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Chapter 1

General Introduction

1.1. Background and objectives

Identification and classification of cells in environmental and clinical samples can be
critical for determining both prophylactic and curative responses. In dealing with
contamination of food or water supplies by microorganisms, bacterial infections in
tissues, and cancer-causing mutations in biopsy samples, a rapid diagnosis may be a life
or death issue. Standard detection of cells in clinical or environmental samples requires
any of a number of methods including culture, antigen detection, serology, nucleic acid
amplification, and other biochemical assays [1, 2]. Despite the widespread use of these
detection strategies, many can be time-consuming, difficult, and yield inconclusive
results. As a result, a great deal of research in clinical and environmental chemistry
focuses on developing rapid and specific methods to identify cells and gain information
about cell type and characteristics. One of the most promising techniques for doing this is
in situ detection of nucleic acids.

Fluorescent-labeled oligonucleotides are becoming important tools for detecting
oligonucleotide sequences [3, 4]. A possible application is the detection of RNA species
in cells by in situ hybridization [5-7]. However, standard fluorescent probes require
careful handling to avoid nonspecific signals. Fluorogenic probes with a fluorescence
on/off mechanism have been developed to avoid this problem [8-15]. Some of these
probes have been applied to the detection of RNA in cells [16-19]. Examples are
molecular beacon (MB) [17, 18] or target-assisted chemical ligation [16, 20].

Target-dependent fluorescence enhancement of these methods is based on the resonance
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energy transfer (RET) mechanism, for which a pair of quencher and fluorescence dyes is
normally used. However, higher sensitivity for the detection method is still required to
monitor gene expression in cells. Recently, various fluorogenic compounds have been
developed for the detection of small biological substances [21-25]. For example,
diaminofluorescein when used for the detection of nitric oxide (NO) reacts with NO to
yield a fluorescent compound through triazole formation [23]. The boronate fluorescein
derivative for detection of hydrogen peroxide (H,O,) reacts with H,O, to yield a
fluorescent form through cleavage of the carbon—boron bond [22]. In these examples,
detection is triggered by a chemical reaction accompanied by transformation of the
chemical structure of the fluorogenic compound. Fluorescence modulation is caused by
photoinduced electron transfer or absorption change. The signal/background (S/B) ratio
of this type of molecule could exceed that of the RET mechanism [26]. However, there
are few reports that describe chemical reaction-triggered fluorogenic molecules for
oligonucleotide sensing, although this method offers high sensitivity [27]. Here, we
report a reduction-triggered fluorescence (RETF) probe that shows a high S/B ratio for
sensing oligonucleotides. A new fluorescence molecule, rhodamine azide and fluorescein
methylazide, that we designed and synthesized are activated only by a specific reducing
reagent on the oligonucleotide target and is very stable under biological conditions,
showing little background fluorescence. The probe was applied to the sensing of nucleic

acids in vitro and of endogenous RNA in bacterial and native human cells.

1.2. Oligonucleotide probes for intracellular RNA detection

1.2.1. Oligonucleotide Probes

FISH probes several hundreds or thousands of nucleotides long complementary to
nearly the entire 16S or 23S rRNA and containing multiple fluorophore labels have long
been used to detect microorganisms in environmental samples because such lengthy
probes offer reliable hybridization and intense signal. These probes are prepared
enzymatically, typically by PCR [28] or in vitro transcription [29, 30], at which time
multiple fluorophores are incorporated. Although polynucleotide probes allow the

visualization of a significantly higher percentage of prokaryotes in a sample compared to
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singly labeled oligonucleotide probes [31], polynucleotide probes are only able to
discriminate between distantly related groups, such as Bacteria, Crenarchaeota, and
Euryarchaeota [32], because their sensitivity to small sequence differences is very low.
Furthermore, long polynucleotide probes must be produced in the laboratory using cost-
and labor-intensive protocols. Typical problems encountered include nonspecific binding
of probe [32], high autofluorescence vs specific fluorescence [33], poor
signal-to-background [34], low cellular detection compared to total cell count [35], and
enzymatic degradation in situ [36].

More commonly, RNA-targeted FISH probes employ oligonucleotides 15-30
nucleotides long, with a DNA, PNA, or modified nucleic acid backbone, prepared
synthetically (Fig. 1.1.A). Fluorescence is typically observed directly, using a
fluorophore attached to the 5'-terminus, though in some cases 3'- or internally labeled
probes are used. Common fluorophores used in RNA-targeted FISH diagnostics include
fluorescein, tetramethylrhodamine (TAMRA), Texas Red, Cy3, and CyS5. Choice of dye
is typically determined by its spectral properties and the availability of equipment for
imaging. Labeled oligonucleotides are available from a variety of commercial sources, so
it is typically not necessary for investigators to synthesize or purify probes.In some
applications, indirect sensing is used instead of directly coupling the fluorophore to the
probe. Indirect sensing strategies typically involve coupling an enzyme to the
oligonucleotide probe, hybridizing to targets, then adding a fluorophore moiety that is
recognized by and covalently binds to the enzyme [37]. These approaches can offer the
significant advantage of brighter signals, but they tend to have low specificity [38, 39].
The most well-studied approach employs horseradish peroxidase (HRP)-labeled
oligonucleotide probes [40-43]. HRP reacts with hydrogen peroxide and tyramide to
produce a free radical on the tyramide, which covalently binds to a nearby tyrosine
residue (Fig. 1.1.B) [44, 45]. A number of fluorophore-conjugated tyramides are

available, thus allowing fluorescence detection of enzymatically deposited tyramide [45].
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1.2.2. Standard Oligonucleotide FISH Protocols

Standard FISH protocols consist of four steps: (1) fixation and permeabilization of the
sample, (2) hybridization of fluorescent probe, (3) washing away unbound probe, and (4)
detection of labeled cells by microscopy or flow cytometry [32].

The first issue when setting up an RNA-targeted FISH experiment is getting the probes
into the cells. Cells typically must be fixed so that high stringency washing steps may be
performed to remove unbound probes. However, it is usually desirable to select fixatives
that will disrupt cellular morphology as minimally as possible. The most common
fixatives fall into two classes: cross-linking reagents, such as aldehydes, and precipitants
such as methanol and ethanol [46]. Cross-linking reagents like formalin and
paraformaldehyde are quite commonly used for permeabilization of gram-negative
bacteria [47] and human cells [48], but may be ineffective in permeabilizing the cell
walls of gram-positive bacteria [49]. Several possibilities exist to permeabilize
gram-positive bacteria, and often different procedures are required for different species.
Treatment of paraformaldehyde-fixed bacteria with cell wall-lytic enzymes, such as
lysozyme or proteinase K, has been shown to increase the cellular permeability of
Lactococci, Enterococci, and Streptococci [50]. Permeabilization by treatment with
ethanol/formalin [51], high concentrations of ethanol or methanol [52], or heat [53], also
has been successful in many cases.

Hybridization and washing conditions are highly dependent on the probe aftinity and
Tm and the cell type being examined, and optimal conditions must be determined
empirically. Hybridization is performed at a few degrees lower than the probe T,
typically in the 40—60°C range, in a buffer containing a relatively high salt concentration.
For PNA FISH probes, higher hybridization temperatures can be used when the probes
have higher T,'s [54]. The advantages to using higher hybridization temperatures are
better disruption of target structures and better probe specificity. Washing is carried out in
similar temperature ranges, often with the addition of higher concentrations of detergents
such as SDS, Triton X, or Tween, or of formamide [32]. More stringent conditions may
be required for PNA FISH probes. The washing step is typically difficult to optimize, but

the most important in order to minimize false positives from unbound probes.




General Introduction

Insufficiently low signal, on the other hand, can be caused by a number of factors,
including low ribosome or mRNA count, poor target accessibility, or impermeability of
cells (see above). Low RNA content potentially can be circumvented by using strategies
such as tyramide amplification, but this method requires conditions which tend to cause
lysis of fixed cells [38, 55]. When target accessibility appears to be an issue, helper
probes can be used or a different target site may need to be selected [56]. In some cases,
addition of low concentrations of formamide to the hybridization buffer may improve the
result, as formamide lowers the T, of secondary structures (but also lowers the T, of the
probes) [46]. As a result, hybridizations in formamide-containing buffer must be run at
lower temperatures.

After washing, cells may be analyzed by fluorescence microscopy or flow cytometry.
Microscopy has the advantage of being rapid and simple, but an untrained eye can lead to
incorrect reporting of data, and results are usually qualitative. Flow cytometry provides
quantitative data on the fluorescence of individual cell populations, but instruments are
quite expensive.

The greatest advantages of standard oligonucleotide probes for RNA-targeted
diagnostics are that they are commercially available, relatively inexpensive, and well
established in the literature for a plethora of applications. However, standard
oligonucleotide probes do have several disadvantages. They are typically unable to
distinguish related RNA sequences unless there are multiple nucleotide differences [32,
57]. In addition, careful handling is required to avoid nonspecific signals, especially
during washing away of unbound probes [58]. The washing step increases the chances of

error and nonspecific signal, and prevents application to live cells.

1.2.3. Molecular Beacons

Molecular beacons (MBs) were first developed in 1996 as tools for real-time PCR
assays [59, 60]. They have since been developed for multiplex PCR assays [61, 62],
solid-phase hybridization assays [63-65], biosensing [66], and FISH applications with
both prokaryotic [67] and human cells [68]. Molecular beacons are oligonucleotides,

typically with DNA, 2’-OMe RNA, or PNA backbones that have a stem-loop hairpin
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conformation in their native state, with a fluorophore and quencher at either end such that
the probe is quenched while in the hairpin state [69, 70]. The loop region of the probe, or
sometimes the loop and part of the stem [71], is complementary to an RNA target site,
and upon binding, the hairpin is disrupted, separating the fluorophore and quencher,
enhancing fluorescence signal (Fig. 1.2.A). The quenching efficiencies for several
quenchers with many different fluorophores have been examined, allowing for the design
of optimal fluorophore—quencher pairs [72].

A careful balance must be reached between the stem length and loop length to design
optimal molecular beacons for mismatch discrimination. Solution experiments
demonstrated that mismatch discrimination increases as the number of bases in the stem
increases [73]. However, if the stem is too long, the kinetics of hybridization to target
will be slow [74]. MBs with longer loop lengths tend to have lower hairpin T,,'s, and thus
increased kinetics of hybridization and decreased specificity, and MBs with very short
stem lengths have lower signal-to-background ratios [74]. Design of MBs is substantially
simplified by software, typically offered by companies that sell custom MBs.

MBs offer several advantages over standard oligonucleotide probes. Because MBs are
quenched, no washing steps are required to remove unbound probe, and they may
therefore be applicable to living cells assuming the cells can be permeabilized. Second,
MBs have higher mismatch sensitivity than standard oligonucleotide FISH probes as a
result of their conformational restraints [73]. The main sources of nonspecific signal in
MBs are: (1) incomplete quenching, (2) hairpin—hairpin binding between two beacons,
(3) nuclease degradation that separates the quencher and the fluorophore, and (4)
nonspecific interactions with proteins and other small molecules within the cell that
disrupt the hairpin structure [75]. The last may be the biggest problem in cellular
diagnostics, since molecular beacons are known to interact with certain nucleic
acid-binding proteins, disrupting the MB secondary structure and giving nonspecific
signal [76].

Several new approaches to MBs recently have been developed to improve
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signal-to-background. Most notably, fluorescence resonance energy transfer (FRET)
approaches have the potential to decrease background signal if the spectral overlap
between the donor and acceptor is minimal [77]. This approach was first examined with
the so-called “wavelength shifting molecular beacons,” in which an acceptor fluorophore,
such as a rhodamine, was tethered to the fluorescein donor via a linker (Fig. 1.2.B) [78].
Wavelength shifting MBs were found to be useful in multiplex PCR assays, but have not
been employed for FISH assays, possibly because the overlap between the donors and
acceptors studied is too great to give a substantial signal-to-background advantage. A
similar approach uses an acceptor fluorophore instead of a dark quencher, thereby
changing the maximum emission wavelength between hairpin and bound states [79].
Going one step further, Bao and coworkers developed “dual FRET MBs,” in which two
MBs bind side-by-side, with a donor fluorophore on one beacon thereby being brought
into proximity with an acceptor fluorophore on the other beacon (Fig. 1.2.C) [80, 81].
Since both donor and acceptor fluorophores are quenched in their native state, and both
need to hybridize adjacently in order for FRET to occur, background from nonspecific

hairpin opening is substantially reduced.

1.2.4. Quenched Autoligation Probes

Quenched autoligation (QUAL) probes are a relatively new class of in situ
hybridization probes that were developed for detection of sequences with high specificity
[82-84]. Whereas molecular beacons rely on a conformational change to initiate
fluorescence signal, QUAL probes utilize a chemical reaction [84]. QUAL probes consist
of two oligonucleotide strands, the “dabsyl” probe and the phosphorothioate (thioate)
probe (Fig. 1.3). The dabsyl probe is short, typically 7-10 nucleotides, while the thioate
probe is longer, around 15-20 nucleotides. The dabsyl probe is modified such that it has
a dabsyl group at its 5'-terminus, attached through an electrophilic sulfonate ester linkage,
and a fluorescein or other fluorophore internally attached to a uridine base. Dabsyl is a
dark quencher that efficiently quenches fluorescein, so the background fluorescence of
the dabsyl probe is very low [85]. The thioate probe is modified such that it has a

phosphorothioate group at its 3'-terminus. The two probes are
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designed such that they bind adjacently on their target, bringing the nucleophilic
3’-phosphorothioate close to the electrophilic 5'-dabsyl group. The phosphorothioate
reacts to displace the dabsyl group, thereby ligating the two strands and unquenching the
fluorophore (Fig. 1.3.A and B). It should be noted that both the 3’-terminal
phosphorothioate in the nucleophilic probe and the bridging phosphorothioate linkage
formed in the ligation product are quite stable to nucleases and hydrolysis [86]. The
5'-dabsyl group, however, is subject to slow hydrolysis in buffer, particularly in basic
conditions or at high temperatures [87].

QUAL probes take advantage of the ability of very short oligonucleotides to sense
single nucleotide mismatches while avoiding issues of redundancy and lack of affinity.
The highest specificity is achieved when the mismatch is placed in the center of the short
probe; substantially less discrimination is observed when the mismatch is at the end of
the short probe or in the long probe [82]. Thus, specificity of QUAL probes is determined
mostly by binding affinity as opposed to geometry of the reaction site, as mismatches in
the center of short probe lead to the greatest Ty, difference for binding to a matched vs
mismatched target [82, 83]. Naturally, probing for sites with multiple mismatches will
increase the specificity of QUAL probes.

When very short probes are used, there is a high probability for sequence redundancy.
This issue is made moot in QUAL probes by requiring the two probes that bind
adjacently. Thus, even if the short probe represents a sequence that has redundancy in the
target RNA, no fluorescence is observed unless the longer probe binds adjacent to it. The
lack of affinity of very short probes is dealt with by running the hybridization at
relatively low temperatures (37°C or lower) and selecting sequences that have a T,, high
enough to hybridize under the desired conditions. Since unbound probes are not
fluorescent, no washing steps are required, and ligated fluorescent products are typically
20-mers or longer, which have high affinity for their target.

It should be noted, however, that it is not actually necessary that probes remain bound
after ligation occurs in QUAL probes, as ligation permanently switches on fluorescent
signal. In fact, if ligated probes dissociate from their target and new probes bind and

ligate on the same template, signal amplification may occur [88]. Signal amplification by
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turnover is highly desirable for the detection of extremely low abundance targets such as
mRNAs. A strategy of using “universal linkers” to attach the quencher to the 5'-terminus
of the dabsyl probe yielded turnovers of nearly 100-fold on RNA templates in solution
[88], and was used to detect mRNAs in human cells [89]. The product of the ligation
reaction using the universal linker is destabilized compared to natural DNA, apparently
because the alkane linker adds flexibility to the strand. This decreases product inhibition
so that the target RNA can become a catalyst for generating multiple signals per target.
Furthermore, the linker has been shown to destabilize the product without destabilizing
the transition state of the reaction; in fact, the reaction rate is sped up by a factor of 4-5
[88].

In solution and solid-phase assays, QUAL probes were shown to accurately
discriminate between all possible mismatches [84, 87]. QUAL probes offer several
advantages over other RNA-targeted diagnostics strategies. Like MBs, unbound probes
do not need to be washed out of cells, which reduces experimental time and decreases
chances for error. QUAL probes may be less prone to nonspecific signals than MBs
because turning on fluorescence requires a chemical reaction; thus, binding to proteins
should not lead to nonspecific signals.

Disadvantages of QUAL probes include the slow hydrolysis of quencher leading to
nonspecific fluorescence, the requirement that multiple probes be used, and the limited
number of systems that they have been applied to thus far. The main sources of
nonspecific signal in QUAL probes are: (1) incomplete quenching, (2) nuclease
degradation in the 1-3 nucleotides between the fluorophore and quencher, and (3)
hydrolysis of the quencher [75]. The last of these appears to be the greatest problem,
requiring careful handling and storage of the probe.

Abe and Kool recently described a method to improve signal-to-background by using
FRET-QUAL probes (Fig. 1.3.C) [89]. In these specialized QUAL probes, Cy5 was
attached internally to the thioate probe. The ligation was monitored by excitation at 488
nm, which gives almost no excitation for Cy5. When the probes ligated, FRET between
fluorescein and Cy5 allowed emission to be monitored at 665 nm, beyond the emission

wavelength for fluorescein. Thus, background from incomplete quenching or nonspecific
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hydrolysis of the quencher was minimized, leading to substantially higher sensitivity.
QUAL probes are not yet commercially available, so they have not yet been adopted

wide use in diagnostic settings.

1.3. Fluorogenic molecule for bioimaging

Compared to other technologies, such as radioisotope labeling, MRI, ESR, and
electrochemical detection, fluorescence imaging has many advantages, as it enables
highly sensitive, non-invasive, and safe detection using readily available instruments.
Another advantage of fluorescence imaging we should emphasize here is that the
fluorescence signal of a molecule can be drastically modulated, so that sensors relying on
‘activation’, not just accumulation, can be utilized. Until the 1980s, however,
fluorescence imaging was mainly applied to fixed samples owing to the lack of
fluorescent chemosensors, or probes, suitable for imaging in living cells. In this review,
‘fluorescent probes’ are defined as molecules that react specifically with biological
molecules to induce a concomitant change of their photochemical properties
(fluorescence intensity, excitation/emission wavelength, and so forth). In the past two
decades, following pioneering work by Tsien and co-workers on Ca>" probes [90], there
has been an explosive increase in the number of fluorescent probes developed [91, 92].
Today, several design strategies for fluorescent probes, including photoinduced electron
transfer (PeT) [91, 93], fluorescence resonance energy transfer (FRET) [94],
intramolecular charge transfer (ICT) [91 and 93], and spirocyclization [95], are well
established and have been applied to many probes. Recent examples, developed in
Nagano laboratory (University of Tokyo), are shown in Figure 1.4 [95-98].

In the 1990s, probes based on fluorescent proteins utilizing the FRET mechanism [94,
99] emerged with great success. More recently, probes based on nanoparticles [100, 101]
and conjugated polymers [102] have been introduced, and some of them have already
been applied to in vivo imaging [100]. Although we appreciate the significance of these
relatively new scaffolds for fluorescent probes, the scope of this review is limited to
recent advances of small-molecular probes in two selected categories owing to

limitations of space. For more comprehensive information, readers should consult earlier
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reviews [91, 92, 103] or monographs [104, 105]. In addition, probes for other analytes,
including reactive oxygen species (ROS) [106], reactive nitrogen species (RNS) [107],
anions [108], and saccharides [109], have recently been reviewed elsewhere, as have

probes with near-infrared emission [110].

1.3.1. Fluorescent probes for metal ions

Ever since the advent of fluorescent probes, metal ions have been one of the most
fruitful targets. The chemical structures of probes for metal ions can generally be divided
into two moieties: chelator and fluorophore. The chelator moiety binds to the metals with
a certain dissociation constant (K4) and induces a change of the spectroscopic properties
of the fluorophore. To obtain a large spectroscopic response, the structure of this moiety
must be carefully selected, because the K4 value should lie between the concentrations of
the monitored ion before and after the stimulus. It should be also noted that intracellular
Kq is often different from the value in vitro [104]. Up to now, selective chelators for
various metal ions, such as BAPTA for Ca*", TPEN for Zn*", and APTRA for Mg”*" (Fig.
1.5.A), have been developed and incorporated into fluorescent probes. The fluorophore is
the moiety that determines the wavelengths of excitation and emission, as well as the
mode of spectral change (turn on/off or ratiometric). For cell imaging, fluorophores
excited by visible light (fluorescein, rhodamine, BODIPY, etc.) are desirable owing to
their brightness and low phototoxicity, but those requiring UV excitation (benzofuran,
etc.) are still used because they are suitable for ratiometric measurements. Ratiometric
sensors, which exhibit spectral shift upon reaction or binding to the target, have
advantages over turn-on/off sensors, because the results of ratiometric measurements are
independent of dye concentration, bleaching, and illumination intensity [90].

Although dozens of probes have already been developed for the detection of Ca** [104,
111], Zn*" [112], and others, improvements are still ongoing. For example, Bradley and
co-workers immobilized a Ca*" probe, Indo-1, on polystyrene beads to develop a
cell-permeable microsphere-based sensor (Fig. 1.5.B), and succeeded in real-time
calcium sensing in living cells [113]. At present, most of the probes for cations must be

loaded into cells in the form of their acetoxymethyl (AM) ester [103], which is
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Fig. 1.5 Chemical structures of cation chelators and probes. (A) Selective chelators for metal
ions, BAPTA (for Ca*"), TPEN (for Zn>"), and APTRA (for Mg”"). (B) A microsphere-based sensor
for Ca** [113]. (C) Two-photon fluorescent probes for Mg”" and Ca®*, AMgl1 [115] and ACal [116],
respectively. (C)
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subsequently hydrolyzed by intracellular esterases, because the probes themselves often
contain free acid moieties that impede cell-permeability. This AM strategy has proved to
be powerful and versatile, but it has some disadvantages, such as incomplete hydrolysis,
compartmentalization, and leakage over time [113]. The microsphere-based probe
developed by Bradley et al. is cell-permeable in the form of acid salts, and reports
calcium concentration at the surface of the beads. While further studies are necessary
concerning the mechanism of cellular uptake and the control of intracellular localization
of the microspheres, the combination of nano/micro-materials and organic fluorescent
sensors is a promising approach.

These days, growing attention is focused on two-photon microscopy (TPM) [114],
which allows non-invasive imaging deep (up to 1 mm) within tissues, with high
resolution. Although existing one-photon probes can be used for TPM, high laser power
is often required to obtain clear images owing to the small two-photon action cross
section (®J5). To address this problem, Cho and co-workers developed two fluorescent
probes, AMgl [115] and ACal [116] (Fig. 1.5.C), which are specific to Mg”>" and Ca®",
respectively. Both probes contain 2-acetyl-6-(dimethylamino)naphthalene, which was
shown previously by the authors to be an efficient polarity-sensitive two-photon
fluorophore [117]. One-photon fluorescence of AMgl and ACal exhibited a dramatic
(>10 fold) increase upon addition of Mg”" and Ca®", respectively, presumably as a result
of the blocking of PeT upon metal complexation. Two-photon excitation at 780 nm gave
similar results, and notably, the probes had ®5 values over 100 GM, more than five fold
greater than those of commercial probes (Mag-fura-2 and Oregon Green 488 BAPTA-1)
[104]. Interestingly, when the probes were applied to cultured cells via the AM strategy,
bright spots with blue-shifted emission were detected in the cells. On the basis of the
solvent-dependency of the fluorophore, the authors attributed the spots to
membrane-associated organelles, in which uncleaved AM esters accumulated. Hence, the
blue-shifted emission was cut off to acquire the ‘true’ signal from the free and
metal-bound probes localized in the cytosol. This simple manipulation allowed the
precise distributions of the analytes inside the cells to be imaged. To demonstrate the

utility of AMg-1, acute hippocampal slices from mice were incubated with the probe. The

17



General Introduction

TPM images clearly revealed the Mg®" distribution in the pyramidal neuron layer of the
CALl region. ACa-1 was similarly applied to rat hypothalamic slices and spontaneous
Ca”™" waves were clearly visualized by TPM. The results, taken together, validate the
applicability of these probes for two-photon imaging of the analytes in living tissue.
Other recently developed metal ion probes include visible [97] or near-infrared [118]
ratiometric fluorescent probes for Zn>" reported by our group, and selective turn-on

probes for Cu’ [119] and Hg*" [120] developed in Chang’s laboratory.

