed sequence probes
that have high free probe fluorescence (LUP7 and
LUPS8) also have strongly red-shifted absorption spec-
tra. In these probes TO folds back interacting with the
PNA bases to a higher extent, giving rise to fluores-
cence. Also LUP2 has a substantially red-shifted ab-
sorption spectrum (A%, = 512 nm), with a shape sim-
ilar to that of bound TO (Fig. 2) (16). Still it has low
fluorescence (Table 2). Having previously shown that
TO binds to some single-stranded DNAs without ac-
quiring fluorescence (16), we think TO in LUP2 is
back-bound, interacting with the PNA bases, but in a
way that does not give rise to fluorescence. Presently
we do not know how different factors affect the extent
of back-binding. The PNA sequence is clearly impor-

tant, but the dependence is complex and extensive
studies are required to reveal all of its aspects.

Fluorescence Enhancement of Light-Up Probes upon
Hybridization

When light-up probes bind to target oligonucleotides,
TO is brought to the DNA, interacting with the formed
complex. For all probes but LUP8 this results in an
increase in dye fluorescence, which is accompanied by a
red-shift of the dye absorption band (Table 2). Similar
spectral changes are seen when TO binds to DNA (16).
In the hybridized state, the dye can either fold back,
binding to the PNA-DNA duplex (or PNA,—DNA tri-
plex), or it can bind to the protruding single-stranded
DNA. We think the latter dominates since intercalat-
ing dyes in general have very low affinity for PNA-
DNA duplexes (and PNA,—DNA triplexes) (19), while
TO has substantial affinity for single-stranded DNA
(16). Still the spectroscopic properties of the probes in
the hybridized state varied slightly, although the pro-
truding sequences were the same in all constructs (Ta-
ble 2). The hybridized homopyrimidine probes (LUP3,
LUP4, and LUP5) absorbed at shorter wavelength (A%,
= b512) and had lower fluorescence (PP =
0.042-0.068) than the mixed sequence probes (Aps =
513-514, ®° = 0.063—-0.14). The reason could be that
they form LUP,—DNA triplexes with target DNA and
that two TO dyes bind in close proximity to each an-
other (Fig. 1). TO does bind to single-stranded DNA as
both monomer and dimer, and it has different spectro-
scopic properties in the two binding modes: the bound
dimer has a wider and more red-shifted emission spec-
trum than the bound monomer (16). This is in agree-
ment with the emission spectra observed of the hybrid-
ized probes (Fig. 3). In LUP3, which is a
homopyrimidine probe forming a LUP,—DNA triplex,
the two TO chromophores exhibit broad emission, evi-
dencing that they bind as a dimer. LUP2, which is a
mixed sequence probe forming a PNA-DNA duplex,
exhibits narrow TO emission. The fluorescence inten-
sity of probes that should form the same complex with
target DNA also varies. The quantum yield at 25°C of
both LUP2 and LUP7 is 0.14 in hybridized state, while
it is only 0.083 for LUP6. We do not know the reason
for this difference, but TO in LUP6 seems to interact
somewhat differently with target DNA than it does in
LUP2 and LUP?7.

In summary, the fluorescence quantum yield of the
hybridized light-up probes characterized here varies
about 4-fold (®F° = 0.042-0.14, ®° = 0.017-0.073),
while the free probe fluorescence varies more than
50-fold (®Z° = 0.0015-0.083, ®*° = 0.00058-0.037).
Hence, we conclude that the fluorescence enhancement
upon hybridization of the light-up probes is mainly
determined by the free probe fluorescence (Table 2).
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Light-Up Probes Are Sequence Specific

Figure 3 shows that the light-up probes bind se-
quence specifically to target DNA. Addition of non-
complementary oligonucleotides or even an oligonucle-
otide with two mismatches did not affect the probe
fluorescence at all. In a limited temperature range,
light-up probes can be used to detect single base mis-
matches (Fig. 5), as indeed was expected owing to the
very high sequence selectivity of PNA-DNA complexes
(8, 11, 20).

The fluorescence of hybridized LUPS5 decreases
about twofold (Fig. 5a) when the temperature is in-
creased from 20 to 40°C (®Z° = 0.066, °° = 0.031),
even though the probe is hybridized at both tempera-
tures (T,, = 78°C). A similar decrease in fluorescence
quantum yield is observed for TO bound to DNA under
conditions where binding is quantitative (16). This ef-
fect of temperature is due to increased thermal motion
of the DNA bases, which allows TO to move in its
binding site, making nonradiative decay more efficient
thereby lowering the fluorescence (16). At higher tem-
perature the fluorescence decreases also due to melting
of the probe—target complex. Since the fluorescence of
both the probe—target complex and the free probe de-
crease with temperature, the temperature dependence
of the fluorescence enhancement upon hybridization is
complex (Fig. 5b).

A single base change in a 10-base DNA target re-
duces the thermal stability of the complex with LUP5
by 30°C. This results in a considerably lower fluores-
cence enhancement with a mismatched oligonucleotide
compared to a fully complementary one in the temper-
ature range 45-75°C (Fig. 5b). The largest difference
was obtained at 65°C, where essentially no change in
fluorescence (OP°/DI* = 1.2) was observed with the
mismatched target, while the fully complementary tar-
get enhanced the fluorescence 15-fold.

Light-Up Probes Are Suitable for Hybridization
Assays in Homogeneous Solution

The large enhancement in fluorescence upon hybrid-
ization makes the light-up probes particularly suitable
for the detection of specific nucleic acids in diagnostic
assays. With a fluorescence quantum yield of about 0.1
in hybridized state, picomolar concentrations of target
nucleic acid can be detected using light-up probes in a
regular spectrofluorometer (Fig. 3). Nanomolar range
concentrations can be detected in a microtiterplate flu-
orescence reader, and micromolar concentrations are
seen by the eye (Fig. 4).

In general, nucleic acids are amplified prior to detec-
tion. Since PNA-DNA hybrids are much more stable
than corresponding DNA duplexes (8), light-up probe
hybridization with target DNA efficiently out-competes
reannealing of heat-denatured duplex DNA. This is

demonstrated in Fig. 6 where a 10-nucleobase target is
readily probed in competition with reannealing of a
355-bp PCR amplicon. In fact, heating may not even be
necessary since PNA, under certain conditions, hybrid-
izes to DNA by strand invasion (21-25).
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