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To our knowledge this is the first report on the use of single-
molecule atomic-force spectroscopy to study the reduction
pathway of multiple disulfide bonds in proteins and to
evaluate the distributions of intermediates obtained under
different reducing conditions without separating them and
without any blocking and fractionation steps. The character-
ization of these intermediates has so far been accomplished by
first blocking them with reagents such as alkylalkanethiosul-
fonates and then by fractionation by ion-exchange chroma-
tography, 2D or capillary gel electrophoresis, or gel filtra-
tion.['!l The determination of thiol groups and disulfide bonds
in a polythiol systems has always been a very challenging
problem.[?]

The single-molecule force-spectroscopy data presented
here show: 1) how a redox environment can modulate the
mechanical properties of angiostatin; 2) how this modulation
relies, at the single-molecule level, on the extent of reduction
of the disulfide bonds; and 3) how, at the level of a large
sample of molecules, the distribution of the different thiol/
disulfide intermediates after reduction can be estimated by
statistical analysis of the force curves.

Experimental Section

Ang(1-5), purchased from Calbiochem with purity greater than 95 %, was
adsorbed onto a Petri dish from a 20-100 ygmL PBS (pH 7.4) buffer
solution for 3—5 min and then rinsed with the same buffer. The Petri dish
was previously cleaned and exposed to high-energy nitrogen plasma for
15 min. The force-spectroscopy experiments were performed with a
Nanoscope IIla, Digital Instrument, Santa Barbara, CA, with silicon
nitride (Si;N,) probes (Microlevers, Thermomicroscopes) with a spring
constant of 40 —55 pNnm~!, determined by a thermal oscillation method.["*!
A velocity of 1 pms~! during tip approach and retraction, a loading force of
about 1 nN, and a contact time between the tip and the surface of 200 ms
were used. We started recording the force curves 30 min after injection of 5
or 50 mM DTT (Aldrich), and 60 min after injection of 100mM DTT into
the fluid cell.

The same experiment was repeated with the following two modifications:
First, after reduction with 5, 50, or 100 mm DTT, we injected a 100 mm
solution of iodoacetamide (Fluka) into the fluid cell, and allowed it to stand
for 20 min. Second, the iodoacetamide solution was subsequently replaced
with PBS, under which the force-spectroscopy measurements were then
carried out.
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Colorimetric and Fluorometric Detection of
Nucleic Acids Using Cationic Polythiophene
Derivatives™*
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Simple and reliable sequence-specific methods are needed
for the rapid detection of oligonucleotides, to diagnose
infections and various genetic diseases. In this regard,
interesting optical and electrochemical DNA-hybridization
sensors have been proposed.l'”] The recognition capabilities
of DNA are well established but, to transduce the recognition
event into a physically measurable value, a fluorescent or
electroactive tag is often bound to the analyte. Electro-
chemical and optical sensors based on conjugated polymers
have also been reported®? and some oligonucleotide-func-
tionalized conjugated polymers can also transduce hybrid-
ization events into an electrical signal without labeling of the
oligonucleotide target.'"'?l The detection relies on a mod-
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ification of the electrical properties of the conjugated
polymers, through the capture of the complementary oligo-
nucleotides. An assay that does not require any chemical
manipulation of nucleic acids or complex reaction mixtures
would be greatly advantageous.

We report here new water-soluble cationic polythiophene
derivatives, which can easily transduce oligonucleotide hy-
bridization with a specific 20-mer capture probe into a clear
optical (colorimetric or fluorometric) output. This simple,
rapid, and versatile methodology does not require any
chemical reaction of the probes or the analytes; it is based
on different electrostatic interactions and conformational
structures between electroactive and photoactive cationic
poly(3-alkoxy-4-methylthiophene)s, and single-stranded oli-
gonucleotides or double-stranded (hybridized) nucleic acids.

We prepared the cationic, water-soluble, electroactive, and
photoactive polymers1 and 2 (Scheme 1). The new mono-
mers were obtained using straightforward reactions!*'%l and
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Scheme 1. Synthesis of polymers 1 and 2. Experimental procedures and
characterization data are in the Supporting Information.

the related polymers were prepared from an
oxidative polymerization in chloroform, by
using FeCl; as the oxidizing agent.'l As Ba
reported for anionic poly(3-alkoxy-4-methyl- ® B ® :

thiophene)s,['” 18] this method of polymeriza- &
tion usually yields well-defined polymers with ! 2
a number-average molecular weight of about 3 =
6—10 kDa and a polydispersity index of about &2, 5 @

1.2-2.9. However, as recently reported by
Lukkari et al.l'®! for similar cationic polythio-
phenes, attempts to determine the molecular
weight of the present polythiophenes by size-
exclusion chromatography (SEC) experi-
ments were not successful, presumably be-
cause SEC columns contain some anionic

Polythiophene
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groups, which lead to a strong adsorption of these cationic
polymers. Matrix-assisted laser-desorption ionization time-of-
flight (MALDI-TOF) spectroscopic measurements were also
unsuccessful.