1.3.2. Fluorescent probes for proteolytic enzyme

Proteolytic enzymes, or proteases, are enzymes that catalyze hydrolysis of peptide
bonds. They are said to occupy approximately 2% of the whole human genome, and are
involved not only in many physiological events, but also in major diseases such as cancer,
neurodegeneration, inflammation, and others [121]. Although several analytical methods
have been established to investigate the biology of proteases [122], assays using
fluorogenic substrates [123] are advantageous as they report not the mere expression, but
rather the activity of the target enzymes. Another benefit of these substrate-based probes
is that the signal is amplified by the catalytic enzyme reaction. Conventional
fluorophores, however, are not optimal for applications using biological samples that
have high levels of background signal (serum, urine, etc.). Lanthanide complexes with
extraordinarily long-lived luminescence [124, 125] are expected to be advantageous for
these applications, because the short-lived background fluorescence can be eliminated by
time-resolved luminescence measurements. Recently, we have developed a novel
long-lived protease probe by designing a method to modulate the PeT process within a
lanthanide complex, and applied it to the diagnosis of cancer [126].

Another approach to elucidate the activities of specific enzymes in complex systems,
termed activity-based protein profiling (ABPP), is currently attracting attention [127,
128]. In ABPP, samples are treated with small molecules known as activity-based probes
(ABPs), which bind covalently to the active site of the target enzymes, and this is
followed by analysis (imaging, SDS-PAGE, etc.) or purification of the target using tags

(fluorescent molecules, biotin, etc.) attached to the ABPs. Compared with substrate-based
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fluorescent probes, fluorescent ABPs have the advantage that they can provide direct
biochemical evidence concerning the enzyme(s) responsible for the signal. Furthermore,
the spatial distribution of the target can be precisely visualized with fluorescent ABPs.
These features should be particularly advantageous in complicated systems containing
various enzymes, such as living tissues. Hydrolytic enzymes, including proteases, are the
most common targets of ABPP, which have been used in proteomic profiling of
metalloproteases [129] and for the investigation of cysteine protease activity during
tumor formation [130].

Although conventional ABPs are powerful tools with diverse applications, they are not
suitable for live-cell or in vivo imaging owing to the lack of a fluorescence on/off switch.
In other words, they are not ‘fluorescence probes’ in terms of the definition in this review,
and extensive washout is necessary before images can be acquired. To overcome this
limitation, Bogyo and co-workers developed ‘quenched’ probes (qABPs), which become
fluorescent only after binding to the target [131]. The first qABP they developed
(GB117) incorporated an acyloxymethyl ketone (AOMK) reactive moiety that targets
cysteine proteases, together with BODIPY-TMR-X as a fluorophore, and QSY 7 as a
quencher (Fig. 1.6.A). Before binding covalently to the enzyme, fluorescence of
BODIPY-TMR-X was efficiently quenched (>70 fold) presumably via energy transfer to
the quencher. When the probe binds to the active site of the enzyme, the quencher moiety
is released from the probe, resulting in recovery of fluorescence. After confirming that
qABP could successfully label cathepsins in vitro, the authors applied it to living cells.
While non-specific staining of entire cells was observed with the unquenched ABP, a
discrete labeling pattern that matched the distribution of lysosomes was obtained using
GB117, without the need for a washing procedure. This result indicates that gQABPs can
provide a good signal-to-noise ratio, allowing direct imaging of protease activity in living
cells. Interestingly, in an experiment using cell culture models, the probe and
anti-cathepsin antibody gave different labeling patterns, illustrating the activity-directed
nature of ABPs.

Recently, an improved version of GB117, termed GB137, was reported by the same

group [132]. GB137, with Cy 5 as a fluorophore, has excitation/emission in the NIR
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region, which is favorable for in vivo imaging (Fig. 1.6.B). GB137 was found to
specifically label active cathepsins in a number of cancer cell lines, while it is insensitive
to serum. After confirming in vivo that the probe with the AOMK ‘warhead’ was retained
in cancer cells by covalently binding to cathepsins, the authors compared GB137 with the
non-quenched counterpart (GB123). The non-quenched probe stained the whole body
until unlabeled probe was completely eliminated from the animal. GB137, however,
produced a specific and stable signal in tumors from the earliest time point,
demonstrating the clear advantage of qABPs. The signal was reduced in mice treated
with a cysteine protease inhibitor, K11777, suggesting the potential utility of the probe
for the assessment of therapeutic agents that inhibit proteases.

One possible disadvantage of ABPs over substrate-based approaches is the lack of
signal amplification by the target enzymes. Although clear images with sufficient
signal-to-noise ratios were acquired in the above cases, it remains yet to be seen whether
this strategy is applicable to targets with lower expression levels. Another concern for
activity-based imaging is that the inhibition of the target by ABPs might lead to
undesirable and non-physiological biological responses. Furthermore, it is no less
difficult to find specific activity-based inhibitors for the target enzyme, which are
necessary to design ABPs, than to find substrates, which are required to develop
substrate-based probes. Considering these points, it seems likely that ABPs and

traditional probes will play complementary roles in the field of biological imaging.
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2.1. Introduction

One of the long-standing goals of environmental microbiology is to simultaneously
ascertain the identity, activity, and biogeochemical impact of individual organisms in situ.
Fluorescence in situ hybridization (FISH) with a rRNA-targeted oligonucleotide probe is
a powerful tool to analyze the structure and dynamics of complex microbial communities
in a cultivation-independent way [4, 9, 25]. However, this method relies on the presence
of many target sequences within an individual cell. Therefore, this taxonomic
identification approach cannot be used to detect the presence of single-copy functional
genes or their mRNA expression products at the single-cell level. For the detection of
bacteria based on a specific metabolic activity, the development of highly sensitive
methods is essential.

To detect bacterial strains on the basis of their activities, several techniques have been
developed, such as catalyzed reporter deposition (CARD)-FISH [5, 12, 16, 17, 20, 21,
24], digoxigenin (DIG)-FISH [26], in situ loop-mediated isothermal amplification
(LAMP) [15], in situ PCR [10, 11, 23], in situ reverse transcription [8], and recognition
of individual genes (RING)-FISH [27]. However, these signal amplification methods
require the diffusion of large-molecular-weight molecules such as enzymes, antibodies,

or (strept)avidin into fixed whole cells. Therefore, the cell walls must be permeabilized
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for probe access to the target molecule, while minimizing the loss of the target molecule
and cell morphology. Many such digestion strategies have been employed to
permeabilize fixed cells using enzymes such as lysozyme, proteinase K, and/or
achromopeptidase [10, 21]. However, this step remains problematic in that each cell wall
type requires different digestion conditions to achieve optimal results [20]. This is
especially pronounced in Gram-positive bacteria because of their thick cell walls [19-21].
Generally, identical functional genes are possessed by many bacterial strains with
different types of cell wall. For example, nitrite reductase genes (nirK and nirS) have
been widely found in the bacterial strains belonging to almost all major physiological
groups [7]. Therefore, the ability to estimate the differences in digestion conditions
required for various cell wall types and to define the optimal digestion conditions for
certain bacterial strains is of considerable significance. However, there are no reports on
comprehensive analyses of permeabilization conditions for highly sensitive FISH.

The purpose of the present study is to define the optimal digestion conditions for
several bacterial strains belonging to different phylogenetic divisions by permeabilization
at different concentrations of lysozyme and/or achromopeptidase solution for
conventional FISH, DIG-FISH, and CARD-FISH. In this study, rRNA was targeted
instead of MRNA because it enables us to evaluate pretreatment conditions for detecting
each cell types that rRNA can be easily detected by FISH. Consequently, the optimal
conditions for the detection of the majority of bacterial strains were determined.
Furthermore, the problems associated with previously developed signal amplification

methods are discussed.

2.2. Materials and Methods

2.2.1. Bacterial strains, cultivation, and cell fixation

The bacterial strains used in this study and their phylogenetic affiliations are listed in
Table 2.1. To estimate the permeabilizing conditions for various types of cell walls, the
bacterial strains were selected from various phylogenetic groups. The media and
cultivation conditions were determined in accordance with the respective catalogs of the

bacterial strains. The cells were harvested at the end of their logarithmic growth phase.
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Table 2.1 List of strains and their phylogenetic affiliations

Strains Source or strain no. Phylogenetic affiliation
Paracoccus denitrificans IFO 16712 Alpha subclass of Proteobacteria
Alcaligenes faecalis IFO 13111 Beta subclass of Proteobacteria
Pseudomonas stutzeri IFO 14165 Gamma subclass of Proteobacteria
Cytophaga hutchinsonii IFO 15051 Bacteroidetes
Flavobacterium columnare NBRC 100251 Bacteroidetes
Enterococcus faecalis IFO 3971 Gram-positive bacteria with low G+C
content of DNA
Bacillus subtilis NBRC 13719 Gram-positive bacteria with low G+C
content of DNA
Gram-positive bacteria with high G+C

Corynebacterium glutamicum NBRC 12153 content of DNA
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Samples were fixed in 3% paraformaldehyde for 9 h at 4°C, centrifuged, and washed
three times with PBS solution (137 mM NaCl, 8.10 mM Na;HPO,4-12H,0, 2.68 mM KClI,

1.47 mM KH,POy4; pH 7.4). Cells were then resuspended in 50% ethanol in PBS and

stored at —20°C until further processing.

2.2.2. Permeabilization

Cell walls were permeabilized according to the method described previously [10] with
minor modifications. The samples were resuspended in PBS solution. A 10-pl aliquot
was spotted onto amino alkylsilane-coated slides (Applied Biosystems, Foster City, CA)
and dried in an oven at 46°C. The fixed samples were treated with a lysozyme solution (0,
1, 3, 7, 10, and 20 mg of lysozyme per ml, 100 mM Tris-HCI [pH 8.0], and 50 mM
EDTA) for 1 h at 37°C. As a further analysis, A. faecalis, F. columnare, and C.
glutamicum were additionally permeabilized with an achromopeptidase solution (0, 25,
50, 100, and 500 units of achromopeptidase per ml, 10 mM Tris-HCI [pH 8.0], and 10
mM EDTA) for 30 min at 37°C after the lysozyme pretreatment (20 mg of lysozyme per
ml), as appropriate. For CARD-FISH, the digested samples were incubated in 0.01 M
HCI for 10 min at room temperature to inactive endogenous peroxidases. Then, the HCI
solution was removed by consecutive washes with distilled deionized water (ddH,O) and

the samples were dehydrated sequentially in 50, 80, and 98% ethanol.

2.2.3. In situ hybridization with oligonucleotide probes

The oligonucleotide probe EUB338 [3] was used in this study. DIG- and
tetramethylrhodamine isothiocyanate (TRITC)-labeled oligonucleotides were purchased
from Takara Bio (Ohtsu, Japan) and horseradish peroxidase (HRP)-labeled probes were
purchased from Greiner Japan (Tokyo, Japan). TRITC- and DIG-labeled probes were
hybridized according to the method of Amann [2], which was followed by a stringently
washing. HRP-labeled probes were hybridized at 35°C for 2 h to prevent the inactivation
of HRP. Then, the slides were washed at 37°C for 20 min and were kept moist until the

following step.
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2.2.4. Signal detection with tetramethylrhodamine-labeled antidigoxigenin antibody

Samples hybridized with DIG-labeled probes were detected using a
tetramethylrhodamine-labeled antidigoxigenin Fab fragment (Roche Diagnostics,
Mannheim, Germany). First, 10 pl of blocking buffer (5 mg of bovine serum albumin per
ml of PBS solution) was spotted onto the samples and incubated for 30 min at room
temperature. Then, 10 pl of tetramethylrhodamine-labeled anti-DIG Fab fragment
solution (10 pg of Fab fragment per ml of blocking buffer) was spotted onto the samples
and incubated for 1 h at 37°C. Next, the slides were rinsed briefly with a few milliliters
of a washing buffer (0.5% Triton X-100 in PBS solution) and then immersed three times
in 40 ml of the washing buffer for 15 min at room temperature. The washing buffer was
removed by rinsing the slides with ddH,O. Then, the samples were counterstained with a
working solution of SYBR Green | (FMC BioProducts, Rockland, ME) for 5 min. For
preparation of the working solution, SYBR Green | was diluted with PBS solution
10,000-fold. After washing, the samples were mounted in FluoroGuard antifade reagent
(Bio-Rad, Richmond, CA) for observation under a confocal laser scanning microscope
(TCS4D; Leica Lasertchnik, Heidelberg, Germany).

2.2.5. Tyramide signal amplification

The stringently washed slides were rinsed briefly with ddH,O and equilibrated with
TNT buffer (0.1 M Tris-HCI [pH 7.5], 0.15 M NaCl, 0.3% Triton X-100) for 15 min.
Excess buffer was removed without drying the slides. Tetramethylrhodamine-labeled
tyramide stock solution was diluted 1:50 with amplification diluent to produce the
fluorophore tyramide working solution (Dupont, NEN Research Products, Boston, MA).
The samples were incubated in tetramethylrhodamine-tyramide working solution. After
10 min at room temperature, the slides were rinsed briefly with a few milliliters of TNT
buffer and then immersed three times in 40 ml of the same buffer for 5 min at room
temperature. TNT buffer was removed by rinsing the slides with ddH,O. Then, the
samples were counterstained with SYBR Green I, mounted in FluoroGuard antifade

reagent for observation under the confocal laser scanning microscope.
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2.2.6. Microscopic evaluation and data analysis
After FISH, DIG-FISH, or CARD-FISH, images were recorded using the confocal
laser scanning microscope equipped with an Ar-Kr ion laser (488, 568, and 647 nm), and

identical scanning parameters were applied for each strain. Parameter settings were such
that the brightest cell signals observed did not cause saturation (pixel grey values <255),
while low signal intensities were still detectable. To standardize the signal intensities,
images of fluorescein isothiocyanate (FITC)-labeled particles (SPHERO™ FITC

Particles; Spherotech Inc., Libertyville, IL) were recorded using identical conditions for
each strain. The following image analysis was performed using NIH image software. At
first, all color information in an image was turned into gray scale values of corresponding
intensities. Then, all of the SYBR Green I-stained cells in a microscopic field (between
100 and 300 cells) were counted for each sample. In the same microscopic field, the
signal intensities of the cells at an excitation wavelength of 568 nm, visualized using
FISH, DIG-FISH, or CARD-FISH, were measured. The measured signal intensities were
divided by the signal intensity obtained from FITC-labeled particles; consequently,
relative signal intensities were obtained for each sample. FITC-labeled particles
generated a weak signal at an excitation wavelength of 568 nm; therefore, a threshold
value was determined for the signal intensity of particles (relative signal intensity value =
1.0). The cells with relative signal intensity values above 1.0 were counted, and then, the

percentages of positive cell fractions were obtained.

2.3. Results

2.3.1. Differences in detectable conditions using lysozyme pretreatment

The fractions of hybridized cells, which were labeled by FISH, DIG-FISH, and
CARD-FISH following incubation with lysozyme at concentrations between 0 and 20
mg/ml, were evaluated (Fig. 2.1).

The tested representatives of the alpha, beta, and gamma subclasses of Proteobacteria
showed the same pattern, with the exception of P. denitrificans (Fig. 2.1A to C).

Conventional FISH did not yield sufficient signals with cultures of P. denitrificans unless
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Fig. 2.1 Comparison of detection rates of each strain using FISH (A and D), DIG-FISH (B and
E), and CARD-FISH (C and F). Panels A to C: detection rates of Proteobacteria. Symbols: open
circles, P. denitrificans; closed circles, A. faecalis; open diamonds, P. stutzeri. Panels D to F:
detection rates of Bacteroidetes and Gram-positive bacteria. Symbols: open triangles, C.
huchinsonii; open squares, F. columnare; closed triangles, E. faecalis; closed squares, B. subtilis;
closed diamonds, C. glutamicum.
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the lysozyme pretreatment was carried out (Fig. 2.1.A). In contrast, A. faecalis and P.
stutzeri showed homogeneous signals without lysozyme pretreatment. In the case of
DIG-FISH, more than 96% of the total cells were detected for each strain with lysozyme
pretreatment at 7 mg/ml, and the hybridized cell fraction of only P. denitrificans
dramatically decreased at lysozyme concentrations higher than 7 mg/ml (Fig. 2.1.B).
Following CARD-FISH without lysozyme pretreatment, only a few cells for each strain
were visualized; whereas the hybridized cell fractions of the tested Proteobacteria strains
reached 100% with lysozyme pretreatment at 3 mg/ml (Fig. 2.1.C).

In the case of the two examined Bacteroidetes (open symbols in Fig. 2.1.D), the
hybridized cell fraction of C. huchinsonii decreased from 46% without lysozyme
pretreatment to 3% with lysozyme pretreatment at 20 mg/ml, whereas that of F
columnare increased from 3% without lysozyme pretreatment to 67% with lysozyme
pretreatment at 20 mg/ml (Fig. 2.1.D, open symbols). Neither strain was visualized using
DIG-FISH (Fig. 2.1.E, open symbols). C. huchinsonii could be detected using
CARD-FISH with lysozyme pretreatment, whereas F. columnare was not detected using
this method (Fig. 2.1.F, open symbols).

It was difficult to detect Gram-positive bacteria using FISH without lysozyme
pretreatment (closed symbols in Fig. 2.1.D). The maximum hybridized cell fractions
were obtained by FISH with lysozyme pretreatment at 10 mg/ml for B. subtilis, 20 mg/ml
for C. glutamicum, and 10 mg/ml for E. faecalis (Fig. 2.1.D, closed symbols). Most
Gram-positive bacteria could not be visualized using DIG-FISH except for E. faecalis
with lysozyme pretreatment (Fig. 2.1.E, closed symbols). In contrast, E. faecalis and B.
subtilis could be detected using CARD-FISH with lysozyme pretreatment at 10 mg/mi
and 1 mg/ml, respectively. On the other hand, C. glutamicum was not detected using
CARD-FISH even with lysozyme pretreatment (Fig. 2.1.F, closed symbols). Thus, six of
the eight examined bacterial strains were successfully detected using CARD-FISH with
10 mg/ml of lysozyme pretreatment, suggesting that this pretreatment condition enables

the detection of a relatively large fraction of bacterial strains.

2.3.2. Permeabilization with achromopeptidase
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Two examined bacterial strains, C. glutamicum and F. columnare, could not be
detected, even using CARD-FISH. Detection of these two bacterial strains was attempted
following an additional permeabilization step. In the case of C. glutamicum, lysozyme
pretreatment (20 mg/ml) followed by the incubation with achromopeptidase at 25 or 50
units/ml (30 min at 37°C) showed a pronounced effect on visualization using
CARD-FISH (Fig. 2.2, panel A and B). On the other hand, the probe signal on A. faecalis
was completely lost using achromopeptidase at above 25 units/ml because of the
destruction of cell morphology by excessive permeabilization, although this strain was
detected using lysozyme pretreatment (Fig. 2.2, panel C and D). This phenomenon was
also observed in the case of the other Proteobacterial strains (data not shown). F
columnare cells could not be detected using CARD-FISH even with lysozyme and

achromopeptidase treatment (data not shown). Higher achromopeptidase concentrations
(>50 units/ml) did not increase the fraction of hybridized cells, but rather caused a visible

disintegration of cells (data not shown). Achromopeptidase pretreatment followed by
incubation with lysozyme and achromopeptidase pretreatment alone did not increase the

fraction of hybridized cells.

2.4. Discussion

To detect bacterial strains on the basis of their functional gene expression products
(mRNA) in situ, the simultaneous detection of different bacterial strains carrying a
certain functional gene is absolutely imperative. In this study, we analyzed different
conditions for the detection of taxonomically diverse bacterial strains by using
rRNA-targeted oligonucleotide probe, particularly with highly sensitive FISH.

When a fluorescent signal cannot be obtained using highly sensitive FISH, the
following explanations are conceivable:

(1) a low penetrating efficiency of the antibody or enzyme such as anti-DIG antibody and
HRP,
(2) a low rRNA content in each cell, and

(3) a mismatch of the oligonucleotide probes.
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Fig. 2.2 Photomicrograph of CARD-FISH stained C. glutamicum (A and B) and A. faecalis (C
and D) with lysozyme pretreatment alone (A and C) and achromopeptidase followed by lysozyme
pretreatment (B and D). Yellow indicates positive cells, while green shows negative cells. Scale bar,
20 um.
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Cases 2 and 3 were inconceivable in this study. As for case 2, all the tested bacterial
strains could be visualized using conventional FISH, which indicated that they contained
sufficient target molecule for highly-sensitive FISH (Fig. 2.1.A and 2.1.D). Furthermore,
the intracellular RNA contents in each bacterial strain were compared using RiboGreen.
As shown in Table 2.2, the highest signal intensities were obtained from C. huchinsonii
and C. glutamicum and the lowest signal intensity was obtained from E. faecalis. The
signal intensities obtained from C. huchinsonii and C. glutamicum were nearly 1.6 times
higher than that of E. faecalis, indicating that all the tested bacterial strain contained
nearly level of intracellular RNA. Although RiboGreen also binds to DNA, the signal
intensities were regarded as intracellular RNA contents because intracellular DNA
contents are not varies with the bacterial strains. As for case 3, using the BLAST
program?, there is no mismatch between the sequence of probe and that of all the
examined bacterial strains (data not shown). Consequently, case 1 is the only explanation
of why the fluorescent signal was not visualized following highly sensitive FISH.

As shown in Table 2.3, we classified the examined bacterial strains into three types on
the basis of detection results obtained from lysozyme pretreatment with various
lysozyme concentrations. The bacterial strains belonging to type 1 were successfully
detected using both a conventional FISH procedure and highly sensitive FISH. Hence, it
is evident that the probe, antibody, or enzyme can easily penetrate the cell walls of these
bacterial strains. In contrast, the bacterial strains belonging to type 2 could not be
detected using FISH without lysozyme pretreatment. Furthermore, they were not detected
using highly sensitive FISH at all. These results suggest that they possess cell walls that
do not allow antibody or enzyme to penetrate. The bacterial strains belonging to type 3
were detected using CARD-FISH, although they were poorly detected using
conventional FISH, suggesting that their cell walls were more difficult to penetrate than
those belonging to type 1. From these results, the classification of the detection patterns
is not closely associated with that of phylogenetic affiliation.

As shown in Fig. 2.1, the number of detected bacterial strains using CARD-FISH was
larger than that using DIG-FISH. This is most likely to be attributed to the crucial
difference in signal amplification efficiencies between DIG-FISH and CARD-FISH. The
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Table 2.2. Relative fluorescence signal intensity (%)? of all examined
strains staining with RiboGreen

Strains % of relative signal intensity
P. denitrificans 109
A. faecalis 127
P. stutzeri 116
C. hutchinsonii 161
F. columnare 123
E. faecalis 100
B. subtilis 124
C. glutamicum 161

*Relative to signal intensity of E. faecalis.
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Table 2.3. Classification of the detection types®
Meth
Type Strain (affiliation”) ethod
FISH DIG-FISH CARD-FISH
I A. faecalis (B) ++ ++ (++)
P. stutzeri (y) ++ ++ (++)
I C. glutamicum (HGC) (++) - -
F. columnare (CFB) (+) - -
i B. subtilis (LGC) +) - (++)
C. huchinsonii (CFB) + - (++)
E. faecalis (LGC) (++) (++) (++)
P. denitrificans (o) (+) (++) (+1)

% no signals; +, a part of all cells (10-80%) hybridized; ++, almost all cells (>80%) hybridized; sign
in brackets, with lysozyme pretreatment.

b

a, a-Proteobacteria; P, pB-Proteobacteria; vy, y-Proteobacteria; CFB, Bacteroidetes;

LGC,

Gram-positive bacteria with low G+C content of DNA; HGC, Gram-positive bacteria with high G+C

content of DNA.
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amplification efficiency of CARD-FISH is nearly fivefold higher than that of DIG-FISH
[20]. Hence, for CARD-FISH, a small number of penetrated probes would enable
successful detection. It should be pointed out that it was difficult to quantify the target
RNA in cells because the fluorescence signal was saturated by CARD-FISH.

Schonhuber et al. [20] have reported that CARD-FISH was unable to detect
Gram-positive bacteria even with lysozyme pretreatment. However, E. faecalis and B.
subtilis (low G+C Gram-positive bacteria) were detected using CARD-FISH with
lysozyme pretreatment at 10 and 1 mg/ml, respectively, in our study. This was probably
due to the difference in permeabilizing conditions, that is, they carried out cell wall
permeabilization with 0.1 mg/ml of lysozyme for 10 min at 0°C. On the other hand, C.
glutamicum (high G+C Gram-positive bacteria) could not be visualized using
CARD-FISH with lysozyme pretreatment in our study. This is likely because of their
highly specific cell walls. The main component of their cell wall is the
mycolyl-arabinogalactan peptidoglycan complex. This mycolic acid region is poor in
proteins; only a small amount of a pore-forming protein with a weak activity has been
detected, causing the low penetrability of hydrophilic substances [22]. This
hydrophobicity caused difficulties associated with the penetration of hydrophilic
substances such as the anti-DIG antibody or tyramide. To improve the permeabilization
of mycolic acid-rich bacteria, many techniques have been examined: including reduced
fixation time [18], acid hydrolysis [14], and ethanol fixation [19]. Sekar et al. [21]
demonstrated that incubations with 10 mg/ml of lysozyme followed by 60 units/ml of
achromopeptidase can successfully permeabilize the cell walls of this group of bacterial
strains for subsequent CARD-FISH. We were also able to detect C. glutamicum by using
this procedure (Fig. 2.2, panel A and B); however, this procedure resulted in the loss of
the target molecule and cell morphology for other bacterial strains (Fig. 2.2, panel C and
D). Lan et al. [13] reported that microwave oven heating can be used as a substitute for
enzymatic cell wall digestion for a wide variety of eukaryotic cells, and the hybridization
signal obtained after microwave pretreatment was very uniform in six different tissues.
We tried to apply this pretreatment to C. glutamicum; however, we were unable to obtain

signals using CARD-FISH (data not shown). This is most likely due to the differences in
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cell structures between prokaryotic cells and eukaryotic cells. These results imply that it
is difficult to find a universal method for permeabilizing all kinds of cell wall.

Surprisingly, for most bacterial strains, except for the two examined Proteobacteria
strains A. faecalis and P. stutzeri, conventional FISH without lysozyme pretreatment
could not generate a sufficient hybridization signal (Fig. 2.1.A and 2.1.D). These results
suggest that well-suited cell wall permeabilization techniques are required for
quantitative FISH targeting the Bacteroidetes or Gram-positive bacteria. However, it
must be noted that all images were obtained using identical conditions in this study;
therefore, these results might be improved if photomicroscopic conditions such as laser
voltage settings were optimized for each strain. Meanwhile, we must take into account
the possibility of underestimating positive cells in the case of using universal probes such
as the eubacterial probe EUB338. Bouvier and Giorgio [6] have reported that for cases in
which the results are not affected by the contribution of Archea, the percentage of cells
detected using EUB338 varies from 1 to 100% of the total bacterial count in different
published reports, with an average of 56%. Provided that bacterial strains that have
unusual cell wall structures, such as mycolic acid-rich cell wall structures, are not
dominant species, a more refined quantification could be carried out using CARD-FISH
with 10 mg/ml lysozyme pretreatment.

In this study, most bacterial strains were successfully detected using CARD-FISH with
10 mg/ml lysozyme pretreatment. Additionally, achromopeptidase pretreatment was a
highly effective means of permeabilizing the bacterial strains that were unable to be
detected with lysozyme pretreatment, while it was considered impossible to visualize all
bacterial strains by a universal permeabilizing procedure. If highly sensitive FISH
methods are applied to well-defined target bacterial strains, permeabilizing conditions
should be optimized according to our results. It should be noted that, for environmental
samples, there are many variable factors such as the type of ecosystem, bacterial growth
rate, and growth phase. Nevertheless, our results will contribute to the optimization of
permeabilizing conditions, which is one of the most important factors for the successful
application of highly sensitive FISH. It is anticipated that in future studies, a method that

is not affected by cell wall structures will be developed, and consequently, this method
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will enable us to universalize the highly sensitive FISH procedure.
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Reduction-triggered fluorescence probes for

sensing nucleic acids

3.1. Introduction

Fluorescent-labeled oligonucleotides are becoming important tools for detecting
oligonucleotide sequences [1, 2]. A possible application is the detection of RNA species
in cells by in situ hybridization [3-5]. However, standard fluorescent probes require
careful handling to avoid nonspecific signals. Fluorogenic probes with a fluorescence
on/off mechanism have been developed to avoid this problem [6-13]. Some of these
probes have been applied to the detection of RNA in cells [14-17]. Examples are
molecular beacon (MB) [15, 16] or target-assisted chemical ligation [14, 18].
Target-dependent fluorescence enhancement of these methods is based on the resonance
energy transfer (RET) mechanism, for which a pair of quencher and fluorescence dyes is
normally used. However, higher sensitivity for the detection method is still required to
monitor gene expression in cells. Recently, various fluorogenic compounds have been
developed for the detection of small biological substances [19-23]. For example,
diaminofluorescein when used for the detection of nitric oxide (NO) reacts with NO to
yield a fluorescent compound through triazole formation [21]. The boronate fluorescein
derivative for detection of hydrogen peroxide (H»O,) reacts with H,O, to yield a
fluorescent form through cleavage of the carbon—boron bond [20]. In these examples,
detection is triggered by a chemical reaction accompanied by transformation of the

chemical structure of the fluorogenic compound. Fluorescence modulation is caused by
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photoinduced electron transfer or absorption change. The signal/background (S/B) ratio
of this type of molecule could exceed that of the RET mechanism [24]. However, there
are few reports that describe chemical reaction-triggered fluorogenic molecules for
oligonucleotide sensing, although this method offers high sensitivity [25]. Here, we
report a reduction-triggered fluorescence (RETF) probe that shows a high S/B ratio for
sensing oligonucleotides (Figure 3.1). A new fluorescence molecule, rhodamine azide,
that we designed and synthesized is activated only by a specific reducing reagent on the
oligonucleotide target and is very stable under biological conditions, showing little

background fluorescence. The probe was applied to the sensing of nucleic acids in vitro.

3.2. Materials and Methods

3.2.1. t-Boc-rhodaminell0 Azide (2)

t-Boc-rhodamine110 (48.0 mg, 0.112 mmol) was dissolved in CH3CN (8 ml) and
CH,CI; (4 ml) under Ar (g). TFA (12.4 ul, 0.167 mmol) was added followed by addition
of isopentyl nitrite (17.8 pl, 0.134 mmol) at 0 °C. After stirring for 2 h at 0 °C, sodium
azide (15.0 mg, 0.223 mmol) was added to the resulting solution followed by stirring for
1 h at ambient temperature. The reaction was quenched with saturated aqueous NaHCOs.
The aqueous layer was extracted with AcOEt (x2) and the combined organic layers were
dried over Na,SO,, concentrated, and subjected to flash column chromatography (silica
gel, 6:1 hexane:EtOAc) to give azide-RhodaminellO-t-Boc (2) as a pale yellow
crystalline solid (36.5 mg, 80.0 pmol, 71%). '"H NMR (400 MHz, CDCl3) & = 1.53 (9H,
s), 6.61 (1H, brs), 6.68 (1H, d, J = 3.2 Hz), 6.71 (1H, d, ] = 3.2 Hz), 6.77 (1H, d, ] = 8.5
Hz), 6.87 (1H, dd, J = 2.2 Hz, 8.8 Hz), 6.93 (1H, d, J = 1.9 Hz), 7.12 (1H, brd, J = 7.3
Hz), 7.56 (1H, brs), 7.62 (1H, dt, J = 1.0 Hz, 7.5 Hz), 7.66 (1H, dt, J = 1.2 Hz, 7.6 Hz),
8.02 (1H, brd, J = 7.3 Hz). °C NMR (100 MHz, CDCl5) & 28.36, 81.25, 82.19, 105.97,
107.21, 112.87, 114.26, 114.74, 115.59, 123.70, 125.07, 126.22, 128.45, 129.43, 129.78,
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Fig. 3.1 Fluorescence emission of an RETF probe by reducing reagents. A) Reduction of azide on
Rhodamine by DTT or TPP as reducing reagents. B) Oxidation of DTT. C) Oxidation of TPP.
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135.04, 140.56, 142.37, 151.47, 152.08, 152.95, 169.13. QSTAR (Applied
Biosystems/MDS SCIEX) (ESI): [MH+] C,sH;N4Os: calculated 457.1512, found:
457.1509

3.2.2 Rhodaminell0-azide (3)

Azide-Rhodamine110-t-Boc (2) (30.8 mg, 67.5 umol) was dissolved in 4.0 M HCI
solution in dioxane (3 ml). The resulting solution was stirred at ambient temperature for 3
h. Solvent was removed under reduced pressure, and the residue was purified by TLC
plate (9:1 CHCl;:MeOH). Azide-RhodaminellO (3) was isolated as a pale pink
crystalline solid (23.8 mg, 66.8 pmol, 99%). 'H NMR (400 MHz, CDCls) & 3.92 (2H, s),
6.36 (1H, dd, J = 2.4 Hz, 8.5 Hz), 6.52 (1H, d, J = 2.2 Hz), 6.55 (1H, d, ] = 8.5 Hz), 6.67
(1H, dd, J = 2.2 Hz, 8.5 Hz), 6.74 (1H, d, ] = 8.5 Hz), 6.92 (1H, d, J = 2.2 Hz), 7.16 (1H,
d, J=7.6 Hz), 7.61 (1H, dt, J = 1.0 Hz, 7.3 Hz), 7.66 (1H, dt, ] = 1.2 Hz, 7.5 Hz), 8.01
(1H, d, J = 7.6 Hz). C NMR (100 MHz, CDCls) & 82.82, 101.15, 106.95, 108.15,
111.67, 114.39, 115.82, 123.63, 124.80, 126.54, 128.93, 129.38, 129.48, 134.73, 142.03,
148.62, 151.97, 152.11, 152.73, 169.06. QSTAR (Applied Biosystems/MDS SCIEX)
(ESI): [MH+] Cy0H3N403: calculated 357.0988, found: 357.0988

3.2.3 Bromoacetylamide-rhodaminel10-azide (4)

Azide-Rhodaminel10 (3) (17.9 mg, 50.2 umol) was dissolved in CHCl; (4 ml).
Anhydrous potassium bicarbonate (138.2 mg, 1.0 mmol) was added. The reaction
mixture was cooled to 0 °C followed by addition of bromoacetyl bromide (43.7 ul, 0.50
mmol). The resulting solution was stirred at ambient temperature for 12 h and the
reaction was quenched with saturated aqueous Na,COs. The aqueous layer was extracted
with CHCIl; (x2) and the combined organic layers were dried over Na,SO,, concentrated,
and subjected to flash column chromatography (silica gel, 3:1 hexane:EtOAc) to give
bromoacetylamide-Rhodamine110-azide (4) (22.6 mg, 47.4 mmol, 94%) as a pale yellow
crystalline solid. 'H NMR (400 MHz, CDCI13) 6 4.03 (2H, s), 6.71 (1H, dd, J = 2.2Hz,
8.6 Hz), 6.75 (1H, d, J = 8.5 Hz), 6.79 (1H, d, J = 8.6 Hz), 6.95 (1H, d, J = 2.2 Hz), 7.05
(1H, dd, J =2.2 Hz, 8.8 Hz), 7.13 (1H, brd, J = 7.6 Hz), 7.64 (1H, dt, ] = 1.0 Hz, 7.6 Hz),
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7.68 (1H, dt, J = 1.2 Hz, 7.6 Hz), 7.74 (1H, d, J = 1.9 Hz), 8.04 (1H, brd, J = 6.8 Hz),
8.33 (1H, brs). °C NMR (100 MHz, CDCls) & 29.21, 81.89, 107.11, 107.82, 114.86,
115.15, 115.43, 123.57, 125.03, 125.87, 128.38, 129.26, 129.82, 135.12, 138.86, 142.46,
151.09, 151.77, 152.68, 163.60, 169.11. QSTAR (Applied Biosystems/MDS SCIEX)
(ESI): [MH+] Cy;H4BrN4Oy4: calculated 477.0198, found: 477.0196.

3.2.4 t-Boc —rhodamine 110-triphenylphosphine-aza-ylide (5a)

t-Boc-rhodamine 110 azide (2) (13.4 mg, 29.4 umol) was dissolved in anhydrous THF
(1.1 ml). Triphenylphosphine (9.1 mg, 34.7 umol) was added. After 2 h reaction, solvent
was removed under reduced pressure, and the residue was purified by PLC plate (1:1
Hexane:AcOEt). t-Boc—rhodamine 110-triphenylphosphine-aza-ylide (20.3 mg, 29.4
mmol, quantative) was obtained as red crystalline solid. '"H NMR (400 MHz, CDCI3 )
61.50 (9H, dd, J = 3.8 Hz, 5.3 Hz), 6.34 (1H, m), 6.47 (1H, m), 6.56 (1H, m), 6.64 (1H,
m), 6.73 (1H, m), 6.81 (1H, m), 7.13 (1H, m), 7.47 (6H, m), 7.54 (4H, m), 7.60 (1H, m),
7.66 (3H, m), 7.73 (3H, m), 7.97 (1H, m). QSTAR (Applied Biosystems/MDS SCIEX)
(ESI): [MH+]: 691.2362, found: 691.2374

3.2.5 Reaction of compound 2 with DTT

t-Boc-rhodamine 110 azide (2) (0.37 mg, 0.8 umol) was dissolved in methanol (2.0
ml). Dithiothreitol (30.6 mg, ummol) was added. The reaction was monitored by
fluorescence and UV spectra. The maximum wavelength of fluorescent emission was
observed in 525 nm. Mass spectrometry analysis showed that the product was rhodamine

amine (1). ((MH+] C;sH23N,0s5: 431.161, Maldi-Tof Ms found: 431.167).

3.2.6 Reaction of compound 2 with TPP

t-Boc-rhodamine 110 azide (2) (11.1 mg, 24.3 umol) was dissolved in anhydrous THF
(2.43 ml). Triphenylphosphine (7.0 mg, 30.5 umol) was added. The reaction was
monitored by fluorescence and UV spectra (Fluorescence measurements were conducted
by diluting 1.5 pl reaction mixture with 1500 pl methanol. Absorption measurements

were conducted by diluting 4.0 pl reaction mixture with 196 pl methanol.). As showed in
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Figure 3.5.A, the maximum wavelength of fluorescent emission was observed in 550 nm
10 min later. After 1 h reaction, the fluorescent emission at 550 nm was saturated and no
additional fluorescent emission was observed. Mass spectrometry analysis showed that
the product was aza-ylide (5a). ([MH+] C43H36N,OsP: 691.236, Maldi-Tof Ms found:
691.304)

3.2.7 Synthesis of unmodified oligonucleotides

All oligonucleotides were synthesized on a 0.2 pumol scale on a DNA synthesizer
(H-8-SE; Gene World) wusing standard phosphoroamidite coupling chemistry.
Deprotection and cleavage from the CPG support was carried out by incubation in
concentrated ammonia for 4 h at 55 °C. Following deprotection, the oligonucleotides
were purified by reverse-phase column chromatography (MicroPure II column;
Biosearch Technologies), and quantitated by UV absorbance using the nearest neighbor

approximation to calculate molar absorptivities.

3.2.8 3’rhodamine-azide-conjugated oligonucleotide (probe 1)

The bromoacetyl group of the rhodamine-azide (4) was reacted with the
phosphorothioate group on the ODNs. For 3’ phosphorothioate sequences, the
3'-phosphate CPG was sulfurized by the sulfurizing reagent (Glen Research) after the
first nucleotide was added. 75 nmol of the 3'-phosphorothioate oligonucleotide in 50 pl
of 400 mM triethylammonium bicarbonate buffer were shaken for 5 h at room
temperature with 750 nmol of rhodamine-azide (4) in 200 pl of dimethylformamide. The
reacted products were collected by ethanol precipitation. Next, the products were purified
by reverse-phase HPLC (0-80% acetonitrile/50 mM triethylammonium acetate gradient).
The probe structure was confirmed by ESI-TOF mass spectrometry.

5'-GCCGGCGG-Rh_azide-3': calculated mass, C;9sH 26N33051P9 2942.5; found 2942.5.

3.2.9 57dithiothreitol (DTT)-linked oligonucleotide (probe 2)
Dithiol phosphoroamidite (DTPA; Glen Research) was used to prepare 5

DTT-modified oligonucleotide. Deprotection and cleavage from the CPG support was
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carried out by the standard method. Following deprotection, the oligonucleotide was
purified by reverse-phase column chromatography and quantitated by UV absorbance. To
cleave the disulfide bond, 10 nmol of purified oligonucleotide was treated with 250 ul of
100 mM TCEP in phosphate buffer (pH 6.0). The reacted products were collected by
ethanol precipitation, and then preserved in 100 uM DTT solution. The probe structure
was confirmed by MALDI-TOF mass spectrometry. 5'-DTT-TGTGGGCA-3": calculated
mass, Cg3H10sN32051PsS, 2980.4; found 2979.7.

3.2.10 5’Triphenylphosphine (TPP)-linked oligonucleotide (probe 3)
Carboxy-triphenylphosphine (TPP) NHS ester was reacted with 5’ amino-modified
oligonucleotide. 5’ amino-modifier C6 (Glen Research) was used to prepare 5’
amino-modified oligonucleotide. 50 nmol of the 5’ amino-modified oligonucleotide in
135 pl of 93 mM sodium tetraborate (pH 8.5) were shaken for 5 h at room temperature
with 2 umol of TPP NHS ester in 115 pl of dimethylformamide. The reacted products
were collected by ethanol precipitation. Next, the collected products were purified by
reverse-phase HPLC (0-50% acetonitrile/50 mM triethylammonium acetate gradient).
The probe structure was confirmed by ESI-TOF mass spectrometry.
5'-TPP-TGTGGGCA-3": calculated mass, Cio4H126N33051P9 2931.6; found 2932.6. A
peak corresponding to the oxidized product (+O) was also seen and presumed to arise

from oxidation during purification.

3.2.11 DNA-templated reaction

Reactions on the DNA template were performed in 1.2 ml of tris-borate buffer (70 mM,
pH 8.0) containing 10 mM MgCl, with target DNA (500 nM), probe 1 (500 nM), and
probe 2 (1 uM) or probe 3 (500 nM) at 25 °C. In the case of probe 2, DTT (100 uM) was
added to the reaction mixture. The increase of fluorescence intensity produced by
reduction of rhodamine-azide on probe 1 was continuously monitored at time intervals.
Reactions were observed by fluorescence spectrometry (FP-6500; JASCO). Fluorescence
spectra were measured under the following conditions: excitation, 490 nm. For the time

course of the azide reduction, the fluorescence intensity was measured for 0.5 s at 1 min
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intervals: excitation, 490 nm; emission, 550 nm (TPP) or 530 nm (DTT).

3.3. Results

3.3.1. The Principle of Fluorescence Emission of the RETF Probe

The RETF probe consists of two separated DNA strands, one probe having a reducible
fluorogenic compound, while the other probe has reducing reagents. The chemistry of the
RETF probe involves reaction between the azide group of nonfluorescent rhodamine
derivatives and reducing reagents on an oligonucleotide template (Figure 3.1.A). This
reaction proceeds only in the presence of complementary oligonucleotide templates.
After reduction of the azide group (I), the rhodamine derivative with the aza-ylide group
(IIl) or the amino group (IV) emits fluorescence. Dithiothreitol (DTT) or
triphenylphosphine (TPP) can be used as reducing reagents for this chemistry. DTT
directly reduces the azide group (I) to an amino group (IV) with the formation of a
disulfide bond (Figure 3.1.B). The Staudinger reaction using TPP as a reducing reagent
produces an aza-ylide (III), which hydrolyzes to give a primary amine (IV) and the
corresponding phosphorus compound (Figure 3.1.C). This reaction works orthogonally in

biological conditions, or even in cells.

3.3.2. Synthesis of Rhodamine Azide

The synthesis of rhodamine azide derivatives (4) is shown in Scheme 3.1. The
previously reported mono-Boc-rhodamine 110 (1) [26] was transformed to the diazo
derivative by treatment with NaNO;, and the diazo group was replaced with an azide
group by the addition of NaNj to the reaction mixture. Treatment with trifluoroacetic acid
to remove the Boc group of compound 2 did not give the desired product 3 because of
damage to the azide group. The Boc group was successfully deprotected by treatment
with 4 M HCl/dioxane solution, followed by introduction of the bromoacetyl group by
treatment with bromoacetyl bromide and sodium bicarbonate to give the desired

compound 4. Compound 4 was introduced into the DNA probe.
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T, .
2 4

Scheme 3.1. i) isopentyl nitrite, TFA, CH;CN/CH,Cl,, 0 °C, 2 h then NaN3;, CH;CN/CH,Cl,, rt, 1
h, 70%; ii) 4.0 M HCI in dioxane, rt, 3 h, compound 3: 99%; iii) bromoacetyl bromide, NaHCO;,
CHCls, rt, 12 h, 94%.
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3.3.3. Reaction of Rhodamine Azide (2) with Reducing Reagents

Rhodamine azide 2 showed no absorbance at wavelengths longer than 310 nm in
methanol, but the corresponding rhodamine amine 1 showed a maximum absorption at
490 nm. When a high concentration of DTT or TPP was added to a solution of azide 2, a
peak having a maximum at 495 nm or 518 nm increased, respectively, resulting from
reduction of the azide group (Figure 3.2.A). The fluorescence properties of rhodamine
derivatives were also examined. No significant fluorescence with excitation at 490 nm
was observed for azide 4. On the other hand, rhodamine amine 1 showed strong
fluorescence emission at around 520 nm. After the addition of DTT or TPP to the
solution of azide 4, a strong emission appeared around 520 nm or 550 nm, respectively,
where the emission was enhanced almost 2100-fold (Figure 3.2.B). We isolated these
products and analyzed the structures by NMR spectroscopy and mass spectrometry. The
product resulting from the DTT treatment was amine 1. In contrast, TPP treatment gave
aza-ylide 5a (Scheme 3.1). It seems that not 5a but 5b with longer n-conjugation in the
equilibrium structures emits fluorescence at 550 nm. Thus, we conclude that both
reducing reagents can transform rhodamine azide into a fluorescent form by

intermolecular reaction at the small compound level.

3.3.4. Design of the RETF Probe

To test the utility of the RETF system for fluorescence-based oligonucleotide detection,
we designed three new DNA probes (Figure 3.3). Probe 1 was modified at the 3’ terminal
with rhodamine azide 4, where the bromoacetyl group of 4 was reacted with the
phosphorothioate group at the 3’ end of the DNA probe. Probe 2 was modified at the 5’
terminal with DTT using commercially available phosphoramidite reagents. Probe 3 was
modified at the 5’ terminal with 2'-carboxytriphenylphosphine (TPP), which was
conjugated with the 5’ amino linker of the DNA probe through amide bond formation.
Two DNA templates originating from the human Ras gene sequence, which is known as
an oncogene, were designed containing Ras-C with a full match sequence and Ras-A
with a one-base mismatch, respectively (Figure 3.3). Ras-C (RNA) was also designed,

corresponding to the Ras-C DNA strand.
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Fig. 3.2 A) Absorption spectra of 200 uM azide 2 after treatment with DTT (blue solid line) or
TPP (red solid line), azide 2 (black solid line) without any treatment or amine 1 (orange broken
line) in methanol; B) Fluorescent emission spectra with excitation at 490 nm of 10 uM azide 2 by
treatment with DTT (blue solid line) or TPP (red solid line), azide 2 (black solid line) without any
treatment or amine 1 (orange broken line) in methanol.
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probe2: Red=DTT
probel 5-GCCGGCGG(Az) (Red)TGTGGGCA-3' probe3: Red=TPP

3'-CGCGGCCGCC-----------=---- ACACCCGTTC-5 Ras-C (match)
3'-CGCGGCCGCC----------=-=-=- ACAACCGTTC-5' Ras-A (mismatch)
3'-CGCGGCCGCC------mmmmmmm- ACACCCGUUC-5 Ras-C (RNA)(match)

Fig. 3.3 Probe 1 is an 8-mer ODN modified with rhodamine azide 4 (Az) at the 3’ terminal.
Probes 2 and 3 are 8-mer ODNs modified with DTT or TPP as reducing reagents (Red) at the 5’
terminal. The DNA targets are 20-mer ODNs with a full matched sequence (Ras-C) and a one-base
mismatched sequence (Ras-A). Ras-C (RNA) is the full matched RNA target.
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3.3.5. Reaction of the RETF Probe

An important issue for the detector probe is that it shows neither background
fluorescence nor a false signal under biological conditions, in order to achieve a high S/B
ratio. The probe should be very stable in any biological conditions. To determine the
stability of the RETF probe, we treated the probe under various extreme conditions and
checked the resulting signal. As a consequence, it was found that probe 1 with rhodamine
azide was fully stable under acidic or basic conditions at pH 5-10 and under light
irradiation at 490 nm, and at a high temperature of 90 °C for at least 10 min, as indicated
by the lack of increase in fluorescence (Figures 3.4 and 3.5). However, when a high
concentration of tris(2-carboxyethyl)phosphine (TCEP) was added to a solution of probe
1, a strong fluorescence signal appeared as the result of reduction of rhodamine azide on
probe 1. Thus, we conclude that probe 1 with rhodamine azide was fully stable under
various biological conditions to show no undesired fluorescence signal and was
responsive to only the specific reducing reagents.

Next, we tested whether the RETF probe can detect target DNA or RNA sequences to
produce a fluorescence signal (Figure 3.5). When 500 nM probe 1 and 1 uM probe 2
were incubated in pH 8.0 tris-borate buffer, the fluorescence signal at 530 nm increased
in the presence of a target Ras-C over 60 min by reduction of the azide group to the
amino group of probe 1, and no significant increase in fluorescence was observed in the
absence of Ras-C (Figure 3.5.A). When 500 nM probe 1 and 500 nM probe 3 were
incubated in buffer, the increase in fluorescence at 550 nm was monitored. Probe 3
reacted with probe 1 in the presence of target Ras-C much faster than did probe 2, and
the signal at 550 nm reached the saturation phase within 20 min (Figure 3.5.A). The
signal did not increase in the absence of Ras-C over 30 min, even under continuous light
irradiation at 490 nm.