As expected, the resulting polymers 1 and 2 are soluble in
aqueous solutions. For instance, at 55°C, aqueous solutions
(0.Im NaCl or 10mMm tris(hydroxymethyl)aminomethane
(Tris) buffer/0.1m NaCl) of the cationic polymer 1 are yellow
(Amax =397 nm; Figure 1 A,a and B,a). This absorption maxi-

a b ¢ d [
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Figure 1. A) Photographs of solutions (7.9 x 10->M, on a monomeric unit
basis) of a) polymer 1, b) polymer 1/X1 duplex, c¢) polymer 1/X1/Y1 triplex,
d) polymer 1/X1/Y2 mixture, and e) polymer 1/X1/Y3 mixture after 5 min
of mixing at 55°C in 0.1m NaCl/H,O. B) UV/Vis absorption spectra
corresponding to the different assays in photograph A.

mum at a short wavelength is related to a random-coil
conformation of the polythiophene derivative, as any twisting
of the conjugated backbone leads to a decrease in the
effective conjugation length® (Figure 2). As with any water-
soluble cationic polyelectrolytes, these polythiophene deriv-
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Figure 2. Schematic description of the formation of polythiophene/single-stranded nucleic acid
duplex and polythiophene/hybridized nucleic acid triplex forms.
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atives can form strong complexes with negatively charged
oligomers and polymers.['"”) We report here the use of three
types of negatively charged oligonucleotides: a capture-probe
sequence (X1: 5-CATGATTGAACCATCCACCA-3), a
perfect complementary target (Y1:3-GTACTAACTTGG-
TAGGTGGT-5), a two-mismatch complementary target
(Y2: 3-GTACTAACTTCGAAGGTGGT-Y'), and a one-mis-
match complementary target (Y3:3-GTACTAACTTCG-
TAGGTGGT-5'). The oligonucleotides X1 and Y1 are a
specific oligonucleotide pair for Candida albicans, Y2 is a
specific oligonucleotide for Candida dubliniensis, and Y3 is a
variant designed to have single mismatches with either
C. albicans or C. dubliniensis sequences. Upon addition of
1.0 equivalent, on a monomer unit basis (the concentrations of
the 20-mer oligonucleotides are therefore a twentieth of those
reported for the synthetic polydisperse polythiophene, which
are given per repeat unit), of capture oligonucleotide X1, the
mixture becomes red (A, =527 nm) within 5 min (Fig-
ure 1A,b and B)b), because of the formation of a so-called
duplex between the polythiophene and the oligonucleotide
probe (see Figure 2). However, it is difficult to determine
whether these duplexes are isolated species or form aggre-
gates. Precipitation occurs after several hours. After 5 min of
mixing in the presence of 1.0 equivalent of the complementary
oligonucleotide Y1, the solution becomes yellow (A, =
421 nm) (Figure 1 A,c and B,c); presumably caused by the
formation of a new complex termed a triplex (Figure 2),
formed by complexation of the polymer with the hybridized
nucleic acids. No precipitation was observed, even after
several hours. Further addition of 1.0 equivalent of the probe
oligonucleotide X1 does not induce any color change, either
in the duplex or in the triplex. The same is true for the
addition of another 1.0 equivalent of the target oligonucleo-
tide Y1 to the triplex. These results highlight the stronger
affinity of the cationic polymer towards double-stranded
oligonucleotides. It is also important to note that duplexes are
unstable at temperatures higher than 65 °C, whereas triplexes
do not form at temperatures lower than 45°C. Very similar
results have been obtained with different probe and target
oligonucleotides and with polymer 2.

On the basis of previous studies performed on thermo-
chromic, solvatochromic, and affinitychromic (changing color
upon binding) regioregular poly(3-alkoxy-4-methylthio-
phene)s! it is believed that these colorimetric effects are
made possible because of a different conformational structure
of the conjugated polymer in the duplex form (highly
conjugated, planar conformation) compared to that observed
in the triplex form (less conjugated, nonplanar conformation;
Figure 2). In addition, as shown in Figure 3, circular-dichroism
(CD) measurements did not reveal any optical activity for
polymer 1 in its random coil and duplex forms, but showed a
bisignate CD spectrum centered at 420 nm in the triplex form,
characteristic of a right-handed helical orientation of the
polythiophene backbone.!” Such a right-handed helical struc-
ture is compatible with the binding of the polymer to the
negatively charged phosphate backbone of DNA. The pres-
ence of a CD signal only in the spectrum of the triplex form,
combined with the presence of a clear isosbestic point as a
function of the amount of the complementary strand (not
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Figure 3. Circular dichroism spectrum of a solution (1.2 x 107*M, on a
monomer unit basis) of a) polymer 1, of b) polymer 1/X1 duplex, and
c¢) polymer 1/X1/Y1 triplex, at 55°C, in 10 mm Tris-buffered aqueous
solution containing 0.1M NaCl (pH 8).

shown here), indicates the coexistence of only two distinct
conformational structures (triplex and duplex) for the poly-
thiophene. In addition, these measurements indicate that
triplexes are stable up to 80 °C. This difference in thermal
stability between duplexes and triplexes could be extremely
useful for the future design of solid-state sensors where the
probes could be covalently attached to different substrates.