The ability to achieve single base discrimination is important for diagnostic
applications. The reaction of probe 1 with probe 3 in the presence of
one-base-mismatched target Ras-A was carried out and showed good single base
mismatch discrimination, dropping in initial rate by 18.8-fold, compared with fully

matched Ras-C (Figure 3.5.B).
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Fig. 3.4 Stability of probe 1 under various conditions. The stability of the rhodamine-azide probe
(probe 1) was tested at pH 5.0, 10.0, and high temperature (90 °C) conditions. Probe 1 was
incubated at pH 5.0 (blue solid line) or 10.0 (orange solid line) tris-borate buffer for 30 min at room
temperature or in pH 8.0 tris-borate buffer for 10 min at 90 °C (light blue broken line). No
significant fluorescence with excitation of 490 nm was observed in these conditions by comparison
with the spectra after the treatment of TCEP (red solid line).
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Fig. 3.5 A) Time course of the fluorescence intensity in the reaction of probe 1 with probe 2 or
probe 3. Fluorescence emission at 530 nm (probe 2) or 550 nm (probe 3), respectively, was
monitored by excitation at 490 nm. The reactions were carried out under the following conditions in
pH 8.0 tris-borate buffer containing 10 mM MgCl,, 1 uM probe 2, 100 uM DTT, and 500 nM probe
1 with (orange solid line) or without (black broken line) Ras-C, or 500 nM probe 3 and 500 nM
probe 1 with (red solid line) or without (blue broken line) Ras-C. B) The time course of the
fluorescence intensity in the reaction of probe 1 with probe 3 in the presence of Ras-C (match;
circle) or Ras-A (mismatch; triangle). The reaction conditions were the same as above. C) Time
course of the fluorescence intensity in the reaction of probe 1 with probe 2 or probe 3 with RNA
target. The reaction were carried out with 500 nM probe 1 with (orange solid line) or without (black
broken line) Ras-C (RNA), or 500 nM probe 3 and 500 nM probe 1 with (red solid line) or without
(blue broken line).
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RNA is an important target for detection, especially for imaging cellular RNA. However,
because RNA-DNA duplexes form a different helical structure from DNA-DNA
duplexes, there is no guarantee that such a chemical reaction on the template would
proceed in the same way when detecting RNA as happened with DNA. Thus, we
prepared an RNA target, Ras-C (RNA), and compared the reaction rates with the
corresponding DNA target, Ras-C. When Ras-C (RNA) was targeted, almost identical
time-course spectra as for Ras-C (DNA) were obtained from both probe 2 and probe 3
(Figure 3.5.C). The fluorescence signal at 550 nm from the reaction of probe 1 and probe
2 with Ras-C (RNA) reached the saturation phase in 20 min, similar to the Ras-C, DNA
target. Thus, the RETF probe seems to be capable of detecting both DNA and RNA
targets.

Figure 3.6.A shows the time-dependent fluorescence intensities at 530 nm and 550 nm
in the reaction of probe 1 and probe 3 in the presence of the Ras-C template over 600 min.
The signal at 550 nm quickly increased in the initial stage and slightly dropped after 30
min, but the signal at 530 nm continuously increased over the 600 min. The maximum
wavelength in the fluorescence spectra shifted from 550 nm to 530 nm (Figure 3.6.B).
HPLC (Figure 3.7) and MALDI-TOF mass analysis (Figure 3.8) showed that 67% of
probe 1 had reacted with probe 3 after 10 min to give the corresponding ligated product
with an aza-ylide bond (II) (peak 2: 52%) and reduced probe 1 with an amino group (IV)
(peak 3: 15%) (Figures 3.1 and 3.7.A). After 24 h, the aza-ylide peak completely
disappeared and the product with an amino group was obtained in 86% yield (peak 1,
Figure 3.7.B). In contrast, reaction with probe 2 (DTT) showed only reduced product in
36% yield after 2 h (Figure 3.7.C). Thus, we conclude that in the reaction of probe 1 and
probe 3, the increase in fluorescence at 530 nm indicates the formation of reduced probe
1 with the amino group of rhodamine (IV) from the hydrolysis of the aza-ylide product
(IIT) [27]. In contrast, probe 2 directly reduces the azide group of probe 1 to the

corresponding amine (IV).
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Fig. 3.6 A) Time course of the fluorescence intensity in the reaction between 500 nM probe 1 and
500 nM probe 3 in the presence of 500 nM Ras-C. Emissions at 550 nm (red solid line) and 530 nm
(blue broken line) were monitored simultaneously. B) Fluorescence spectra were measured after 15
min (red solid line) and 600 min (blue solid line) incubation with probes 1 and 3 in the presence of
Ras-C. The maximum wavelength in the fluorescence spectra shifted from 550 nm to 530 nm.
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Fig. 3.7 HPLC analysis of the reaction mixture. A) 10 min reaction with probe 3, B) 24 hours
reaction with probe 3. C) 2 hours reaction with probe 2. Peak 1, reduced probe 1 with amino group;
Peak 2, ligated product with aza-ylide bond; Peak 3, oxidized probe 3; Peak 4, probe 1 with azide

group. Each peak was analyzed by mass spectrometry.
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Fig. 3.8 MALDI-TOF spectra of the reaction products between probe 1 and probe 3 after 10 min
(A) or 24 hour (B). The peak derived from ligated product was found only at 10min (calculated
mass, C183H212N59092P158 52040, found 52096)
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3.4. Discussion

Many fluorogenic probes for sensing oligonucleotides have been developed, such as
MBs [6, 16] and quenched autoligation (QUAL) probes [14, 18. 28]. These probes
produce a fluorescent signal based on the RET mechanism, for which a pair of quencher
and fluorescence dyes is normally used. The quenching efficiency reaches a maximum of
98%, if the position of a pair of dyes is carefully optimized [24]. The corresponding S/B
ratio is 50:1. In contrast, thodamine azide of the RETF probe emits by an absorption
change triggered by a chemical reaction. The S/B ratio reaches 2100:1 (Figure 3.2). This
property is clearly helpful for sensing. Another issue for an MB is that protein binds to
the beacon to yield a false fluorescent signal [29]. QUAL probes also have the potential
to yield false fluorescent signals through automatic hydrolysis of the quencher. A novel
fluorogenic system has been reported, that is nucleic acid-triggered fluorescent probe
activation by the Staudinger reaction, and showed that the fluorescence signal emerged
subsequent to cleavage of the ester bond, which produces the possibility of yielding
background fluorescence by automatic or enzymatic hydrolysis of the ester bond [25].
The method has not been applied to the detection of cellular RNAs. On the other hand,
the RETF probe accepts not only TPP in the Staudinger reaction, but also other reducing
reagents, such as DTT, for reduction of the azide group to switch the fluorescence on and
has no hydrolysis problems, which results in minimization of background fluorescence.
In addition, as shown in Figure 3.4, the RETF probe has proved to be fully stable under
various conditions such as pH 5-10, light irradiation at 490 nm, and a high temperature
of 90 °C. This result implies that the RETF probe operates under wide biological
conditions without producing an undesirable false fluorescence signal. An issue of our
method to be solved is oxidative deactivation of the reducing reagent on the probe in
solution, although that does not produce a false signal. We showed one example of single
base discrimination study. The discrimination ability depends on the identity of the
mutation and its nearest neighbors, as well as the length of the probe. Therefore, the
probe should be carefully designed in each case to achieve single nucleotide resolution.

We carefully analyzed the reaction mechanism between rhodamine azide and reducing
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reagents. The DTT probe directly reduces rhodamine azide on the probe to fluorescent
rhodamine amine (Figure 3.1). On the other hand, the reaction of the TPP probe initially
produces a fluorescent ligation product with an aza-ylide bond, then gives a fluorescent
product with rhodamine amine through hydrolysis of the aza-ylide bond (Figure 3.1). The
key finding here is that thodamine aza-ylide derivative is fluorescent. This mechanism
was supported by several experimental results. In a small compound, rhodamine azide 2
is directly reduced to amine 1 by DTT. The rhodamine aza-ylide derivative 5b was
isolated from the reaction of 2 with TPP (Scheme 3.2). Aza-ylide 5b with open lactone
form was stable in methanol and showed fluorescence emission at 550 nm, as opposed to
amine 2, which emits fluorescence at 520 nm (Figure 3.2). Interestingly, when the
trialkylphosphine TCEP was employed as a reducing reagent, rhodamine azide 2 was
directly reduced to amine 2 without formation of the aza-ylide product in methanol
(Figure 3.4). This result suggests that TPP as a triarylphosphine can stabilize the
aza-ylide intermediate due to the presence of long m-conjugation. The reaction of the
rhodamine azide probe with the reducing probe on the DNA template proceeded in a
similar manner as the reaction of rhodamine azide 2 in the small compound. The
existence of a ligated product with an aza-ylide linkage was verified by HPLC and mass
spectrometric analysis shown in Figure 3.7 and Figure 3.8. Further spectroscopic analysis
clearly indicates hydrolysis of the aza-ylide bond in solution with increasing emission
signal at 530 nm resulting from the formation of the amino rhodamine probe (Figure 3.6).

Fluorescence activation by reduction of the azide group of rhodamine is a new
molecular mechanism as a fluorogenic compound. After reduction of the azide group, the
rhodamine derivative opens the lactone ring to form a carboxylate and emits fluorescence.
The reaction of the TPP probe is complete within 10—15 min with both DNA and RNA
targets. The reaction speed is faster than other DNA templated chemical reactions that are
able to produce fluorescence. It could be applied to detect RNA species in living cells.
Future work will be aimed at making new azide fluorescent compounds for multiple

color detection and sensing RNA species in living cells.
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Scheme 3.2

5b
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Chapter 4

Reduction-triggered red fluorescent probes for
dual-color detection of oligonucleotide

sequences

4.1. Introduction

Single nucleotide polymorphisms (SNPs) in human genes, which cause various genetic
disorders are important targets for diagnosis [1]. Fluorescence-based reactions based on
nucleic acid templates are used for detection of nucleic acids with single nucleotide
specificity [2-7]. This strategy exploits the target strand as a template between two
functionalized DNAs or PNAs. For example, native chemical ligation [8, 9], catalytic
hydrolysis [10-13], the Staudinger reaction [14-16], transfer of reporter group [17],
DNAzyme [18, 19], an Sn2 quencher displacement reaction [20-25], and
organomercury-activated reaction [26] have been applied to fluorescent nucleic acid
reactions. In addition to DNA, these methods could allow for detection of RNAs in cells
[15, 18, 20, 23, 25]. Designing stable fluorescent probes specific for the target under
physiological conditions continues to be a challenge.

Recently, we designed a new fluorogenic molecule, rhodamine azide, that is activated
by a specific reducing reagent on the oligonucleotide target and is very stable under
biological conditions (Scheme 4.1.A) [15]. The reaction of rhodamine azide triggered by
reduction of the azide group opens the lactone ring to activate the fluorescence. The

reduction-triggered fluorescence (RETF) probe consists of two DNA strands, with one
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Scheme 4.1 Probe sequences and structures of (A) previous and (B) new RETF system.
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probe having a rhodamine azide and the other having reducing reagents such as
dithiothreitol or triphenylphosphine. The RETF probe uses a reaction between the azide
group of nonfluorescent rhodamine derivatives and reducing reagents on an
oligonucleotide template. This reaction proceeds only in the presence of complementary
oligonucleotide templates. The RETF probe was used to sense the nucleic acids in vitro
and endogenous RNA in bacterial cells. A single nucleotide difference is most easily
distinguished by using two colors, generating a qualitative difference when the target is
altered [27, 28]. Imaging of cellular RNA requires a fluorogenic molecule with an
emission wavelength toward the red end of the spectrum [29, 30]. Here we synthesized a
new red fluorogenic molecule derived from naphthorhodamine (Scheme 4.1.B). Our

dual-color RETF system can distinguish single nucleotide differences in a target.

4.2. Materials and Methods

4.2.1. Carboxylic naphthorhodamine (1)

To a mixture of 6-amino-1-naphthol (95.8 mg, 0.602 mmol) and 4-carboxyphthalic
anhydride (86.8 mg, 0.452 mmol) was added triflic acid (1.5 ml). The reaction
mixture was stirred at 100 °C for 2 h and at 140°C for 2 h, then was cooled to room
temperature and poured into 40 ml brine (including 5 ml 5% H,SO,). The product was
extracted into CH,Cl,/MeOH (4:1). The organic layer was combined and washed with
brine, dried by Na,SO,, concentrated, and subjected to flash column chromatography
(silica gel, 4:1,CH,Cl,:MeOH) to give a crude product (78.3 mg, 0.536 mmol, 89%)
as black crystalline solid. *H NMR (61)(400 MHz, CDs0D) 6.74 (1/2H, d, J = 8.3 Hz),
6.89 (1H, d, J = 7.1 Hz), 6.91 (1H, d, J = 8.8 Hz), 7.28 ( 1/2H, d, J = 8.0 Hz), 7.57
(1H, d, J = 5.8 Hz), 7.59 (1H, d, J = 5.8 Hz), 7.70 (2H, m), 7.85 (2H, brd, J = 7.8 Hz),
8.32 (1/2H, dd, J = 1.4 Hz, 8.0 Hz), 8.45 (1/2H, d, J = 9.0 Hz), 8.69 (1/2H, s), 8.96
(2H, d, J = 9.0 Hz), 9.37 (1/2H, m). **C NMR (J¢)(100 MHz, CD;0D) 108.31, 120.02,
120.90, 121.89, 122.92, 123.22, 124.20, 124.21, 125.32, 125.68, 125.96, 126.10,
126.27, 126.42, 128.05, 128.21, 129.29, 129.78, 129.85, 129.90, 129.98, 131.26,
131.34, 131.40, 131.55, 131.96, 132.20, 132.43, 133.01, 133.86, 134.09, 134.25,
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134.70, 135.07, 137.51, 138.41, 138.67, 140.78, 140.85, 144.37, 148.22, 155.61,
160.22, 160.31, 167.46, 167.77, 167.85, 167.91, 169.50. QSTAR (Applied
Biosystems/MDS SCIEX) (ESI): [M+H"]: 475.1294, found: 475.1260

4.2.2. Carboxylic naphthorhodamine bisazide (2)

Compound 1 was dissolved in water (5 ml) and 12N HCI (1 ml). Then sodium
nitrite (92.5 mg, 1.34 mmol) was added. The reaction mixture was stirred for 1 h and
NaN3 (104.5 mg, 1.61 mmol) was added slowly. After stirring for 1 h at ambient
temperature the product was extracted into CH,Cl,. The organic layer was washed
with Dbrine, dried by Na;SO4 concentrated, and subjected to flash column
chromatography (silica gel, 7:1, CH,CIl,:MeOH) to give bis-azide (16.7 mg, 31.7
nmol, 10.5% for two steps) as pale yellow crystalline solid. *"H NMR (dy) (300 MHz,
DMSO) 6.97 (2H, d, J = 6.0 Hz), 7.47-7.80 (7H, m), 8.30 (2H, d, J = 9.0 Hz), 8.52
(1H, s), 8.85 ( 2H, d, J = 9.0 Hz). 3C NMR (6¢c) (75 MHz, DMSO) 82.56, 111.34,
116.16, 120.06, 120.55, 123.62, 124.33, 124.83, 125.05, 125.88, 126.27, 134.99,
136.41, 139.67, 145.69, 156.36, 166.01, 167.89. QSTAR (Applied Biosystems/MDS
SCIEX) (ESI): [M+H]: 527.1104, found: 527.1089

4.2.3. Naphthorhodamine bisazide NHS ester (3)

To a solution of compound 2 (67.7 mg, 0.129 mmol) in DMF (3 ml) was added
N-hydroxysuccinimide (16.9 mg, 0.146 mmol) and DCC (31 mg, 0.150 mmol). The
reaction mixture was stirred at ambient temperature for 3 h and filtered. The filtrate
was partitioned by AcOEt and H,O (x 2). The organic layer was washed by brine,
dried by Na,SO,, concentrated, and subjected to flash column chromatography (silica
gel, 2:1, Hexane:AcOEt) to give the NHS ester (78.3 mg, 0.125 mmol, 97%) as pale
yellow crystalline solid. *H NMR (6)(400 MHz, CDCl3) 2.84 (2H, brs), 2.95 (2H,
brs), 6.81 (1H, d, J = 8.0 Hz), 6.81 (1H, d, J = 8.8 Hz), 7.29 (1/2H, d, J = 8.3 Hz),
7.35 (2H, m), 7.45 (4H, m), 7.85 (1/2H, s), 8.25 (1/2H, d, J = 8.0 Hz), 8.40 (1H, m),
8.64 (2H, d, J = 9.0 Hz), 8.90 (1/2H, d, J = 0.7 Hz). **C NMR (5¢)(100 MHz, CDCls)
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24.89, 25.51, 25.56, 25.64, 83.29, 83.50, 110.62, 115.66, 119.53, 119.57, 121.01,
121.05, 123.19, 123.25, 123.94, 124.50, 124.80, 125.63, 126.11, 127.05, 127.28,
127.81, 131.08, 131.27, 131.85, 135.11, 136.64, 139.91, 139.97, 146.17, 146.21,
153.58, 156.41, 158.57, 160.19, 160.21, 167.27, 167.50, 168.32, 168.49. QSTAR
(Applied Biosystems/MDS SCIEX) (ESI): [M+Na']: 646.1087, found: 646.1076

4.2.4. Carboxylic naphthorhodamine monoazide (4)

To a solution of 2 (10 mg, 0.02 mmol) in DMF (280 pl) was added
tris(2-carboxyethyl)phosphine hydrochloride (5.44 mg, 0.02 mmol) in H,O (100 pnl)
slowly. After the reaction mixture was stirred for 1 h, the product was extracted into
CHCI3. The organic layer was washed by brine, dried by Na,SO,, concentrated, and
subjected to flash column chromatography (silica gel, 10:1,CH,Cl,:MeOH) to give the
mono-azide (7.0 mg, 0.014 mmol, 74%) as pale blue crystalline solid. *H NMR
(0n)(400 MHz, CDCl3) 6.51-6.54 (1H, m), 6.69-6.73 (1H, m), 6.87 (1H, s), 7.08-7.39
(6H, m), 7.64 (1/2H, s), 8.07 (1/2H, d, J = 8.0 Hz), 8.23-8.35 (2H, m), 8.58 (1H, t, J =
16.0 Hz). *C NMR (dc)(100 MHz, CDCls) 108.98, 109.20, 109.25, 110.94, 112.85,
116.96, 118.04, 119.94, 120.08, 120.76, 112.64, 123.71, 124.02, 124.21, 124.49,
125.32, 125.47, 125.98, 127.25, 128.17, 132.40, 136.78, 137.71, 138.15, 141.49,
146.11, 147.96, 148.06, 148.13, 149.61, 158.14. QSTAR (Applied Biosystems/MDS
SCIEX) (ESI): [M+H"]: 501.1193, found: 501.1206

4.2.5. Synthesis of unmodified oligonucleotides

All oligonucleotides were synthesized on a 0.2 pumol scale on a DNA synthesizer
(H-8-SE; Gene World) using standard phosphoroamidite coupling chemistry.
Deprotection and cleavage from the CPG support was carried out by incubation in
concentrated ammonia for 4 h at 55 °C. Following deprotection, the oligonucleotides
were purified by reverse-phase column chromatography (MicroPure Il column;
Biosearch Technologies), and quantitated by UV absorbance using the nearest

neighbor approximation to calculate molar absorptivities.
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4.2.6. 3’ naphthorhodamine azide-conjugated oligonucleotide (probe 5)

Compound 3 was reacted with 3’ amino-modified oligonucleotide. 3’
PT-amino-modifier C3 CPG (Glen Research) was used to prepare 3’ amino-modified
oligonucleotide. 50 nmol of the 3" amino-modified oligonucleotide in 50 pl of 80 mM
sodium tetraborate (pH 8.5) were shaken for 5 h at room temperature with 0.75 umol
of compound 3 in 200 pl of dimethylformamide. The reacted products were collected
by ethanol precipitation. Next, the collected products were purified by reverse-phase
HPLC (0-80% acetonitrile/50 mM triethylammonium acetate gradient). The probe
structure was confirmed by ESI-TOF mass spectrometry. 5'-compound

3-AAGGGCTT-3'": calculated mass, C111H119N39053Pg 3093.57; found 3093.77.

4.2.7. 5’ Triphenylphosphine (TPP)-linked oligonucleotide (probe 6)

Carboxy-triphenylphosphine (TPP) NHS ester was reacted with 5’ amino-modified
oligonucleotide. 5 amino-modifier C6 (Glen Research) was used to prepare 5’
amino-modified oligonucleotide. 50 nmol of the 5" amino-modified oligonucleotide in
135 ul of 93 mM sodium tetraborate (pH 8.5) were shaken for 5 h at room
temperature with 2 umol of TPP NHS ester in 115 ul of dimethylformamide. The
reacted products were collected by ethanol precipitation. Next, the collected products
were purified by reverse-phase HPLC (0-50% acetonitrile/50 mM triethylammonium
acetate gradient). The probe structure was confirmed by ESI-TOF mass spectrometry.
5'-TPP-TTGAACTCTG-3": calculated mass, Ci23Hi152N35064P11 3483.68; found
3483.70. A peak corresponding to the oxidized product (+O) was also seen and

presumed to arise from oxidation during purification.

4.2.8. 3’ rhodamine-azide-conjugated oligonucleotide (probe 10)

The bromoacetyl group of the rhodamine-azide was reacted with the
phosphorothioate group on the ODNs. For 3’ phosphorothioate sequences, the
3’-phosphate CPG was sulfurized by the sulfrizing reagent (Glen Research) after the
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first nucleotide was added. 75 nmol of the 3'-phosphorothioate oligonucleotide in 50
ul of 400 mM triethylammonium bicarbonate buffer were shaken for 5 h at room
temperature with 750 nmol of rhodamine-azide in 200 ul of dimethylformamide. The
reacted products were collected by ethanol precipitation. Next, the products were
purified by reverse-phase HPLC (0-80% acetonitrile/50 mM triethylammonium
acetate gradient). The probe structure was confirmed by ESI-TOF mass spectrometry.
5-AAGTGCTT-Rh_azide-3": calculated mass, Cip1H113N33053PsS 2915.48; found
2915.69.

4.2.9. Measurement of quantum yield

A 1 mM DMF stock solution of each compound was prepared. Absorption spectra
were obtained with a 190 mM tris-HCI buffer (pH 7.2) solution of each compound at
the desired concentration, adjusted by appropriate dilution of the 1 mM DMF stock
solution. For determination of the quantum efficiency of fluorescence (@s),
naphthofluorescein in carbonate/bicarbonate buffer (pH 9.5) was used as a
fluorescence standard (& = 0.14). The quantum efficiency of fluorescence was
obtained with the following equation (F denotes fluorescence intensity at each
wavelength and X [F] was calculated by summation of fluorescence intensity).

@ sample @ standard 5 |y ¢ standard y, [F sample] / Abs s2mple [F standard]

4.2.10. Detection of DNA sequence with red colored RETF probe

Reactions on the DNA template were performed in 1.2 ml of tris-HCI buffer (20
mM, pH 7.2) containing 100 mM MgCl, and 0.01 mg/ml BSA with target bcr/abl-1
(250 nM), probe 5 (250 nM), and probe 6 (250 nM) at 37 °C. The increase of
fluorescence intensity produced by reduction of compound 3 on probe 5 was
continuously monitored at time intervals. Reactions were observed by fluorescence
spectrometry (FP-6500; JASCO). For the time course of the azide reduction, the
fluorescence intensity was measured for 0.5 s at 1 min intervals: excitation, 595 nm;

emission, 655 nm.
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4.2.11. Dual color SNP typing

The probe 5 (red) and probe 10 (green) were used for the dual-color SNPs typing.
Reactions on the DNA template were performed in 1.2 ml of tris-HCI buffer (20 mM,
pH 7.2) containing 100 mM MgCl; and 0.01 mg/ml BSA with 250 nM of bcr/abi-1
(5’-TAA GCA GAG TTC AAA AGC CCT TCA GCG-3’; complementary to probe 1)
or ber/abl-2 (5°-TAA GCA GAG TTC AAA AGC ACT TCA GCG-3%
complementary to probe 2), probe 5 (250 nM), probe 6 (250 nM) and probe 10 (250
nM) at 37 °C. The increase of fluorescence intensity was continuously monitored at
time intervals. For the time course of the azide reduction, the fluorescence intensity
was measured for 0.5 s at 1 min intervals: ex/em 490 nm/550 nm (for probe 10); 595
nm/655 nm (for probe 5). For standardization, all fluorescence intensities derived
from both probes were divided by the intensity in case of using each full-match target

DNA at 30 min.

4.3. Results and Discussion

4.3.1. Design and synthesis of red colored naphthorhodamine azide
Previous studies showed that rhodamine fluorescence was controlled by the lactone

ring, which is altered by reduction of the azide group (Scheme 4.1.A) [15]. After
opening the lactone, the longer conjugated system emits fluorescence. This
mechanism can help design other fluorogenic compounds [31]. We expanded the two
phenyl groups of rhodamine to naphthyl groups for naphthorhodamine (Scheme
4.1.B). The expanded & system of the naphthyl group red shifts emission compared
with rhodamine. In addition, the conjugated system of naphthorhodamine should have
a similar fluorogenic molecular mechanism to rhodamine. We designed a new
fluorogenic molecule of naphthorhodamine bis-azide and N-hydroxysuccinimide
(NHS)-activated carboxyl group for conjugation with a DNA probe. The synthesis of
naphthorhodamine azide derivative 3 is shown in Scheme 4.2. A solution of

6-amino-1-naphthol and 4-carboxyphthalic anhydride in trifluoromethane sulfonic
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Scheme 4.2  Synthesis of fluorogenic compound 3.
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acid was heated at 140 °C for 2 hours to give a mixture of two regioisomers of
carboxynaphthorhodamine 1 with a yield of 89%. Two isomers were not clearly
separated by silica gel chromatography. Finally, preparative reverse-phase HPLC was
used to purify the two isomers. HPLC peak area analysis showed that the isomers
existed in a 2:1 ratio, and the major isomer eluted slowly (Figure 4.1.A). The major
isomer was shown to be 5-carboxynaphthorhodamine by NMR analysis. HMBC
spectrum indicated long-range correlations from H-4 to both carbonyl carbons of 3-
and 5-carboxyl groups (Figure 4.2). We found that compound 1 consists of
5-carboxynaphthorhodamine and 6-carboxynaphthorhodamine in a 2:1 ratio.
Bisamino-naphthorhodamine 1 was transformed to the diazo intermediate by
treatment with NaNO,, and the diazo group was replaced with an azide group by
addition of NaNj3 to give carboxynaphthorhodamine-azide 2 in a 2:1 mixture of
5-carboxy or 6-carboxy isomers (Figure 4.1.B) with an 11% vyield. The desired NHS
ester 3 was prepared by dicyclohexylcarbodiimde-mediated coupling of
N-hydroxysuccinimide with compound 2. Compound 3 was introduced into the DNA

probe.

4.3.2. Spectroscopic properties of naphthorhodamin derivatives

We tested the photochemical properties of naphthorhodamine derivatives.
Naphthorhodamine azide 2 showed no absorbance at wavelengths longer than 550 nm
in 20 mM Tris-HCI buffer (pH 7.2), but the corresponding naphthorhodamine 1
showed a maximum absorption at 585 nm (Figure 4.3.A). When a high concentration
of tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was added as a reducing
reagent to a solution of azide 2, a peak with a maximum of 600 nm increased because
of reduction of the azide group. Naphthorhodamine monoazide 4 (see supporting
information) also showed absorption in the long-wavelength region (maximum at 560
nm), although it was weaker than that of bisamino 1 and TCEP-treated 2.

We also examined the fluorescence properties of naphthorhodamine derivatives
(Figure 4.3.B). No significant fluorescence with excitation at 595 nm was observed

for bis-azide 2. On the other hand, naphthorhodamine 1 showed strong fluorescence
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Fig. 4.1. Reverse phase HPLC analysis of the compound 1 (A), 2 (B), and 3 (C). The values
indicate that percentage of the area. The HPLC conditions are as follows: 30-30 % (A), 80-80 %
(B), or 80-100 % (C), 50 mM triethylammonium acetate / acetonitrile gradient using hydrosphere
C18 column (250%4.6 mm; YMC Co., Ltd, Japan). HMBC experiment revealed that isomer | was
6-carboxynaphthorhodamine derivatives and isomer 1l was 5-carboxynaphthorhodamine
derivatives.

79



Reduction-triggered red fluorescent probe

Fig. 4.2. Partial HMBC (1H — 13C) correlations in Isomer Il (5-carboxynaphthorhodamine).
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Fig. 4.3. Spectrum analysis. (A) Absorption spectra of 100 uM of 1 (green), 2 (blue), 2 treatment
with 10 mM of tris(2-carboxyethyl)phosphine (TCEP) at 25 °C for 1 hour (red), and 4 (orange) in
20 mM Tris-HCI (pH 7.2) buffer at 25 °C; (B) Fluorescent emission spectra with excitation at 595
nm of 10 uM of 1 (green), 2 (blue), 2 treatment with 10 mM of TCEP at 25 °C for 1 hour (red), and
4 (orange) in 20 mM Tris-HCI (pH 7.2) buffer at 25 °C.
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emission around 650 nm. After addition of TCEP to the solution of azide 2, a strong
emission appeared around 650 nm, where the emission was enhanced 550-fold.
Naphthorhodamine monoazide 4 also had intense fluorescence in the red region. The
fluorescent intensity of monoazide 4 was 27 times less than that of 1. This is likely
due to the different pKa values for the amino groups of 1 and 4. Naphthorhodamine 1
and monoazide naphthorhodamine 4 showed high fluorescence quantum yields, 0.13
and 0.068, respectively, in contrast with the low yield of azide 2, 0.0087 (Table 4.1).
This indicates that the observed fluorescence comes from 1 or 4 when a DNA probe
with naphthorodamine bis-azide was reacted with the target sequence. We also
measured the quantum yields of separated two isomers of compound 1. The quantum
yields of 5-carboxy isomer and 6-carboxy isomer were 0.13 and 0.12, respectively
(Table 4.1), indicating that the position of carboxylic group has negligible effects on

fluorescence emission. The mixture of isomers could be used for further experiments.

4.3.3. Design of RETF probe with napthorhoadmine azide
Next, we synthesized three new DNA probes (Figure 4.4) and two DNA targets.

Probe 5 was modified at the 3’ terminus with NHS ester-naphthorhodamine-azide 3,
in the location where the NHS ester group of 3 was reacted with the amino linker at
the 3’ end of the oligonucleotide. Similarly, probe 10 was modified with rhodamine
azide by conjugation of phosphorothioate group at the 3’ end of the oligonucleotide.
Probe 6 was modified at the 5 terminus with 2-carboxytriphenylphosphine, which
was conjugated with the 5° amino linker of the DNA probe through an amide bond.
DNA target sequences were derived from the human bcr/abl gene, which is related to
chronic myelogenous leukemia. We designed a wild-type bcr/abl sequence
(bcr/abl-1) as well as a single-base mismatched sequence (bcr/abl-2). Probes 5 and 10
were fully matched with targets bcr/abl-1 and bcr/abl-2, respectively. As shown in
Scheme 4.3, a reduction—oxidization reaction between probe 5 and 6 on bcr/abl-1
should produce moderately fluorescent product 7 and phosphine oxide 8 as the
product of the first stage of the reaction. As there are reports of catalytic turnover for

DNA-templated reactions, our probes could be involved in multiple chemical
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Table 1  The quantum yields of the compounds®

compound 1 2 4 5-carboxy  6-carboxy

O 0.13 0.0087 0.068 0.13 0.12

%All measurements were performed in Tris-HCI buffer (190 mM, pH 7.2).
Compounds were excited at 595 nm.

®Quantum yields were determined using  naphthofluorescein  in
carbonate/bicarbonate buffer (pH 9.5) as standard (®f = 0.14).
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Probe 5 AAGGGCTT(Np)
probe 10 AAGTGCTT(Rh)  (TPP)TTGAACTCTG  Probe s

GCGACTTCCCGAA—-—————————— AACTTGAGACGAAT ber/abl-1
GCGACTTCACGAA-—————————— AACTTGAGACGAAT nbcr/abl-2

Fig. 4.4. Probe and target DNA sequences of dual color SNP detection. “Np”, “Rh”, and “TPP”
indicate naphthorhodamine azide, rhodamine azide, and triphenylphosphine, respectively.
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5 ) o) 6
AAGTGCTT 3 TTGAACTCTG
3" GCGACTTCACGAA--———————-— AACTTGAGACGAAT 57
ber/abl-1
NH J

7 fo) 8
AAGTGCTT 3 TTGAACTCTG
3" GCGACTTCACGAA-———————-- AACTTGAGACGAAT 57
6
NH J ‘(
O

7 ) le} 6
AAGTGCTT 3 TTGAACTCTG
3" GCGACTTCACGAA--———————— AACTTGAGACGAAT 57

H,N

9 ) 0 8
AAGTGCTT 3 TTGAACTCTG
3" GCGACTTCACGAA---—-—-—-- AACTTGAGACGAAT 57

Scheme 4.3. Schematic presentation of a reduction—oxidization reaction between probe 5 and 6 on
ber/abl-1.
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reactions on DNA templates [4, 11, 22, 32]. We assumed that bis-azide probe 5
reacted with two eq. of phosphine probe 6 and became bis-amino product 9 to yield a
strong fluorescence signal. The mechanism is explained by phosphine oxide 8 from
the first stage of the reaction falling off of the target, and a second phosphine probe 6

binding to the target and reacting with monoazide probe 7 (Scheme 4.3).

4.3.4. Fluorescence detection of DNA sequence
To prove whether the probes could detect target DNA sequences and emit

fluorescence, we tested our naphthorhodamine probe in solution (Figure 4.5). When
250 nM of probes 5 and 6 were incubated in pH 7.2 Tris-HCI buffer, the
fluorescence signal at 655 nm increased in the presence of target bcr/abl-1 over 30
min by reduction of the azide group to the amino group of probe 5, and no significant
increase in fluorescence was observed in the absence of bcr/abl-1 over 30 min. HPLC
and MALDI-TOF mass analyses (Figure 4.6) showed that 80.8% of probe 5 reacted
with probe 6 after 30 min to give the corresponding product with monoamino (probe 7,
61.6%) and bisamino (probe 9, 19.2%). When two eq. of probe 6 to 250 nM of probe
5 was used, fluorescence signal increased more rapidily than in the case of one eq. of
probe 6. The reaction with two eq. of probe 6 offered 3 times higher intensity in
fluorescence than that with one eq. of probe 6 after 30 min. HPLC analysis showed
that the reaction of probe 5 (250 nM) and probe 6 (500 nM) gave bisamino probe 9 in
yield of 91% and only trace amount of monoamino probe 7 after 24 h. Therefore, in
the reaction of probes 5 and 6, the increase in fluorescence at 655 nm was caused by
the mixture of reduced monoamino product 7 and bisamino product 9, where the
bis-amino product was more fluorescent than the monoamino product. In addition, we
confirmed that the multiple chemical reactions occurred on the DNA target and that
bis-azide naphthorhodamine was transformed to bis-amino naphthorhodamine by two

eg. of phosphine (Scheme 4.3).

4.3.5. Dual color discrimination of single base difference

To examine whether the RETF probe could distinguish DNA sequences at the
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Fig. 4.5. Time course of the fluorescence intensity for the reaction between 250 nM of probe 5
and 250 nM of probe 6 in the presence (red) or absence (black) of 250 nM of bcr/abl-1, or between
250 nM of probe 5 and 500 nM of probe 6 in the presence (blue) or absence (gray) of 250 nM of
ber/abl-1.
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(A) 8
Relative peak area analysis (%)
leq. of TPP 2eq. of TPP
7 30min 24 hr 24 hr
9 5 Probe 5 19.2  13.0 9.5
Probe 7 61.6 57.8 0
Probe 9 19.2 29.2 90.5
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Fig. 4.6. HPLC analysis of the DNA-templated reaction mixture. A) 30 min reaction with 1
equivalent of probe 6, B) 24 hours reaction with 1 equivalent of probe 6, C) 24 hours reaction with
2 equivalent of probe 6. Peak 1, probe 9 (reduced probe 5 with diamino group), calculated: 3042.0,
observed: 3041.6; Peak 2, probe 8 (oxidized probe 6), calculated: 3499.5, observed: 3499.7; Peak 3,
probe 7 (reduced probe 5 with monoamino group), calculated: 3067.4, observed: 3067.6; Peak 4,
probe 5 with bisazide group, calculated: 3093.3, observed: 3093.6. The reaction products were
analyzed by reverse-phase HPLC (0-80 % acetonitrile/50 mM triethylammonium acetate gradient)
using hydrosphere C18 column (250%4.6 mm; YMC Co., Ltd, Japan). Each peak was characterized
by ESI-mass spectrometry.
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single nucleotide level using dual colors, we designed red fluorescent probe 5 as well
as green fluorescent probe 10, previously reported as rhodamine azide probe.
Fluorescence signals from the two probes were well separated in their excitation and
emission wavelengths (naphthorhodamine ex/em 595/655 nm, rhodamine ex/em
490/550 nm). The target sequences bcr/abl-1 or -2 derived from the human bcr/abl
gene are different at only a single base. In this dual-color probe strategy, the red
fluorescent signal should appear when bcr/abl-1 is added to the solution because only
red probe 5 binds to the target and reacts with phosphine probe 6. Green signal should
appear when bcr/abl-2 exists in solution. Reactions were carried out using one eq. of
probe 6 to azide probe 5 or 10, because two eq. of probe 6 gave undesired background
fluorescence signal.

The fluorescence intensities of each color probe were monitored as a function of
time in the presence of bcr/abl-1 or -2 (Figure 4.7). Fluorescence intensities of the red
and green probes were normalized by dividing the initial intensity by the intensity
after 30 min for the full-match target and multiplying by factor of 100. A strong
fluorescence signal was observed, corresponding to the predicted, correctly matched
color probes and targets.

For ber/abl-1, the emission of red probe 5 was 8.1 times higher than the emission of
green probe 10 after 30 min. In contrast, the emission of green probe 10 in the
presence of ber/abl-2 was 30.3 times higher than the emission of red probe 5 after 30
min. To distinguish a single base difference clearly, the ratio of fluorescence intensity
of R/G (red/green) must be significant. In this experiment, the C/A difference in
ber/abl was achieved by an R/G factor of 8.1 or a G/R factor of 30.3. A lower R/G
factor for ber/abl-1 is likely caused by a small amount of T-C mismatching between
ber/abl-1 and green probe 10, and by a difference in the chemical reaction rate
between red probe 5 and green probe 10. For bcr/abl-2, the signal intensity from
green probe 10 increased quickly in the initial stage and reached saturation within 20
min, whereas that from red probe 5 increased continuously over 30 min for bcr/abl-1,
where 19.2% of probe 5 remained after 30 min (Figure 4.6), indicating that the

chemical reaction rate of green probe 10 was faster than that of red probe 5. Our
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Fig. 4.7. Time course of the fluorescence intensity in the reaction with 250 nM of bcr/abl-1 (A) or
-2 (B), probe 5 (250 nM), probe 6 (250 nM), and probe 10 (250 nM) at 37 °C. The fluorescence
intensity was measured for 0.5 s at 1 min intervals: ex/fem 490 nm/550 nm (for probe 10: green line)
and 595 nm/655 nm (for probe 5: red line).
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dual-color RETF system has the potential to detect SNPs rapidly with high sensitivity

and selectivity.
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5.1. Introduction

In recent years the field of microbiology has been greatly impacted by the application
of fluorescent-labeled oligonucleotides, which have made it possible to identify strains of
bacteria and other single-celled microorganisms in a few hours [1-3]. Standard labeled
oligonucleotides, commonly 15-30 nucleotides long, can be hybridized to ribosomal
RNAs in fixed bacterial cells, allowing identification by fluorescence microscopy. A
large database of rRNA sequences from many microorganisms now exists [4, 5],
allowing the identification of widely different organisms by in situ hybridization.
However, such standard oligonucleotide probes have a number of limitations; for
example, they show low selectivity and are generally unable to distinguish related
sequences of RNA unless there are multiple nucleotide differences [2, 6-8]. Second,
standard probes require careful handling to avoid nonspecific signals. Typically, cells are
first fixed (killed, permeabilized, and cross linked with formaldehyde). Hybridization is
followed by several careful washes to remove unbound probes [1-3]. This preparation
takes time, increases the chances of error, and prevents application in live cells.

Here we report on the application of a new class of synthetic quenched DNA probes,

RETF probe [9], that involves the reaction between the azide group of rhodamine
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derivative and reducing reagent such as triphenylphosphine (described in chapter 3).
Such probes display high selectivity for even single nucleotide differences, and because
quenching is efficient they require no washing away of unbound probes to observe the
signal. We demonstrate their use for direct detection of rRNA sequences in fixed bacterial

cells.

5.2. Materials and Methods

5.2.1. Synthesis of unmodified oligonucleotides

All oligonucleotides were synthesized on a 0.2 umol scale on a DNA synthesizer
(H-8-SE; Gene World) wusing standard phosphoroamidite coupling chemistry.
Deprotection and cleavage from the CPG support was carried out by incubation in
concentrated ammonia for 4 h at 55 °C. Following deprotection, the oligonucleotides
were purified by reverse-phase column chromatography (MicroPure 11 column;
Biosearch Technologies), and quantitated by UV absorbance using the nearest neighbor

approximation to calculate molar absorptivities.

5.2.2. 3’rhodamine-azide-conjugated oligonucleotide

The bromoacetyl group of the rhodamine-azide was reacted with the phosphorothioate
group on the ODNSs. For 3’ phosphorothioate sequences, the 3'-phosphate CPG was
sulfurized by the sulfurizing reagent (Glen Research) after the first nucleotide was added.
75 nmol of the 3'-phosphorothioate oligonucleotide in 50 ul of 400 mM
triethylammonium bicarbonate buffer were shaken for 5 h at room temperature with 750
nmol of rhodamine-azide in 200 ul of dimethylformamide. The reacted products were
collected by ethanol precipitation. Next, the products were purified by reverse-phase

HPLC (0-80% acetonitrile/50 mM triethylammonium acetate gradient).

5.2.3. 5/Triphenylphosphine (TPP)-linked oligonucleotide
Carboxy-triphenylphosphine (TPP) NHS ester was reacted with 5 amino-modified

oligonucleotide. 5" amino-modifier C6 (Glen Research) was used to prepare 5’

94



Chapter 5

amino-modified oligonucleotide. 50 nmol of the 5 amino-modified oligonucleotide in
135 ul of 93 mM sodium tetraborate (pH 8.5) were shaken for 5 h at room temperature
with 2 umol of TPP NHS ester in 115 ul of dimethylformamide. The reacted products
were collected by ethanol precipitation. Next, the collected products were purified by
reverse-phase HPLC (0-50% acetonitrile/50 mM triethylammonium acetate gradient). A
peak corresponding to the oxidized product (+O) was also seen and presumed to arise

from oxidation during purification.

5.2.4. Fluorescence measurement

Reactions on the DNA template were performed in 1.2 ml of tris-borate buffer (70 mM,
pH 8.0) containing 10 mM MgCl, with target DNA (500 nM), probe 1 (500 nM), and
probe 2 (1 uM) or probe 3 (500 nM) at 25 °C. In the case of probe 2, DTT (100 uM) was
added to the reaction mixture. The increase of fluorescence intensity produced by
reduction of rhodamine-azide on probe 1 was continuously monitored at time intervals.
Reactions were observed by fluorescence spectrometry (FP-6500; JASCO). Fluorescence
spectra were measured under the following conditions: excitation, 490 nm. For the time
course of the azide reduction, the fluorescence intensity was measured for 0.5 s at 1 min

intervals: excitation, 490 nm; emission, 550 nm (TPP) or 530 nm (DTT).

5.2.5. Detection of RNA in fixed E. coli cells

Escherichia coli K12 (NBRC 3301) and Paracoccus denitrificans (IFO 16712) were
grown aerobically on a rotary shaker in Luria-Bertani broth (WAKO) at 30°C for 20 h.
The cells were centrifuged and were fixed with 4% paraformaldehyde-PBS solution for 2
hour before being washed with PBS and resuspended in PBS/ethanol (1:1; vol/vol).
Fixed cell were stored at -20 °C. Oligonucleotide probes were targeted to nucleotides
968-997 in 23S rRNA of E. coli K12 since Fuchs et al. described the accessibility of this
site  was superior to other sites [10]. Both rhodamine_azide probe (5’
CTGGCGGTCTGGGTT-Rh_azide 3°) and  triphenylphosphine  probe (5’
TPP-GTTTCCCTCTTCACG 3’) were 15 nt in length. After attaching fixed E. coli on
the glass slide, 9 uL of hybridization buffer (20 mM Tris-HCI pH 7.2, 0.9 M NacCl,
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0.1% SDS, 440 nM rhodamine_azide probe, 440 nM triphenylphosphine probe, and
0.025% PEG6000) were applied to each well. After incubation at 37 °C for 30 min,
hybridization buffer was briefly removed with distilled water without conventional
washing step, air-dried and mounted in Slow Fade® Gold antifade reagent (Invitrogen).
Fluorescence images were obtained through a fluorescence microscope (Carl Zeiss
Axioskop 2 Plus) with mercury lamp, using digital camera (Carl Zeiss AxioCam HRm)
and imaging software (Carl Zeiss AxioVision 3.0). Microscope settings were as follows:

ex. 480/40 bandpass filter; ex. 510 nm with longpass filters, exposure time 2 sec.

5.3. Results and Discussion

5.3.1. Detection of RNA in fixed E. coli cells

Fluorescence in situ hybridization (FISH) is becoming broadly adopted by
microbiologists because of the existence of a growing database of ribosomal RNA
(rRNA) sequences. However, the standard fluorescent probes require a careful washing
step in the protocol to remove nonspecific signals. Here, we tested a nonwashing
protocol for detection of 23S rRNA in the E. coli K12 strain (NBRC3301) by use of an
RETF probe. Probes were designed for targeting sequence 968-997 on 23S rRNA, which
is known to be accessible by the standard FISH probe [10]. The rhodamine azide probe
and the TPP probe with matched sequence are both 15 bases long (Figure 5.1.A). The
TPP probe with mismatched sequence was tested as a control. Before imaging
experiments, probes were tested in in vitro experiments to target corresponding DNA
sequences (Figure 5.1.B). The matched probe pair produced a strong fluorescent signal
and completed the reaction within 10 min, and no significant signal was observed from a
mismatched probe pair (Figure 5.1.B).

We then proceeded to test the probes in bacterial cells. Cells were fixed with
paraformaldehyde according to literature methods and were incubated with probes at 37
°C for 30 min. Cell mixtures were directly spotted on a slide glass without a washing step
and observed using a microscope. Figures 5.2 shows fluorescence images and bright field

transmission images of cells. A strong fluorescent signal was observed in the case of the
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Fig. 5.1 A) Probe sequences for 23S rRNA of E. coli K12. Designed 15-mer probes are a
rhodamine-azide probe with full matched sequence, TPP probe with full matched sequence and TPP
probe with mismatched sequence. B) Time course of the fluorescence intensity in the reaction
between 500 nM rhodamine-azide probe and 500 nM matched TPP probe or mismatched TPP probe
in the presence of 500 nM target DNA. Reaction was monitored by excitation at 490 nm and
emission at 550 nm.
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magnified

Fig. 5.2 Imaging of 23S rRNA in fixed E. coli K12 (NBRC3301).Pictures showed a specific signal
with a matched probe pair and little or no signal with a mismatched pair. Microscope settings were
as follows: excitation; 480/40 bandpass filter, emission; 510 nm with longpass filters, exposure
time; 2 s. A) Rhodamine-azide probe/matched TPP probe. B) Rhodamine-azide probe/mismatched
TPP probe. C) Bright field picture under the conditions of (A). D) Bright field picture under the
conditions of (B).
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Fig. 5.3 Quantitative detection of E. coli cells in artificially mixed with P. denitrificans. Defined
percentages of E. coli in the total cells are plotted along the x-axis, whereas the measured values of
the percentages obtained by the RETF system are shown along the y-axis. The error bars represent
the standard deviation (SD) of 3 replicate assays.
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matched probe pair (Figure 5.2.A), but no signal was observed from the mismatched
probe pair (Figure 5.2.B). The data show that the RETF probe can be used to detect
specific RNA sequences in structured biological targets in cells. This suggests the
possibility of their general use in identifying bacterial pathogens by their ribosomal

RNA:s.

5.3.2. Quantitative detection of E. coli cells in cell mixture

To gauge the usefulness of the RETF system in characterizing model microbial
communities, we tried to quantitatively detect E. coli cells from the cell mixture of E.
coli and P. denitrificans. The ratio of cell number of E. coli to that of P. denitrificans in
the mixture was adjusted to 0 - 1.0 (Figure 5.3). The percentage of cell number of E. coli
in the mixture was determined by in situ hybridization with E. coli-specific RETF probe
followed by direct counting under fluorescence microscope. As shown in Figure 5.3, the
plots obtained from the experiment matched theoretical values well. Again, our RETF
system can detect microorganisms without labor and time-consuming washing step. From
this result, RETF system can be applied to rapid detection of environmental bacteria.
Moreover, RETF system has a possibility to detect living microorganisms if we can
penetrate probes into living cells with a mild condition. Future studies are aimed at these

points.
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Reduction-triggered fluorescence amplifying
probe for detection of RNAs in living human

cells

6.1. Introduction

The detection and imaging of RNA species in native human cells have been gaining
importance in the biological and biomedical research fields [1-7]. Several approaches for
imaging mRNAs in genetically engineered cells have been reported recently [8-10].
Although such a strategy can be a useful tool for biological studies, it is not applicable
for imaging native RNAs in unmodified cellular specimens. Our specific goal is the
detection of RNA sequences in intact cells at single nucleotide resolution using a
fluorescence signal as readout. This requires no extraction of RNA species from the cell;
therefore, it should be a very rapid and simple method for disease-related RNAs as a
biomedical application. Messenger RNAs are expected to be more difficult to detect than
ribosomal RNAs because they exist in smaller quantities in living cells [11]. Moreover,
their sequences vary widely and their structures are generally unknown; it is therefore
very difficult to find an optimal target site [12-14].