To verify the specificity of this polymeric optical transducer
in the presence of imperfect or incomplete hybridizations,
different oligonucleotides (20-mers differing by only 1 or
2 nucleotides) were investigated. A very distinct, stable (up to
several hours), and reproducible UV/Vis absorption spectrum
is observed in the case of oligonucleotide targets with two
mismatches (Y2; Figure 1B,d ) when compared to perfect
hybridization (Figure 1B,c ). It is also possible to distinguish
only one mismatch (Figure 1 A,e and B,e). In the case of one
mismatch, the complexation kinetics were monitored; after
30-60 min at 55°C, the color changed back to yellow.
However, it is possible to stop the color change after 5 min
by cooling the solution to room temperature. Therefore, it is
easy to distinguish one or two mismatches from no mismatch
in 5 min. Once again, it is interesting to note that the spectra
of duplex and triplex forms show an isosbestic point, which
indicates the presence of only two distinct conformational
structures for the polymeric transducer. The detection limit of
this colorimetric method is about 1 x 10" molecules of
oligonucleotide (20-mers), in a total volume of 100 pLL (which
is a concentration of 2 x 107m).

A fluorometric detection of oligonucleotide hybridization
is also possible since the fluorescence of poly(3-alkoxy-4-
methylthiophene)s is quenched in the planar, aggregated
form.[] At 55°C, the yellow form of polymer 1 is fluorescent
(quantum yield of 0.03, measured against polythiophene
standards,’ with a maximum of emission at 530 nm, Fig-
ure 4,a) but upon addition of 1.0 equivalent of a negatively
charged capture oligonucleotide probe X1, the fluorescence
intensity decreases and the maximum of emission is slightly
red-shifted (Figure 4,b). When hybridization with the com-
plementary strand Y1 takes place, the formation of a poly-
meric triplex leads to a fivefold rise in fluorescence intensity
(Figure 4,c). Interestingly, upon addition of one (Figure 4,d)
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Figure 4. Fluorescence spectrum (FI = fluorescence intensity) of a solution
(2.0 x 107"M, on a monomer unit basis) of a) polymer 1, b) polymer 1/X1
duplex, c) polymer 1/X1/Y1 triplex, d) polymer 1/X1/Y2 mixture, d) poly-
mer 1/X1/Y2 (100 equivalents) mixture and e) polymer 1/X1/Y3 mixture at
55°C, in 10 mm Tris buffer containing 0.1m NaCl (pH 8).

or even 100 equivalents (Figure 4,d") of the target oligonu-
cleotide with two mismatches (Y2), the fluorescence intensity
is not significantly modified. It is even possible to distinguish
oligonucleotides with one mismatch (Figure 4,e). By measur-
ing the fluorescence intensity at 530 nm (without recording
the entire emission spectrum), it is possible to detect the
presence of as few as 3 x 10°molecules of the perfect
complementary oligonucleotide (20-mers) in a volume of
200 uL (this is a concentration of 2 x 107'*M). Moreover,
covalent attachment of the oligonucleotide to the fluorescent
conjugated polymer, or use of an optimized fluorescence
detection procedure based on a high-intensity blue diode (as
the excitation source) and a nondispersive, interference filter-
based system should yield even more sensitive and more
specific detection capability. The electroactivity of these
cationic polythiophene derivatives in aqueous solutions could
also be exploited for the detection of DNA-hybridization
events.

In conclusion, a novel methodology that allows simple
optical (colorimetric or fluorometric) detection of nucleic
acids has been developed. This rapid, selective, sensitive (as
few as 3 x 10° molecules of oligonucleotide in 200 pL can be
detected), and versatile method does not require any chemical
reaction of the probes or the analytes and is based on
conformational modifications of the conjugated backbone of
cationic poly(3-alkoxy-4-methylthiophene)s, when mixed
with single-stranded or double-stranded (hybridized) oligo-
nucleotides. This procedure could provide inexpensive meth-
odologies for the rapid detection and identification of nucleic
acids.
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Conformationally Flexible, Chiral Quaternary
Ammonium Bromides for Asymmetric Phase-
Transfer Catalysis**

Takashi Ooi, Yukitaka Uematsu, Minoru Kameda, and
Keiji Maruoka*

As clearly demonstrated by a number of notable recent
successes, the use of phase-transfer catalysis for the prepara-
tion of chiral, nonracemic organic compounds from prochiral
substrates using chiral catalysts such as optically pure
quaternary ammonium salts has become a field of growing
importance.l*2l We recently contributed to this area by
introducing chiral C,-symmetric quaternary ammonium bro-
mides of type 1 which efficiently catalyze the phase-transfer
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1 [(S,9)-p-Np-NAS-Br]
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