No method has yet been successful enough to gain wide application for the imaging
and detection of mRNA in living cells. However, a small number of molecular
approaches have been reported as potentially practical methods [15-37]. Prominent

among these approaches are quenched-probe strategies, including molecular beacon
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(MB) probes [16-20, 28] and quenched autoligation (QUAL) probes [21-27]. The most
important issue for detection in living cells is to keep a low background signal in the
absence of the RNA target. These probes allow target-dependent fluorescence
enhancement based on the resonance energy transfer (RET) mechanism, for which a pair
of quencher and fluorescence dyes is normally used. Recent reports have shown evidence
for detection by fluorescence microscopy of messenger RNAs by MB probes and QUAL
probes in intact human cells [19, 21-23, 35-40]. Moreover, QUAL probes have been used
for flow cytometric detection of RNA species in native human cells [23]. However, these
approaches still need improvement in signal/background (S/B) ratio to become
established methods.

Oligonucleotide-templated reactions (OTRs) have received attention as a potential
approach for RNA detection in living cells [21, 23]. This strategy exploits the target
strand as a template between two functionalized DNAs or PNAs. For example, native
chemical ligation [41, 43], catalytic hydrolysis [44-46], the Staudinger reaction [47-50],
transfer of a reporter group [51], DNAzyme [52], an Sx2 quencher displacement ligation
reaction (QUAL probe) [25], and organomercury-activated reactions [53] have been
applied to fluorescence nucleic acid reactions. However, few methods have been applied
to RNA detection in living human cells [23]. We considered two important issues to
develop a highly sensitive RNA detection probe based on OTR. These are a new
fluorogenic system to offer a higher S/B ratio and turnover of OTR to offer amplification
of RNA signal.

The catalytic turnover reaction can provide signal amplification and enable sensitive
oligonucleotide detection in living cells. Various chemistries for the catalytic turnover
have been reported [41, 46, 47, 49-51, 54]. A few laboratories have reported that
self-ligation reactions provide amplified products. However, theoretically, ligation
reactions suffer from an increased affinity of the product for the oligonucleotide template
[41, 54]. This causes product inhibition and prevents higher catalytic activity of the
template. Therefore, to reduce product inhibition, a few other laboratories have recently
investigated unligated systems by using pairs of modified probes to generate an amplified

signal. These approaches are catalytic ester hydrolysis [46], the Staudinger reaction [47,
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49, 50], DNAzyme [52], and transfer of a reporter group [51]. Even though they showed
significant turnover number up to 400 times in a test tube, application to living human
cells has not been demonstrated. This implies that these methods still need to be
improved in background fluorescence or sensitivity.

Recently, various fluorogenic compounds have been developed for the detection of
small biological substances [55-59]. Fluorescence modulation of these compounds is
caused by photoinduced electron transfer or absorption change triggered by chemical
reaction accompanied with transformation of chemical structure. The S/B ratio for these
types of molecules could exceed that of the RET mechanism [60]. Combined with the
catalytic turnover mechanism, this type of fluorogenic system could become a very
powerful method for RNA detection in living cells. However, there are only a few reports
that describe chemical reaction-triggered fluorogenic molecules for oligonucleotide
sensing with amplification of signal in test tubes [47, 49, 50].

Recently, we reported a reduction-triggered fluorescence (RETF) probe having a
rhodamine azide as the fluorogenic molecule that showed a response with a high S/B
ratio [48]. However, this probe did not offer a catalytic turnover because of an
unexpected ligated intermediate on OTR. Here, we report another fluorogenic molecule
using the azidomethyl protecting group [61, 62] for the fluorescein compound, although
Kool and co-workers very recently reported an azidomethyl-protected coumarin dye for
OTR that has not been applied to RNA detection in living cells [50]. The new
reduction-triggered fluorescent amplification (RETFA) probe enables catalytic turnover
under isothermal conditions without significant product inhibition (Figure 1). The
turnover mechanism in the steady state was analyzed by fluorescence spectroscopy, and
association and dissociation rate constants for the probe on a template were calculated by
BIAcore technology. Finally, by using this RETFA probe design, we show that
endogenous mRNA, as well as 28S ribosomal RNA in living human HL60 cells, could be

imaged by fluorescence microcopy and detected by a flow cytometry.
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Figure 1. Illustration of the turnover of the azide reduction, which can generate multiple signals per target.
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6.2. Materials and Methods

6.2.1. Monoalkyl fluorescein (1)

To a solution of fluorescein (3.00 g, 9.03 mmol) and sodium iodide (271 mg, 1.81
mmol) in DMF (50 ml) chilled via an external ice bath was added a THF (30 mL)
solution of potassium z-butoxide (3.04 g, 27.1 mmol). After the solution was clear,
methyl bromoacetate (944 uL, 9.94 mmol) was added slowly. The reaction was allowed
to warm gradually to room temperature. After 2.5 h, the reaction mixture was diluted
with EtOAc and washed with H,O and brine. The combined organic extracts were pooled
and dried over Na,SO4. The Na,SO4 was removed by filtration and volatiles removed in
vacuo. The residue was purified by flash column chromatography (silica, gradient elution
30:1 CHCI3/MeOH to 20:1 CHCIl3/MeOH with 0.5% triethylamine) to afford a clear
syrup on concentration (820 mg, 23%) (1). '"H NMR ( 400MHz, CD;0D ) §7.91 ( 1H, d,
J=17.32Hz), 7.62 ( 2H, dt, J = 16.40, 15.10Hz ), 7.10 ( 1H, d, J = 7.56Hz ), 6.79 ( 1H, d,
J=2.20Hz), 6.67-6.55 (4H, m ), 6.44 ( 1H, dd, J = 2.20, 2.44Hz ), 4.70 ( 2H, s ), 3.69
(3H, s ). >C NMR (100MHz, CD;OD) & 180.6, 172.5, 169.9, 163.5, 159.4, 155.1, 138.8,
137.6, 129.6, 129.1, 124.9, 116.3, 116.0, 114.5, 104.7, 102.3, 66.1, 52.7. QSTAR
(Applied Biosystems/MDS SCIEX) (ESI): m/z 404.0896 [MH+] C,3H;607: 405.0974,
found: 405.0987

6.2.2. Monoalkyl thiomethyl fluorescein (2)

Monoalkyl fluorescein (1) (720 mg, 1.78 mmol) was dissolved in dry CH3CN (36 ml)
under Ar (g). Silver oxide (620 mg, 2.67 mmol) and chloromethylmethylsulfide (223 pl,
2.67 mmol) was added followed by addition of one drop of pyridine. After stirring for 15
hour at room temperature, the remaining solid residue was removed by filtration. The
filtrate was concentrated and subjected to flash column chromatography. Elution with a
slow gradient of hexane/AcOEt from 6:1 to 2:1 (v/v) with 0.5% triethylamine gave
monoalkyl thiomethyl fluorescein (2) as pale yellow crystalline solid (206 mg, 25%). 'H
NMR ( 400MHz, CHCl;) 88.01 ( 1H, d, J = 7.08Hz ), 7.64 ( 2H, dt, J = 16.10,
15.10Hz ), 7.15 ( 1H, d, J = 7.56Hz ), 6.83 ( 1H, d, J = 2.44Hz ), 6.83-6.62 ( 5H, m ),
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5.15(2H,s), 4.66 (2H, s ), 3.80 (3H, s ), 2.24 ( 3H, s ). >C NMR ( 100MHz, CDCI3 )
& 168.94, 168.43, 159.04, 152.64, 151.86, 134.80, 129.08, 128.87, 126.41, 124.75,
123.78, 112.66, 102.82, 101.65, 82.57, 72.34, 65.12, 52.27, 14.59. QSTAR (Applied
Biosystems/MDS SCIEX) (ESI): m/z 464.0930 [MH+] C,sH007S: 465.1008, found:
465.1004

6.2.3. Monoalkyl azidomethyl fluorescein (3)

Monoalkyl thiomethyl fluorescein (2) (164 mg, 350 umol) was dissolved in
dichloromethane (7 ml). A dichloromethane (1 ml) solution of N-chlorosuccinimide
(51.8 mg, 390 umol) and trimethylsilyl chloride (42.0 mg, 390 umol) was added. The
resulting solution was stirred at ambient for 1 h and the reaction was quenched with
saturated Na,CO; aqueous. The aqueous layer was extracted with CHCl; (x2) and the
combined organic layers was concentrated in vacuum to give the crude which was
subjected to the next reaction. Sodium azide (34.4 mg, 530 mmol) was dissolved in H,O
(3.5 ml) and added to a solution of the crude in DMF (7 ml) in room temperature. After
stirring for 1 hour, the reaction was quenched with saturated Na,CO; aqueous. The
aqueous layer was extracted with AcOEt (x2) and the combined organic layers was
concentrated in vacuum and subjected to flash column chromatography. Elution with a
slow gradient of hexane/AcOEt from 5:1 to 3:2 (v/v) with 0.5% triethylamine gave
monoalkyl azidomethyl fluorescein (3) as pale yellow crystalline solid (71.3 mg, 44%).
'H NMR ( 400MHz, CHCl;) 88.02 ( 1H, d, J = 7.80Hz ), 7.65 ( 2H, dt, J = 15.2,
149Hz), 7.16 ( 1H, d, J =7.32Hz ), 6.90 ( 1H, d, ] = 2.20Hz ), 6.76-6.63 ( SH, m ), 5.18
(2H,s),4.66 (2H,s ), 3.82 (3H, s ). "C NMR ( 100MHz, CDCI3) & 169.02, 168.54,
157.87, 152.64, 152.76, 152.08, 134.95, 129.70, 129.27, 126.46, 124.95, 123.80, 111.79,
103.26, 101.80, 82.46, 79.43, 65.27, 52.42. QSTAR (Applied Biosystems/MDS SCIEX)
(ESI): [MH"] C24H,7N307: 460.1145, found: 460.1134

6.2.4. Azidomethyl carboxyfluorescein (4)
Monoalkyl azidomethyl fluorescein (3) (27.8 mg, 60 pumol) was dissolved in methanol
(605 pl). An aqueous solution of 1M NaOH (66.6 pl, 66.6 umol) was added. The
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resulting solution was stirred at ambient for 1 h and the reaction was quenched with 0.1M
HCI. The aqueous layer was extracted with AcOEt (x2) and the combined organic layers
was concentrated in vacuum and subjected to flash column chromatography. Elution with
a slow gradient of CHCI3/MeOH from 30:1 to 20:1 (v/v) with 0.5% triethylamine gave
azidomethyl carboxyfluorescein (4) as pale yellow crystalline solid (28.2 mg, 100%). 'H
NMR (400MHz, CHCI;) 6 8.01 (1H,d,J=7.32Hz), 7.64 ( 2H, dt,J = 14.9, 15.2 Hz ),
7.16 ( 1H, d, J = 7.56Hz ), 6.88 ( 1H, d, J = 2.20Hz ), 6.82 ( 1H, d, J = 2.20Hz ),
6.73-6.63 ( 4H, m ), 5.18 ( 2H, s ), 4.51 ( 2H, s ). °*C NMR ( 100MHz, CDCI3 ) &
173.69, 169.17, 157.76, 152.79, 152.30, 134.83, 129.23, 128.61, 126.62, 124.82, 123.91,
112.30, 103.22, 101.74, 82.50, 79.41, 67.57. QSTAR (Applied Biosystems/MDS SCIEX)
(ESI): m/z 445.0910 [MH+] C,3H;507N3: 446.0988, found: 468.0808

6.2.5. Azidomethyl fluorescein NHS ester

Azidomethyl carboxyfluorescein (4) (4.60 mg, 10.3 umol) and N-hydroxysuccinimide
(1.30 mg, 11.4 pmol) was dissolved in DMF (205 nl). DCC (2.35 mg, 11.4 umol) was
added. After stirring for 2 days at room temperature, the remaining solid residue was
removed by filtration. The filtrate was subjected to the coupling with 3’-amino DNA

without purification.

6.2.6. Synthesis of unmodified oligonucleotides

All oligonucleotides were synthesized on a 0.2 pumol scale on a DNA synthesizer
(H-8-SE; Gene World) wusing standard phosphoroamidite coupling chemistry.
Deprotection and cleavage from the CPG support was carried out by incubation in
concentrated ammonia for 4 h at 55 °C. Following deprotection, the oligonucleotides
were purified by reverse-phase column chromatography (MicroPure II column;
Biosearch Technologies), and quantitated by UV absorbance using the nearest neighbor

approximation to calculate molar absorptivities.
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6.2.7. 3’ mono-azidomethyl fluorescein-conjugated oligonucleotide

The crude product of azidomethyl fluorescein NHS ester was reacted with 3’
amino-modified oligonucleotide. 3’ PT-amino-modifier C3 CPG (Glen Research) was
used to prepare 3’ amino-modified oligonucleotide. 50 nmol of the 3’ amino-modified
oligonucleotide in 50 pl of 80 mM sodium tetraborate (pH 8.5) were shaken for 5 h at
room temperature with 0.75 pmol of the compound in 200 pl of dimethylformamide. The
reacted products were collected by ethanol precipitation. Next, the collected products
were purified by reverse-phase HPLC (0-80% acetonitrile/50 mM triethylammonium

acetate gradient). The probe structure was confirmed by ESI-TOF mass spectrometry.

6.2.8. 5’ Triphenylphosphine (TPP)-linked oligonucleotide

Carboxy-triphenylphosphine (TPP) NHS ester was reacted with 5 amino-modified
oligonucleotide. 5’ amino-modifier C6 (Glen Research) was used to prepare 5’
amino-modified oligonucleotide. 50 nmol of the 5’ amino-modified oligonucleotide in
135 ul of 93 mM sodium tetraborate (pH 8.5) were shaken for 5 h at room temperature
with 2 umol of TPP NHS ester in 115 pl of dimethylformamide. The reacted products
were collected by ethanol precipitation. Next, the collected products were purified by
reverse-phase HPLC (0-50% acetonitrile/50 mM triethylammonium acetate gradient).

The probe structure was confirmed by ESI-TOF mass spectrometry.

6.2.9. 3’ bis-azidomethyl fluorescein-conjugated oligonucleotide

The bromoacetyl group of the bis-azidomethyl fluorescein was reacted with the
phosphorothioate group on the oligonucleotides. For 3’ phosphorothioate sequences, the
3'-phosphate CPG was sulfurized by the sulfrizing reagent (Glen Research) after the first
nucleotide was added. 75 nmol of the 3’-phosphorothioate oligonucleotide in 50 ul of
400 mM triethylammonium bicarbonate buffer were shaken for 5 h at room temperature
with 750 nmol of compound 9 in 200 ul of dimethylformamide. The reacted products
were collected by ethanol precipitation. Next, the products were purified by
reverse-phase HPLC (0-80% acetonitrile/50 mM triethylammonium acetate gradient).

The probe structure was confirmed by ESI-TOF mass spectrometry.
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6.2.10. Measurement of quantum yield

A 1 mM DMF stock solution of each compound was prepared. Absorption spectra
were obtained with a 20 mM tris-HCI buffer (pH 7.2) solution of each compound at the
desired concentration, adjusted by appropriate dilution of the 1 mM DMF stock solution.
For determination of the quantum efficiency of fluorescence (@g), fluorescein in 0.1 M
NaOH was used as a fluorescence standard (@ = 0.85). The quantum efficiency of
fluorescence was obtained with the following equation (£ denotes fluorescence intensity
at each wavelength and X [F] was calculated by summation of fluorescence intensity).

Py Pl gy sandard p p o standard g sampley /A sample s [ standardy

6.2.11. DNA-templated reaction

Reactions on the DNA template were performed in 1.2 ml of tris-HCI buffer (20 mM,
pH 7.2) containing 100 mM MgCl, and 0.01 mg/ml BSA with bcr/abl-1 or -2, probe 1
(50 nM), and probe 2 (50 nM) at 37 °C. The increase of fluorescence intensity produced
by reduction of probe 1 was continuously monitored at time intervals. Reactions were
observed by fluorescence spectrometry (FP-6500; JASCO). For the time course of the
azide reduction, the fluorescence intensity was measured for 0.5 s at 1 min intervals:

excitation, 490 nm; emission, 520 nm.

6.2.12. Cell culture and Streptolysin O (SLO) permeabilization

HL60 cells (RIKEN BRC cell bank) were grown in DMEM without phenol red and
containing 10% FCS, 50 units/ml penicillin, and 50 mg/ml streptomycin. They were
passaged in 75-cm” culture flasks (Falcon). Cells were maintained at 37°C in an
atmosphere of 5% CO, at 1 x 10° cells/ml and within 0~20 passages after purchasing
from the supplier.

SLO was purchased from BioAcademia (Japan). SLO was activated according to the
procedure reported by Abe et al. [23]. Briefly, SLO (10,000 units/ml) was incubated in
Mg**/Ca**-free PBS buffer solution containing 10 mM DTT and 0.05% BSA at 37°C for

2 h. Small aliquots of activated SLO were stored at —20°C. To introduce probes into cells,
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HL60 cells were washed with Mg”*/Ca*"-free PBS twice and then incubated with 300 ml
of Mg”*/Ca*"-free PBS buffer solution containing SLO (50 units/ml), BSA (0.01 mg/ml),
and calf thymus DNA (I mg/ml). After 15 min, 3’-bis-azidomethyl
fluorescein-conjugated probe (200 nM) and TPP-conjugated probe (200 nM) were added.
After 30 min, cells were resealed by the addition of 1 ml of DMEM containing CaCl,
(0.2 g/l) and incubated for 1 h at 4°C.

6.2.13. Flow cytometry

The live cell suspension was directly analyzed without any washing step with a
Cytomics FC500 instrument (Beckman Coulter). Fluorescent signals were observed
under the following conditions: excitation by argon laser, 488 nm; emission, 515-535 nm.
Forward angle light scatter (FSC), side angle light scatter (SSC), and fluorescence data
were recorded, and for each measurement, above 1,000 events were stored. Data were
analyzed with the CXP analysis software (Beckman Coulter). Fluorescent intensity was
determined as the mean of fluorescent value of single cells lying in a gate that were

defined in a FSC vs. SSC dot plot.

6.2.14. Microscopy and data processing

Intracellular distributions of 28S rRNA and B-actin mRNA were observed using an
inverted microscope (IX-81, Olympus). Specimens were illuminated with the 488-nm
line of an Ar’ laser (Omnichrome) through a 60x oil-immersion objective (PlanApo,
Olympus). Fluorescence images were acquired at 500-550 nm through the same objective
using an image intensifier (C8600-05; Hamamatsu) and an EB-CCD camera (C7190-20;
Hamamatsu) and recorded on a digital videotape. Bright field images of cells in the same
field of view were recorded successively to the fluorescence images. Image processing
was carried out using MetaMorph software (Molecular Devices). Experiments were

performed at 27 °C.
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6.2.15. Surface plasmon resonance analysis

Kinetic parameters were assessed using BlAcore equipment with a Series S
SensorChip SA (GE Healthcare bioscience). The central part of this equipment is the
sensor-chip consisting of a gold surface covered with a layer of dextran, which in our
case contained streptavidin chemically coupled to the dextran. The biotinylated DNA
strands (target DNA: bcr/abl-1) were immobilized to the streptavidin chip. The
association as well as dissociation kinetics of two probes, probe 1 and probe 2, were
studied. All kinetics experiments were performed in 20 mM Tris-HCI buffer (pH 7.2)
containing 100 mM MgCl, at 37 °C. To immobilize the biotinylated DNA strand to the
streptavidin on the chip surface, 5’-biotin-labeled DNA was dissolved in Tris-HCI buffer
at a concentration of 600 nM. The solution (15 pL) was injected with a flow rate of 5
pl/min, and the immobilization was followed in the corresponding sensorgram as a
function of time. Probes were dissolved in running buffer at appropriate concentrations
(15.6-150 nM). A volume of 75 pl (30 pl/min) was injected to measure the association
kinetics, and immediately thereafter the dissociation was followed by purging running
buffer through the system. After approximately 150 s buffer wash, the immobilized DNA
surface was regenerated with 30 ul of 10 mM HCI (30 pl/ min). The association and
dissociation rate constants for each probe were calculated with BIAcore T100 evaluation

software (GE Healthcare bioscience).

6.3. Results

6.3.1. Design and molecular mechanism of the RETFA probe

Our chief goal was to develop a new RNA detection probe having a chemical
reaction-based fluorogenic compound that was capable of signal amplification under
isothermal conditions. As one achievement, we recently reported a RETF system that
uses a fluorogenic compound, rhodamine azide derivative, that is activated only by
reducing reagents and enhanced 2100 times in fluorescence intensity (Figure 2A) [48].
Reaction of the RETF probe on an oligonucleotide target proceeded without any enzymes

or reagents, and offered high signal and very low background fluorescence under
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A. RETF probe

Figure 2. Fluorescence emission of an RETF probe (A) and RETFA probe (B) by triphenylphosphine as
reducing reagents.
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biological conditions. We successfully applied the probe to the detection of
oligonucleotides in solution and endogenous RNA in bacterial cells. However, the
reaction between the rhodamine azide probe and the TPP probe in the RETF system
initially produces a ligated intermediate between the two halves of the probe connected
with a stable aza-ylide bond, and then gradually gives half of the fluorescent rhodamine
product through hydrolysis of the aza-ylide bond over 24 h (Figure 2A). Formation of a
ligated product with an aza-ylide bond between the two probes prevents catalytic
turnover because the long product binds the template with higher affinity than the
reactant probe did before reaction. To achieve higher sensitivity for detecting less
abundant RNA species such as intracellular mRNA, the RETF system still shows room
for improvement to achieve efficient turnover.

To obtain a high turnover in the reaction mechanism of the RETF probe, the
aza-ylide bond of the ligated intermediate must be quickly hydrolyzed to reduce product
inhibition. We assumed that the aza-ylide bond in the RETF system is stabilized by long
n-conjugation between rhodamine and triphenylphosphine [63]. Therefore, it was
suggested that to destabilize the aza-ylide bond, m-conjugation of the intermediate should
be minimized. Here, we designed a fluorogenic molecule based on azidomethyl-protected
fluorescein that was switched on by reduction (Figure 2B). In the first step of the reaction,
the unstable aza-ylide bond is formed and quickly hydrolyzed. Consequently, the azide
group is transformed to an amino group and TPP is transformed to the corresponding
phosphorus compound. The resulting amino-hemiacetal group is quickly hydrolyzed to
give an unmasked phenol group and the probe emits a fluorescence signal. A
reduction-triggered fluorescence amplification (RETFA) system with
azidomethyl-protected fluorescein is expected to offer efficient turnover because of the

short life of the ligated intermediate (Figure 2B).

6.3.2. Synthesis of azidomethyl fluorescein
We designed two fluorogenic compounds, monoazidomethyl fluorescein (MAF) and
bisazidomethyl fluorescein (BAF). MAF offers a quantitative fluorescence signal to give

a single product after deprotection of the azidomethyl group. On the other hand, BAF
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offers a more potent fluorescent signal after deprotection of the two azidomethyl groups.
The synthesis of MAF (4) is shown in Scheme 1. Mono-O-carboxymethyl fluorescein 1
was synthesized by treatment with one equivalent of methyl bromoacetate in the presence
of potassium fert-butoxide and sodium iodide from commercially available fluorescein in
23% vyield [64]. The treatment of compound 1 with chloromethyl methyl sulfide and
Ag,0O in pyridine gave methyl thioacetal 2 in 25% yield [62]. Activation of the
0O,S-acetal with N-chlorosuccinimide (NCS) in the presence of tert-butyldimethylsilyl
chloride (TMS-Cl) provides the chloromethyl intermediate. The intermediate was
unstable during purification by flash chromatography and was used for the next reaction
without further purification. The transformation of the intermediate to the azide 3 was
carried out by treatment with sodium azide in 44% yield in two steps. Hydrolysis of
methyl ester 3 with NaOH provided the desired azidomethyl carboxyfluorescein (4). The
NHS ester was prepared by dicyclohexylcarbodiimide-mediated coupling of
N-hydroxysuccinimide with compound 4. This activated ester cannot be purified by flash
chromatography because of hydrolysis; therefore, the crude product of the NHS ester was
directly used for coupling with the DNA probe. Synthesis of BMS is shown in Scheme 2.
5-iodofluorescein was protected with chloromethyl methyl sulfide to give bismethyl
thioacetal 6 in 25% yield. Compound 6 was transformed to bisazidomethyl fluorescein 7
by treatment with NCS and NaNj. Finally, the desired BMS 9 was obtained by

Sonogashira coupling between 7 and 2-bromoacetyl propargylamide.

6.3.3. Spectrum analysis of azidomethyl fluorescein

We tested the photochemical properties of azidomethyl fluorescein (Figure 3). MAF
3 showed no absorbance at wavelengths longer than 350 nm in 20 mM Tris—HCI (pH
7.2), whereas the corresponding monoalkyl fluorescein 1 showed absorption band at 455
and 490 nm. When a high concentration of dithiothreitol (DTT) was added to a solution
of MAF 3, a peak having a maximum at 455 nm appeared, resulting from reduction
followed by hydrolysis of the azidomethyl group (Figure 3A). The fluorescence
properties of azidomethyl fluorescein (MAF) were also examined. No significant

fluorescence with excitation at 490 nm was observed for MAF 3. On the other hand,
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Scheme 1. (i) Methyl bromoacetate, sodium iodide, Nal, DMF, rt, 2.5 h, 23%; (ii)
Chloromethylmethylsulfide, Ag,O, pyridine, CH3CN, rt, 15 h, 25%; (iii) NCS, TMSCI, CH,Cl,, rt, 1 h;
(iv) NaN;, DMF, rt, 1 h, 44% over 2 steps from 2; (v) NaOH, MeOH, rt, 1 h, 100%. NCS =
N-chlorosuccinimide, TMSCI = trimethylsilyl chloride.
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Scheme 2. (i) Chloromethylmethylsulfide, Ag,O, pyridine, CH;CN, 40 °C, 24 h, 25%; (ii) NCS, TMSCI,
CH,Cl,, tt, 8 h; (iii) NaN3, DMF, 1t, 30 h, 21 % over 2 steps from 2; (iv) 5, Tetrakis (triphenylphosphine)
palladium, Cul, TEA, THF, rt, 3 h, 37%. NCS = N-chlorosuccinimide, TMSCI=Trimethylsilyl chloride,
TEA=Triethylamine, THF=Tetrahydrofuran.
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Figure 3. Spectrum analysis. (A) Absorption spectra of 100 uM of 1 (red), 3 (blue) or 3 treatment with 100
mM DTT (green) in 20 mM Tris-HCI1 (pH 7.2) in 50% DMF/H,0 at 25 °C; (B) Fluorescent emission
spectra with excitation at 490 nm of 500 nM of 1 (red), 3 (blue) or 3 treatment with 100 mM DTT (green)

in 20 mM Tris-HCI (pH 7.2) in 5% DMF/ H,O at 25 °C.
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monoalkyl fluorescein 1 showed strong fluorescence emission at around 520 nm. After
the addition of DTT to the solution of MAF 3, a strong emission appeared around 515
nm; the emission was enhanced almost 300-fold (Figure 3B). Monoalkyl fluorescein 1
showed high fluorescence quantum yields (0.20) in contrast with the low yield of MAF 3
(< 0.01) (Table 1). We also measured the quantum yields of BMF 7 and its deprotected
form 5. The quantum yields of 5 were 0.68, which is higher than monoalkyl fluorescein 1,

whereas BMF 7 also shows a low quantum yield (< 0.01) (Table 1).

6.3.4. Reaction of the RETFA probe in vitro

We designed two DNA probes to test the utility of the RETFA system for
fluorescence-based oligonucleotide detection (Figure 4). The probes and target sequences
are shown in Figure 4A. Probe 1 was modified at the 3’ terminal with MAF, where the
crude NHS-ester product derived from 4 was reacted with the amino group at the 3’ end
of the DNA probe. Probe 2 was modified at the 5 terminal with
2'-carboxytriphenylphosphine (TPP), which was conjugated with the 5" amino linker of
the DNA probe through amide bond formation. Two DNA templates originating from the
human bcr/abl junction site sequence, which is related to chronic myelogenous leukemia,
were designed containing bcr/abl-1 with a full match sequence and also bcr/abl-2 with a
one-base mismatch to evaluate the ability for single-base discrimination that is important
for diagnostic applications [65].

To prove whether the probes could function by emitting fluorescence, we tested the
RETFA probe in vitro. The RETFA probe pairs consisted of an 8-mer MAF probe (probe
1) and a 10-mer TPP probe (probe 2). The Ty, of two adjacent probes and target DNA
was 46.7 °C (data not shown). When 50 nM probe 1 and probe 2 were incubated in
Tris—HCIl buffer (pH 7.2) at 37 °C, the increase in fluorescence at 520 nm was monitored.
In the presence of target ber/abl-1, the signal at 520 nm reached saturation within 3 min
by deprotection of the azidomethyl group of probe 1 (Figure 4B). The signal did not
increase in the absence of target bcr/abl-1 for 3 min. HPLC and MALDI-TOF mass
analyses showed that 97.7% of probe 1 that reacted with probe 2 on the template after 5

min was converted to the deprotected product (data not shown). Next, the reaction of
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Table 1. The quantum yields of the compounds®

compound 1 3 5 7

o 0.202 <0.001 0.683 0.002

*All measurements were performed in Tris—HCI buffer (20 mM, pH 7.2). Compounds were excited
at 490 nm.

bQuantum yields were determined using fluorescein in 0.1 M NaOH as a standard (@ = 0.85).
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Probe 1 Probe 2
AAGGGCTT-(Az)
37 GCGACTTCCCGAA-———————- AACTTGAGACGAAT 5~ bcr/abl-1
37 GCGACTTCACGAA-———————- AACTTGAGACGAAT 5~ bcr/abl-2
B 250-
S 200 -
8
8 150 - = [FUull match
o) = Single mismatch
(&)
¢ 100 1 w/o template
S
T 50 - o
0 T T 1
0 1 2 3
Time (min)

Figure 4. (A) Probe sequences for ber/abl gene. Designed 8 or 10 mer probes are azidomethyl fluorescein
probe or TPP probe, respectively. The DNA targets are 27-mer ODNs with a full matched sequence
ber/abl-1 and a single mismatched sequence ber/abl-2. (B) Time course of the fluorescence intensity in the
reaction between 50 nM of probe 1 and 2 with 50 nM of matched bcr/abl-1 or mismatched DNA bcr/abl-2
in pH 7.2 Tris-HCI buffer containing 100 mM MgCl, and 10 pg/ml BSA. Reaction was monitored by
excitation at 490 nm and emission at 520 nm.
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probe 1 and probe 2 in the presence of one-base-mismatched target bcr/abl-2 was tested
and showed good single-base mismatch discrimination, dropping in initial rate by

9.5-fold, compared with fully matched bcr/abl-1 (Figure 4B).

6.3.5. Turnover measurements

The RETFA system was expected to cause multiple reactions with turnover using
target oligonucleotide as a catalytic template. Thus, we tested the ability for fluorescent
signal amplification. Catalytic turnover, and the associated signal amplification, is useful
when target concentrations are low [49, 51, 54]. Under these conditions, one would
typically use a large excess of probe relative to the number of targets. To measure
turnover with the current probes, we compared the number of equivalents of fluorescent
signal with moles of target. This required the development of a method for carefully
quantitating the signal, and confirming that the signal arises from true
template-dependent intermolecular reactions rather than from background sources such
as intermolecular reaction independent of the template strand or photolysis of the
azidomethyl group by the excitation light.

To evaluate this, we performed DNA-templated reactions at various target
concentrations and continuously monitored the fluorescent signals as a function of time
(Figure 5A). We first prepared a standard dilution curve to make a calibration plot of
fluorescent intensity as a function of the amount of the deprotected (= fluorescent) probe
1. This plot showed good linearity and allowed us to take a given signal and, from the
plot, extract the number of moles of fluorescent product in solution. Turnover (TO)
number was obtained by dividing the number of moles of fluorescent product by that of
template DNA (Figure 5B). The turnover of reaction products from the target DNA is
expected to increase as the concentration of target decreases. To test this, we varied
target concentrations over the range from 50 nM to 50 pM. The probe concentrations
were held constant at a considerable excess (50 nM). To ensure that the signal was not
the result of template-independent reactions or hydrolysis, we subtracted background

signals from identical reactions lacking templates.
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Figure 5. Turnover experiment. (A) Time course of fluorescence intensity in the reaction between 50 nM
matched azidomethyl fluorescein and 50 nM matched TPP probe at shown target DNA concentrations in
pH 7.2 Tris-HCI buffer containing 100 mM MgCl, and 10 pg/ml BSA. (B) Reaction yields after 4 hr and

turnover numbers (TO).
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The time course of the fluorescent signal at 520 nm showed a rapid signal increase in the
presence of 1 equiv of matched DNA bcr/abl-1 (Figure 5A, red line) within 5 min.
Catalytic amounts of bcr/abl-1 (0.1 equiv, 5 nM) also proved efficient in conferring a
rapid signal increase, reaching a plateau within 30 min, which is the same level of
fluorescence signal to the stoichiometric amount of bcr/abl-1 (Figure SA, pink line), and
provided 90% yield of reaction product after 4 h calculated from the fluorescence
standard curve (Figure 5B). In the absence of DNA, 50 nM probes 1 and 2 yielded 9.7%
background reaction after 4 h (Figure 5A, gray line). When the background signal is
subtracted, the RETFA probe achieved 8.0 TO in the case of 0.1 equiv bcr/abl-1. With a
load of 0.01 equiv (500 pM) bcr/abl-1, the reaction showed slower fluorescence increase
than in the case of 0.1 equiv bcr/abl-1 (Figure SA, yellow line) and furnished 69% of the
fluorescent product with 50 TO after 4 h. The highest TO number of 54 was achieved
with 0.001 equiv bcr/abl-1 (50 pM; Figure 5A, green line). The speed of the
DNA-catalyzed reaction is reduced at very low DNA/probe ratios to an extent that
reaction yields are dominated by the off-template background reaction. However, the
15% reaction product obtained with 0.001 equiv bcr/abl-1 (50 pM) demonstrates that the
DNA-templated reaction (5.4%) proceeds more efficiently than the background reaction

(9.7%), even with such a very low concentration of target.

6.3.6. Kinetic analysis of the DNA-templated reaction

The mechanism of a DNA-catalyzed reaction gives important information for
optimizing the RETFA probe and designing new probes. However, a study of the
mechanism has not been carefully carried out. In particular, the rate-limiting step of the
DNA-catalyzed reaction is still unclear. Thus, we evaluated the association and
dissociation rate constants for the DNA hybridization between bcr/abl-1 and the RETFA
probe, and the rate constants of the azide reduction on DNA templates to obtain
information on the rate-limiting step.

The kinetics of association (k,) and dissociation (k4q) of probe 1 or probe 2 to the
immobilized bcr/abl-1 were successfully monitored using BIAcore technology [66].

Figure 6 shows BIAcore trajectories of bcr/abl-1/probe 1 or ber/abl-1/probe 2
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Figure 6. DNA hybridization sensorgrams (fully complementary duplex) analyzed by biacore with varying
concentrations of the azidomethyl fluorescein probe (A) or TPP probe (B). The values inside the graphs
indicate the probe concentrations.
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hybridization runs at different concentrations of each probe in solution. The &, and k4 for
each probe were calculated with BIAcore T100 evaluation software and were
summarized in Table 2. The k, for probes 1 and 2 are 3.1 x 10°M st (ka1) and 1.3 x 10*
M s (ku), respectively. The concentration of the DNA-templated reaction (Co) was 50
nM. Therefore, the &, (ko x Cp) for probes 1 and 2 are calculated as 1.5 x 107 s7! (ka1")
and 6.3 x 107 s (kx'), respectively. On the other hand, the k4 for probes 1 and 2 showed
about 10 times higher values, 2.2 x 102 s (kq;) and 1.2 x 10 s (kg), than &,'.

Next, to determine the rate constant of azide reduction on DNA templates, the plots
of In[probe 1]/[probe 1], versus time were analyzed by linear regression as simple
first-order kinetics by Microsoft Excel (Figure 7). [probe 1]y, [probe 1], and [reduced
probe 1]; correspond to initial concentration of probe 1, time dependent concentration of
probe 1, and concentration of reduced product. [probe 1]; was calculated according to
[probe 1], = [probe 1], — [reduced probe 1];, and [reduced probe 1], was calculated
from a standard curve. The apparent first-order rate constant, k,p,, was obtained from the
slope of this plot as 5.9 x 10 s™'. The value of kyp, is very close to the association rate
constants k,' and k', which is the slower step in the hybridization kinetics. This
similarity suggests that the actual reaction rate of an azide reduction on DNA templates
(kact) 1s close to or even faster than the hybridization kinetics. Therefore, we assumed that
the association of the probe to the DNA template might be the rate-limiting step for the
DNA-catalyzed reaction for RETFA probe.

6.3.7. Flow cytometric analysis of RNAs in HL60 cells

So far, there has only been one example of quenched probes in living human cells.
Flow cytometry (FC) offers the possibility of rapid analysis of a large number of cells
and quantitative evaluation of an average over all RNA signals. Thus, we evaluated the
feasibility of FC analysis of RNAs by the RETFA probe in HL60 cells. In the in cell
experiment, we used the bisazidomethyl-quenched fluorescein probe because the
quantum yield for the deprotected form of 9, 0.683, is higher than that of monoazide 3,
0.202. As described above, our probes have a potential for catalytic turnover. Therefore,

both azidomethyl groups on 9 should be deprotected. The targets we chose were 28S
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Table 2. Kinetic parameters for the hybridization of each probe and DNA-templated reaction

ko (x 10°M s k' (x 107 s kg (x 107257 Feapp (x 107 57
Hybridization
. 3.06 1.53 1.25 -
(Probe 1)
ybridization 1.26 6.29 224 -
(Probe 2)
DNA-templated
em;i ate B B B 591

reaction
* Analyzed by BIAcore instrument.

® Analyzed by linear regression as simple first-order kinetics by Microsoft Excel.
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Figure 7. Plots of In[probe 1]/[probe 1]y versus time for 50 nM azidomethyl fluorescein and TPP probe
with 50 nM target in 20 mM Tris-HCI (pH 7.2) containing 100 mM MgCl, and 10 pg/ml BSA.
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rRNA, which is abundant in cells, and -actin mRNA, which has relatively low copies in
cells (~2500 molecules per cell) [36]. To decide if the RETFA probe offers the desired
fluorescent signal from the target and evaluate any undesired background fluorescence
signal from nontemplated reaction or decomposition of the probe, we carried out a series
of control experiments by testing the following conditions: the scramble probes, only the
profluorescent azide probe, and no probe (the cellular autofluorescence). The sequence of
the scramble probe was designed so as not to hybridize next to each other on the target
RNA. Prior to the FC analysis, we determined whether the probes could generate a
target-dependent fluorescence signal in vitro using a short DNA target. No significant
background fluorescence was observed in the absence of short 28S rRNA target. In the
case of targeting B-actin mRNA, we used three sets of probes for multiple target sites to
increase sensitivity. The three sets of probes for B-actin mRNA (33.3 nM each) and DNA
targets (33.3 nM each) were mixed to adjust the total concentrations to 100 nM. Reaction
of the scramble probe was tested under a same condition. The reaction with the B-actin
probe shows a strong fluorescence signal with the target and generated a slight
background signal without the target, which was comparable with the background level
in the case of the scramble probes.

The FC data are summarized in Figure 8. To introduce the probes into cells, the cells
were permeabilized with streptolysin O (SLO) according to the previously reported
method. The cells were incubated with SLO in the presence of the RETFA probe for 30
min, resealed with cell culture medium containing CaCl,, and incubated for 1 h at 37 °C
and analyzed by FC. The histogram data indicate cell populations with varied
fluorescence intensity, which correspond to 28S rRNA, three sets of B-actin mRNA,
scramble probes, only azide probe, and no probe (Figure 8A). The median values of
fluorescence intensity after subtraction of autofluorescence from cells (no probe) are
plotted in Figure 8B. The values on the bars indicate signal to background (S/B) ratio,
which is defined as the relative ratios of fluorescence intensity to background signal from
the scramble probe. Both 28S rRNA and the three sets of B-actin mRNA probes offered
significantly higher fluorescence signals than did the controls, although each set of

B-actin mRNA probes did not produce a significant signal. The background value from
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Figure 8. Detection of intracellular RNAs in HL60 cells by flow cytometry. (A) Flow cytometry histogram

showing cell-count frequency versus fluorescence intensity for each probe. These histograms correspond to

cells that were treated by no probe (negative control, grey); by azidomethyl fluorescein probe only

(negative control, blue); by scramble probe (negative control, green); by B-actin mRNA targeted probes

(orange); by 28S rRNA targeted probes (red). The values on the each histogram indicate the mean

fluorescent signals. (B) Means of fluorescence intensity and signal to background calculated from the

histograms. The bars were corrected by cell autofluorescence background (no probe). The values next to

the bars indicate the ratios between each probe and scramble probe as a signal to background.
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the scramble probes was comparable with that from the azide probe alone, indicating that
undesirable intermolecular reactions between the TPP probe and the azidomethyl probe
did not occur in living cells. The S/B ratios were 10.0 and 2.4 for 28S rRNA and -actin
mRNA, respectively. This result clearly showed that cellular endogenous 28S rRNA and
B-actin mRNA can be detected by our RETFA probes and is consistent with the notion
that 28S rRNA is more abundant than -actin mRNA in the cells.

6.3.8. Fluorescence microscopic analysis of RNAs in HL60 cells

To demonstrate that our approach can give a clear and detailed picture of intracellular
localization in living cells, we carried out fluorescence microscopic analysis of RNA
species. Imaging technique may reveal important information on mRNA processing,
transport, and protein production. Fluorescence images of 28S rRNA and 3-actin mRNA
in HL60 cells are shown in Figure 9. First, imaging 28S rRNA was performed using
bisazidomethyl fluorescein and TPP probes as for the FC experiment. After the probes
were introduced into cells using the SLO method, the cell suspension was directly
spotted on glass slides without any washing step and was imaged by a fluorescence
microscope. Specific fluorescent signals were observed by excitation at 488 nm and
collecting 520 nm fluorescein emissions using a band-pass filter. Panels C and D in
Figure 9 display the fluorescent signal of the scramble probes, showing that little or no
signal was observed. On the other hand, a strong signal was observed in the nucleolus
using target-specific probes (Panels A and B), which is in fair agreement with previous
results by FISH in fixed specimens [67].

Next, to confirm that our system can detect low-expression RNA in cells, -actin
mRNA probes were delivered into HL60 cells using SLO. Again, the majority of the
fluorescent signals was observed around the nucleus only from target-specific probes
(Panels E and F), whereas the scramble probes gave small signals (Panels G and H). We
conclude that signals from specific RNAs can be observed using the designed RETFA

probe in human cells.
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Figure 9. Detection of intracellular human 28S rRNA and B—actin mRNA by fluorescence microscopy.
(A-D) 28S rRNA probe (A and B) and scramble control (C and D). A and C show fluorescent signal only. B
and D show its overlay with bright field image. (E-H) beta-actin mRNA probe (E and F) and scramble
control (G and H). E and G show fluorescent signal only. F and H show its overlay with bright field image.
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6.4. Discussion

The Staudinger reduction of organic azides by TPP holds promise for OTR, because
of its exceptional degree of bioorthogonality. Several ideas have been applied to link the
Staudinger reaction to the fluorescence turn-on event for OTR. These strategies can be
categorized into two types. One strategy involves the reaction step where the azide probe
unmasks a 2-(diphenylphosphino)benzoate derivative of fluorescein. Alternatively, a
TPP-probe activates the azide-masked fluorophores, which are 7-azidocoumarin and
azide-substituted rhodamines (RETF probe). In addition, azidomethyl-protected
coumarin has very recently been reported as a new fluorogenic molecule. These probes
demonstrate excellent signal amplification with fluorescence readout except for the
RETF probe. However, possible drawbacks limit the scope of in cell applications because
of increased undesired background fluorescence. This may be due to hydrolysis of the
phenolic ester or light decomposition of azide group when azide-protected coumarin is
irradiated with excitation light in the ultraviolet region. In general, oxidation of TPP in
living cells was also involved. Consequently, these previous approaches have not been
applied to imaging or detection of RNA in living cells.

In this paper, we have demonstrated that the RETFA probe with
azidomethyl-protected fluorescein can detect endogenous RNAs in living cells.
Azidomethyl-protected fluorescein is quickly uncaged by reduction of the azide group
and emits fluorescence at 520 nm with excitation at 490 nm, which is a suitable
wavelength for in cell detection. In addition, the RETFA probe completed stoichiometric
reaction within 3 min and can amplify fluorescence signals based on a catalytic OTR
when the target is at a very low concentration compared with the probes. The TO number
reached up to 50 when 100 times excess of probe was used. This amplification property
is one of the great improvements compared with our previous RETF probe.

Quantitative detection of 28S rRNA and B-actin mRNA was successfully carried out
on the FC instrument. A single probe was sufficient for detection of 28S rRNA. On the
other hand, simultaneous introduction of three sets of probes offered significant signal

for detection of B-actin, although each individual probe offered no significant signal.
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Cellar mRNA is known to form complex secondary or tertiary structures. It is very hard
to design an optimum probe with accessibility to target sites. This result indicates that
introducing multiple sets of probes might be one solution to achieve accessibility by
opening up the complex mRNA structure.

Finally, development of an efficient catalytic reaction on the oligonucleotide template
is still challenging. We carried out a mechanistic study of the catalytic reaction on the
RETFA probe to obtain clues for designing efficient turnover probes. Kinetic analysis by
BIAcore technology showed that the association step of the probe (k,') is 10 times slower
than the dissociation step (k4') on probe hybridization. The apparent rate constant of the
fluorogenic chemical reaction (kypp) has a similar value to k,'. Presumably, association
might be the rate-limiting step for the amplification reaction from these results, although
this experiment did not reflect an exact phenomenon in solution. We assume that new

probe designs should enhance association speed to achieve more efficient turnover.
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7.1. General conclusions

Fluorescent-labeled oligonucleotides are becoming important tools for detecting
oligonucleotide sequences. A possible application is the detection of RNA species in cells
by in situ hybridization. However, standard fluorescent probes require careful handling to
avoid nonspecific signals. Fluorogenic probes with fluorescence on/off mechanism have
been developed to avoid this problem. Some of these probes have been applied to the
detection of RNA in cells. Examples are molecular beacon (MB) or target-assisted
chemical ligation. Target-dependent fluorescence enhancement of these methods is based
on the resonance energy transfer (RET) mechanism, for which a pair of quencher and
fluorescence dyes is normally used. However, higher sensitivity for the detection method
is still required to monitor gene expression in cells. Recently, fluorescence generation
methods triggered by a chemical reaction accompanied by transformation of the chemical
structure of the fluorogenic compound have been developed. Fluorescence modulation is
caused by photoinduced electron transfer or absorption change. The signal/background
(S/B) ratio of this type of molecule could exceed that of the RET mechanism. However,
there are few reports that describe chemical reaction-triggered fluorogenic molecules for
oligonucleotide sensing, although this method offers high sensitivity. In this thesis, I
report a reduction-triggered fluorescence probe that shows a high S/B ratio for sensing
oligonucleotides. A new fluorescence molecule, rhodamine azide naphthorhodamine azide,

and fluorescein methylazide, that | designed and synthesized are activated only by a

137



General conclusions and perspectives

specific reducing reagent on the oligonucleotide target and is very stable under biological
conditions, showing little background fluorescence. The probe was applied to the sensing
of nucleic acids in vitro and of endogenous RNAs in bacterial and native human cells.

In chapter 2, I described the problem of highly sensitive FISH, which amply fluorescent
signals using antibody or enzyme, for the detection of bacterial cells. The development of
highly sensitive methods is essential since there are many low-copy-number RNAS in
cells. Several techniques have been developed for this purpose, such as catalyzed reporter
deposition (CARD)-FISH. However, these signal amplification methods require the
diffusion of large-molecular-weight molecules such as enzymes, antibodies, or
(strept)avidin into fixed whole cells. Therefore, the cell walls must be permeabilized for
probe access to the target molecule, while minimizing the loss of the target molecule and
cell morphology. | tried to define the optimal digestion conditions for several bacterial
strains belonging to different phylogenetic divisions by permeabilization at different
concentrations of lysozyme and/or achromopeptidase solution for conventional FISH,
DIG-FISH, and CARD-FISH. Consequently, most bacterial strains were successfully
detected using CARD-FISH with 10 mg/ml lysozyme pretreatment. Additionally,
achromopeptidase pretreatment was a highly effective means of permeabilizing the
bacterial strains that were unable to be detected with lysozyme pretreatment, while it was
considered impossible to visualize all bacterial strains by a universal permeabilizing
procedure. My results will contribute to the optimization of permeabilizing conditions,
which is one of the most important factors for the successful application of highly
sensitive FISH. However, highly sensitive FISH cannot apply to living cells because
permeabilization steps cause the cell damage and death.

In chapter 3, to solve the problems described above, | described the fluorescent
detection method for nucleic acids sensing triggered by the reaction on the target nucleic
acids, which can amplify the fluorescent signal without antibody or enzyme and can
detect nucleic acids in native cells. Some methods have been applied to the detection of
RNA in cells. Examples are molecular beacon (MB) or target-assisted chemical ligation.
Target-dependent fluorescence enhancement of these methods is based on the resonance

energy transfer (RET) mechanism, for which a pair of quencher and fluorescence dyes is
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normally used. However, higher sensitivity for the detection method is still required to
monitor gene expression in cells. | have developed a reduction-triggered fluorescence
probe with a new fluorogenic compound derivatized from rhodamine 110 for sensing
oligonucleotides. The chemistry to activate the compound involves the reaction between
the azide group of rhodamine derivatives and reducing reagents, with the fluorescence
signal appearing after reduction of the azide group. The signal/background ratio of this
fluorogenic compound reached 2100-fold enhancement in fluorescence intensity.
Dithio-1,4-threitol or triphenylphosphine as reducing reagents were successfully utilized
for this chemistry to be introduced into the DNA probe. The genetic detection requires
that two strands of DNA bind onto target oligonucleotides, one probe carrying a reducible
fluorogenic compound while the other carries the reducing reagents. The reaction
proceeds automatically without any enzymes or reagents under biological conditions to
produce a fluorescence signal within 10-20 min in the presence of target DNA or RNA. In
addition, the probe was very stable under biological conditions, even such extreme
conditions as pH 5 solution, pH 10 solution, or high temperature (90 °C) with no
undesirable background signal. The probes were successfully applied to the detection of
oligonucleotides at single nucleotide level in solution.

In chapter 4, | described the newly synthesized red fluorescent molecule,
naphthorhodamine bis azide. Previous studies in chapter 3 showed that rhodamine
fluorescence was controlled by the lactone ring, which is altered by reduction of the azide
group. After opening the lactone, the longer conjugated system emits fluorescence. |
thought that this mechanism can help design other fluorogenic compounds. | expanded the
two phenyl groups of rhodamine to naphthyl groups for naphthorhodamine. The expanded
© system of the naphthyl group red shifts emission compared with rhodamine. In addition,
the conjugated system of naphthorhodamine should have a similar fluorogenic molecular
mechanism to rhodamine. | examined the fluorescence properties of naphthorhodamine
derivatives. No significant fluorescence with excitation at 595 nm was observed for
naphthorhodamine bis azide. After addition of TCEP to the solution of bis azide, a strong
emission appeared around 650 nm, where the emission was enhanced 550-fold. This red

fluorescent system could also be used for nucleic acids sensing. From these results, I
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succeeded to synthesis the dual color fluorescent compounds. It could be possible to
image a couple of RNA molecules in cells using these systems simultaneously.

In chapter 5, | described that the system with rhodamine azide could be applied to
intracellular RNA detection. | proceeded to test the probes in bacterial cells. Cells were
fixed with paraformaldehyde according to literature methods and were incubated with
probes at 37 °C for 30 min. The sequences of probes were determined in perspective of
accessibility according to previous literature. Cell mixtures were directly spotted on a
slide glass without a washing step and observed using a microscope. A strong fluorescent
signal was observed in the case of the matched probe pair, but no signal was observed
from the mismatched probe pair. The data show that my system can be used to detect
specific RNA sequences in structured biological targets in cells. This suggests the
possibility of their general use in identifying bacterial pathogens by their ribosomal
RNAs.

In chapter 6, | described that the advanced reduction-triggered fluorescence system
with fluorescein methyleneazide was developed and was applied for the intracellular
RNAs detection in native human cells. In the previous chapter, | successfully applied the
probe to detection of oligonucleotides in solution and endogenous RNA in bacterial cells.
However, the reaction between the rhodamine azide probe and the TPP probe initially
produces a stable fluorescent ligation product with an aza-ylide bond due to the presence
of long m-conjugation, and then gives a fluorescent product with rhodamine amine
through hydrolysis of the aza-ylide bond. The formation of aza-ylide-mediated ligation
product between probes exhibit catalytic turnover because the product usually binds the
template with higher affinity than the reactant did before reaction. The amplification of
reaction product signals is needed when the target to be detected is present at low
concentration such as intracellular mMRNAs. To reduce a product inhibition in RETF
system, | newly designed this new system, reduction-triggered fluorescence amplification
(RETFA) system, and synthesized fluorescein derivative with methyleneazide protection
group. The unmasking of the desired phenols is achieved by reduction of azide group
followed by rapid deprotection of methyleneazide group in mildly acid condition.

Staudinger reaction using TPP as a reducing reagent produces the corresponding
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phosphorus compound. The reaction between methyleneazide group and TPP does not
seem to yield a stable ligation product with an aza-ylide bond; therefore, higher catalytic
turnover can be expected to RETFA system. Actually, about 50 turnover of the reaction
was observed at 37 °C for 4 hours in vitro. This means that the fluorescent signal could
amplify 50 fold, suggesting that my system is considerably useful for detecting low copy
number RNAs in cell. In order to evaluate whether RETF probe could successfully detect
gene expression in single living cells, flow cytometry and fluorescent microscopy analysis
were performed. The targets we chose were 28S rRNA, which are abundant in cell, and
B-actin mRNA, which are relatively low in cell (~2500 molecules per cell). Both 28S
rRNA and B-actin mRNA probes offered significantly higher intensity than did the
controls. The background value from scramble probes was comparable with that from
only azide probe, indicating that undesirable reaction between phosphine and
methyleneazide group did not occurred. This result clearly showed that cellular
endogenous 28S rRNA and -actin mRNA can be detected by our probes and is consistent

with the notion that 28S rRNA is more abundant than 3-actin mRNA in the cells.

7.2. Future perspectives

My strategy described in this thesis enable us to detect RNA molecules in “native” cells,
whereas the previous methods for detection of intracellular RNAs needed cell fixation
inducing cell death. The combination of our strategy and fluorescent activation cell
sorting (FACS) system allow us to recultivation of the sorted cells based on the genetic
information. Actually, | described the intracellular RNA detection with FACS in chapter
6, it is highly possible that novel cell separation method could be brought to realization.
There are many target cells to be concentrated and isolated such as useful
microorganisms in environment and undifferentiated cells in our bodies.

The culturing technique for bacteria and the molecular biology such as PCR and
metagenome have powerfully developed microbiology, but they are not complete

technology. Conventional culturing technique can isolate only 1% of bacteria in the

141



General conclusions and perspectives

RETF probes Cell sorter (FACS)
N
N
CF>\/\ e
o
®
o \
S
T4 Is

Detection of
target RNAs

Cultureable

\

—
==

Conventional cultivation HFMC method

Figure 7.1 Schematic presentation of microorganism separation method based on genetic
information using RETF system and cell sorter.
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Figure 7.2 Schematic presentation of somatic stem cell separation method based on genetic
information using RETF system and cell sorter.
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world, and there are limitations to analyze living bacteria with molecular biology. Then
biologists and engineer have required the technique for separation of living bacterial
cells from environmental conditions. Although some bacterial separation techniques such
as electrophoresis, monoclonal antibody, cell chromatography and FISH have been
developed, there is no complete method to separate target bacteria specifically from
bacterial consortium as living cells. On the other hand, the database of microbial rRNA
gene has increased due to the progress of molecular biology methods; therefore we can
use much information for separation. In case of the target cells could not be cultured
with conventional methods, recultivation could be carried out with the hollow fiber
membrane chamber (HFMC) method. Therefore, my strategy could be a powerful tool
for the concentration and isolation of environmental microorganisms (Figure 7.1).

The stem cells are considered to be very useful to the regenerated medicine. Recently,
many methods are developing for this region such as the induction of differentiation, the
propagation of stem cells, and reprogramming to iPS cell. Furthermore, the method for
separation between differentiated and undifferentiated cells should be one of the most
important topics in this area. For this purpose, many researchers have been searching the
genetic or cell surface markers for stem cells; however, no crucial methods were
developed until now. There is no doubt that the genetic marker for stem cells due to the
continuation of intensive search. On the other hand, there are some reports on stem cells
in adipose cells. Therefore, my strategy could be a powerful tool for the separation of

somatic stem cells (Figure 7.2).
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BT RXEE

ZNFETOEMBEAFED EEIL, PCR (Polymerase Chain Reaction) X2, v —47 2712k
HHEF A S22 Lo a5, SBRE M (in vitro) TORFZEN —fRE Th-7z, LnLRnsh, 3
BROERPIZIBNTHI  TEZTITEDIINT BN TOD SN T AR OIRAZBIFET S
(VL MM (in vivo) (2381 DB A R 3~ 5 022038 %, — 77, RNA (Ribonucleic acid) 1%, HIE
DAEMBYFARIEDOREIRZ—5 b2 o TWDLAENRSS - Thd, Mi/EH%EZL D RNA 537 Thd
UARHA L, ZAREH RNA BFEICESZH 325 mRNA &R RIS T 5815 Ths RNA T4
(RNA interference ; RNAi) D FHIZLY, RNA B EMOELIR THHEVY) RNA U—/LRIGGHETY
DIRBSNDIDNT IR oTe, £, 7 LAFFE LR B EEM OMFEAIEAT I L~ C, oV Eaa—R
L7220 ncRNA (non-cording RNA) 2VEIZE Z<HR G-I TWDIENRHOLMNITRoTe, ZIHDTE
Db, AERNIZIIT S RNA OBSREMEINIE, MBI RIC W THERREE > TnD, Lol
PRIAG, ARG BRER L AL ) O AT A E AR VR RO AR AR L 3 m) ELCE TS
IZH2H 5T HIIENIZE TS RNA BHIZB W IR SN FIERR OO NBUIR THD,
Bz, EETZHIFEPNICE TS RNA B IS OW T, BEEO#AG T2,

UL ED RSB EZ, ABFZE TR, BEREITH0OM A1 TT LI A VTR (B REMERZ
f2) 2 AV, HIRAPNICHIT 288 RNA SO BT 2 BRI LTz, S50, AEZEMEMIPN TO
RNA O [ b~IEH LT,

RS0 7 BIOMERR S TS, BLFICA EOBE LIRS,

%1 T, MENICET D RNA Bk, BEOTOO TR SN DM REME IR 08
B FECET AR O BB L ORI, SOICHOERAES F DA =R LLEEEDOFFEICBIL
THBL TR BLED DR L, RIFEDOE - B EZOLMMICLT,

2 BT, BESOIEREHW Ty AR TS, 5K E FISH (Fluorescence in situ
hybridization) {EZ IR AAIZE H L, £ ORERZ G U, MBENIZI TS RNA 2
THREEO RNA bIFET D720, 7 TN ERE T 20 ERHD, ZNETICHE 2 72y
T F NI FENBRB SV TEZD, WT MO FIELERLHUALRE D& 5 F A MNIZIRES
WHLUERDD, LZAN, MEMROMAREE DM RITFEFEIC L > TRE 2D, v/ vk
357 OHIRABETHLRIC 2R B ET D, LD C, HEAMEMRICZO IS 72 FiEE#E T
%6, BETHMEREZ — 5L TR CERWATREMENR & D, £ 2T, Ml fasE i (L i 8 O i
BILOVREZZCSETSA BT 5EIRE FISH O R ROIES S E I W TREE1T- 72,
Fex RIBICB T 8 WA IR LT, SR OB MIEBENLRESRE THH) Y F— LB L
OT77aE_XTFH—ETHILLIZOL, 2EIEMEZZ—7 w35 EUB338 7r—7 2 HINT
FISH, DIG (Digoxigenin) -FISH, CARD (Catalyzed and Reporter Deposition) -FISH Z1T>7=, 15511
FEBICBN T =T RO 7T ERLCODHIRE TR, B ATREREI A 2R L
7o TORESR, WREIZLDIXD DA MM ME 2 %) — T 32720 I3 AiaEEZ 10mg/ml DOUY
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F— L THEEL, CARD-FISH {ETRINT2ZENE D THY, ZOFIETHRE A A HE/ R —H D
HEIZBWTE, 77T FX—BUREN G THLZ LA OMNIT LT, L EOREREID, H
E R 31T DM HEE D IXH D& & E BAVICHIUEL, &E FISH {EOMEMa~ow IR
TR AERDZENTEIZ, LLnD, (KREL TR TOFEMEE —fEO&M4THhRIETHZE0T
NEETHY, IOITITHIaREE LEER IR ANBIC IRl X E L, AR XA TEETHD
EVO R DR ST,

% 3 ETIE, ADROMBEREMRHET 57280, BERREDE a2 MWD L s 7T Z iR
THIENARETHY, BN DEZTREBOMEAER T 2ZEN TR THLHEE X HILD, /Y
KEBR Sy 12 SR L UT- AR 22 SO S LD REBR O Y B A A B R LT, 2 E T, M ETo
THYE LD B BSOS A A LT R iR VA DSBS SV TOD D, KR T ORI FRIZ L D8y
7T REEVIEFICREVONRME ThH T, T TR TIE, EHITTT TN Ry s T
TR A ED TRIBREILEX D b2 HIEL T, FERRE L CORLE T GE G & 4L T
WNEIAETDVAT LEFE LT, AVAT LTI, Brasl &L TR LT on—F3
— T VURHEARZRE G LI DNA 7'r—7 &, IR uHlZfE & L7 DNA 7' e —7 25 L, ZHHAME
B L THD A ZEIC L TR L UG E R L, BRI Rk D2 e A REL 72D, m—43
V=T YRFEERET, v O MOTI HEET URIEICERLIALEYTHY, EILHI LK
JETHIEITED, TURBTITETSN, IS N T HILITKVRIAS T ML DAL,
T2, £z, ZORINTE-TEITATE L TR 2000 (FORK AT LI, IRIZ, 2O
T% DNA 7a—7 2L, EIohl (N7 2= VRAT7 4 BL OV T A AL A h—)V) ZifE LT
DNA 7'u—7 LIERLEE ECROGS BTz, EORER, BRI L TD2>D 7 v—7 O F Rk
(ZHRT 2800 7 FABBIERESNT, —F, BERBBPIFEELRWGSIZRB W TRIEE AL H
WHEIESTRNZ LMD, RENIFAET AT NNV T TV o7 750 R ikERFOZ )
Of:o

HAETIE, 3 ETERANIACBWEFRED A = AL TROENEFHTD, T7Vn—23I —
TORFEBRE G LT, m—F 0 — T URHERE RIS, ZOEWITIRETTHIL O SOG TILIE
HEENEAT DI I TRINART ML BZEALL, BEICATE TR 550 [FOREHEEEFRL
Too Flo, ZOREMIE, m—F I — T URFHERLFEIRKIC, DNA 7'r—7|#fE T 5281280,
AR DR I WA ZEN T HE T -T2, 20X, RO RAes 2 MEOELEAES T
DEFUZEKIIL, ZHE HNWLZ LI, HIFNIZEITS 2 T D RNA 4 F& [RIRFICH 5
AIREME AR LT,

5 BTIEL, RTAT LD, N THNHERE T 2 E 0 E a3 2720, AV LT VTR
[ E L7 KIGHEAIEAN D tRNA DR Z iR T, 7r—7BS O FHE, BHEOMEESEI,
TR EVT 4 —DEWEM A RN U, FERICRIBEMINICe—2 0 — T ORFERB IO
N7 2= VIRAT (o ZfE B LTz T a—T B ALTZE2 A, BRMMHO T o—7 %2 A= HAIc
RN TV RELNT-DITR L, A7T T NVESIO T a— T2 OWN T 7 VMG 720
ST=ZEND, K7 a—7 I THENIZE W THANT@<Z EnbioTz,
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%56 FETIL, 5 3 BADH S B TR, BIra 5| &E LT WM EAN = A LESIHITHES
WL, TVA LAY = AF VT URFERZ G LTz, SHIT, Zha W TeMEMaN Ay &
» P —RNA (MRNA) DI HE T2, TV F LA —AF AT IORTFEREL, 74 L B A
DKEILE AT NT VR ETHHELIALEMTHY, 7VREDR TR MK DRI > TATF L
TURENBRGES L, SO6ETT D, ZOEWITn—F 0 — T URFBERL RRY, AT 4
BT EDFERIZEDT FAVRDIEERNS NN, Z—7 MR & it & LT AL 2 BOG O [l
DHIFFCED, ERRIZ, RERE N TORIG T, RS T (37°C) -4 B TR 50 [EIDOfLF i
Da#EN DAL, ZIUTEST 50 fEDH T 7TV OENEE SN, 2D Y7 F VU HEEEIE, #l
JAPIZ IR W TR BLED RNA 28 355612, AR E 2 b, FEIC, EhA MLE A
i HL60 @ 28S tRNA BLNR—XT7F 2 mRNA 2% —47 v heL T, 7VALvAr —TUREH
WMKBI N T 2= VIR AT 4L a2 A LI a—T 2 ALI-E A, 2B eT 53 7L
73, 7 —HARAN =B IOV BAMEE T CRIETDZENFRE ThoTo, ARIEIL, BERRE D
DT ERNDZERLS T FIVEBIE T LN ARETHHIEND, RN T AR BLO
RNA BTN T, ARI7RFETHS,

59 7 EIIARGR L OMIE TH D,

Ul b, RBFZECIE, BER TR AE D T TV LA T E (B REVEAZER) 2 F S, BT
Bl RNA OB ZBAR LTz, 612, 4R ATV AT LAOW BIZIVL A SO RlfR A 2
FTEIZES T, AN TOEFEBL RNA O AT EIZHISH TELZLEHOLNIT LT, L EDZe
X0, REHIL, 4% D RNA B L UM A A= T HATIC RN T 5T 52 ENHIR s
%o EDIT, 7a—HARAN — B Y —H — L A DE DI LTI, A OB 205 H
THIELARE THDHEEZ X DAL, MAEMT:, 7 FEWT, FAERRETE, kx5 5 0I5 R
HrrEha,
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(12) &) F0E, BfEiye, FBE, RKA—E, BHEEMT, % HE, s AL ERnEs X
G LT HHENRAES AT LD LB A~DIGH, BAMCFESE 10 RIS AT 7 /a0 —E
SVURYT A, I, 200749 H 5 H-6 H
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(13) PN LB, ) LR, Faliye, AREA T, & IR, (FEsa: (L3S DNA 7 e—7 2L 55iE
favm, BHARLHEEE 87 BEF KRS, KPR, 2007 43 H 25 H-28 H

(14) I)IFNE, FIEPE, & IR, Ry v—Vo 7 — 2 Ui B s a W= 806384 RNA
T A — ORI LA EREE, B AR LA 87 BEKRSE, KK, 2007 43 A 25 H-28 H

(15) AT, BEFRZ, & M RNA Microarray % N2 BREEMUAE Y O E AT OB (b5
TP 38 [mIfk R R4, M@, 2006 429 H 15 H-18 H

(16) By H 22, d)IFNE, & HE, FRaRi& e BREFIZIITH microcystin PEA B HFED E B
FEAT, ALF P8 72 44, BUR, 2006 423 H 30 H

(17) &JIFn S, B H 22, 5 IR, FRARESE: Microcystin & B T A2 HRIEE LIRS
BSOS PE A RE D E ST, 27 40 [B] B AKEREE 723, fili&, 2006 423 A 15-17 H

(18) &JIIFnE, BEIREZ, & M, A& KOUE 7 o 2254 2EW I RE FISH
%t 35720 O AR BETH L SR OfENT, B KB AEY) F2 5 42 RIS, §#iH, 2005 4
11 H23 25 H

(19) e, BERE, & B, K OMMIREERE S OE A E B LT~ 5 FISH #1/F
FrOfRFEr, BARAY TPE Yk 17 FE RS, <X, 2005 411 A 15 H-17 H

(20) R¥IREZ, ML, F MR, ALY @A FISH 24k~ 72l | 216 3 D BR O Mila i
AL ORRES, % 21 [| B ARRAEY AR 2, f&lif], 2005 410 A 30 H-11 A 2 H

(21) &)IFneE, BEIRE, & MR, FHE, ARG BREMEDOERE in siu R IZBIT5
R, AL a5 37 MRk K2, M1, 200549 H 15 H-17 H

(22) HIFE, EWREZ, & B, FHE, FR& T MENEREEE O in situ B HTED
RR1E, AL T B S 50 JE4ERL& RS, WAL, 20054F 8 H 4 H-5 H

(23) &)1 FnE, EE¥RE, & MR, FHE, ARG EEE FISH OKAVERAE R ~Di# H 12
BUHIRE, 5 39 [0 H AKEREE 2, THE, 2005453 H 17-19 H

(24) &)IFE, & MR, VHE, B H W72, fBARIST: Real-Time PCR 154 V- H i miEH O
FOERE BT FIEOR3E, # 41 B H AKOLEA Y 2, <X, 2004 4 11 H 10-12 H

(25) H)IFIE, & MR, V-HE, BFHMZ2, A& Real-Time PCR 154 - A SR EEH D
TR =XV 7 HANOBR, TRk 16 FE BARAEM 155, 405 R, 2004 459 H 21-23 H

(26) FEARIS T, &)1, 4 Eak, B WZE, & B, FHE: §EEREotuEe=4)
T FEDOBAS — T A a3 AT RN C—, 55 38 [0l H A/KBRBLF42, ALIE, 2004 45 3 H 17-19
H

(2T RBARIS T, SRIT, &k, SO, Mz, # IR, FHE: I/r AT Rl
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IS, TBIZ T DA A ORHAM - fi#AT, 5 40 [B] H AKLBE A 72, FEAR, 2003
11 A 1921 H

[&F - -E D]

(1) EREXE, &JIIfn&E, “FISH /5 FISHing ~ —bFMG7 0 —7 %2810 # & L%
Rt L2 e r— (VY —F A 7, BARMEMAERTREE, BAMEY R
2, Flil

(2) Py, dAONFnEE, &R, Uz, SHlNEsF > 7 oy, AL,
HAAY T2, 268-270, (2008)

(3) B[EsEE, ANANTE, W MR, HEEETs, SHIaN RNA /LD DAL A7 a—77,
TFIANAAL Fuo—, RAEEERSR T, IR, 1619-1624, (2007)

(4) Brsee, AN, W R, DUk, RPN s T REMRE A OE0 A 47 1 —

T OERFEHE AR, IR E BT ORI - T A 7 — A YIRS T, T A —
HIRR, 135-146, (2006)

[ %]
(1) FFFE 2007-239234: FEpie, (PREsRds, &)IF0R: @0 esdEm 1

(2) %FfE 2007-104938: e, d)IFIEL, GHEseds, BEFHE, KNE— EBOMHS
%

(3) FFE 2006-341245: FERve, (rpkseis, FBE, &)IF0E: Sre4en 1
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HEF

AAFGETe & NG X OMERIE, FBRE KPR TP R Tt 7efhs AL -5 50 Mg
IZCAThNE L, MREAED HICH2 0 BHEEIC oo T2 ~ZOREE Y TREHOE %
KLET,

AWFE D HI2HT= 0, #IRIRN< THRE N S VWE L7 BB RFH TP sef A E
Bl RE IR D IR E# - LET,

A EE L DDV, FfaHRFH PRSP R OB G EBR, FIRE
iz, ~LY v 7RV R REEAEEEEO Oliver Seitz 2% OFESEAJ7121E, BIE OGNS
BESEBREHHSETEEE L, EHELB L EFET,

FRLEABFZERT « OHET / [E T2 9e =0T 98 B OB EEE 11 1%, SEERIZRZE DD 5 h»
HHAORIEENCE S T, HICEERIFRELWLLEE, BT THIEAEIEEZ XX
THZE L, #ATEHHL EFET,

PACAEAFRRT - GHER T/ B L EE S LA R B O G seis s £, [ENIBRIEAFJET « N A
Frax =7 v 7HREROMMBIE L (B - mERPER), EERINRA e
AEWRERE LA SRR PSR B 0 B i 2 1, B R FELL AR F o R B R 2+
(Bl » HARFPIIRBLSFERINIER) 121E, RIS T D7 0 1Y 7 0 = b XOVERIE %
T, REGELEREZTHZE L, LLYVEHP L EFET,

PYLFWIZERT « A2 ARIAIE AT SRS O FE S L, BB AR I, #ea A=Y
YT ORERR IS LBV E LETHE E L,

YRR EDO EHE TS A, BRNILTEA, RIBHRETIAZIILD ET LT
J ETFREOERRIZIL, B2 OFFROZBITICS 20, 2R T LW 2 THE £ LT,

PG TEITIC CHFgEATE A dEC U7, EBE L, SEmstdt, F At L, I
&, FEEEL, KA-BERK, RREEK, WLELK, FHEK, PRERERTSA, T
WTSh, BHEMTIA, FHEEFEIAICE, BREBIZEZERRDZTHALME LETEE
F L7z,
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W HEFEEREORE LS A, FHEEE L, HErEL, FHBESE L, TfEs
L, FREHEREL, RERSCE L, SFRUGE L, Ao, BB, RAEMK A
U LT 2HBEMREOEMKIZIL, B2 OMEEOZRITICSTZD, ErVEE LY, KEFE
ERERZEHETELL,

T LIeERREZ I U L5, kx5 2 O L BTN Ko TR A Rk 45 2
EMTEELE, D TLMSEEHHR L EFET,

i, ABEO— I, BLEET (D=7 - U= 7Y oA k) BEORAY
RIS (BRITFEE DC2) OXBAZ TS NE Lis, R L R ET,

RBIZ, WICRADOITEN 2R < ASF D, B LARSEIN LTS o 2mi#ic, LnbES<

MHALH L BT £

2009 42 A
I FE
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