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ABSTRACT: The deamination of adenosine to inosine is an important
modification in nucleic acids that functionally recodes the identity of the
nucleobase to a guanosine. Current methods to analyze and detect this
single nucleotide change, such as sequencing and PCR, typically require
time-consuming or costly procedures. Alternatively, fluorescent “turn-
on” probes that result in signal enhancement in the presence of target
are useful tools for real-time detection and monitoring of nucleic acid
modification. Here we describe forced-intercalation PNA (FIT-PNA)
probes that are designed to bind to inosine-containing nucleic acids and
use thiazole orange (TO), 4-dimethylamino-naphthalimide (4DMN),
and malachite green (MG) fluorogenic dyes to detect A-to-I editing
events. We show that incorporation of the dye as a surrogate base negatively affects the duplex stability but does not abolish binding
to targets. We then determined that the identity of the adjacent nucleobase and temperature affect the overall signal and fluorescence
enhancement in the presence of inosine, achieving an 11-fold increase, with a limit of detection (LOD) of 30 pM. We determine that
TO and 4DMN probes are viable candidates to enable selective inosine detection for biological applications.

■ INTRODUCTION
Genetic information is converted from DNA into proteins in a
highly regulated manner using RNA as an intermediary. The
posttranscriptional modification of RNA is an important
cellular mechanism for regulating gene expression. In higher
eukaryotes, the predominant type of RNA editing results in a
change in the nucleobase identity and base pairing preference,
such as the deamination of an adenosine to inosine (A → I)
catalyzed by ADAR (adenosine deaminases acting on RNA)
enzymes (Figure 1A).1 The inosine base pairs with cytosine,
essentially recoding an A to a G. Aberrant activity in the ADAR
family has been linked to many types of cancer and
neurological disorders including glioblastoma, epilepsy, and
amyotrophic lateral sclerosis (ALS).2−7 Additionally, inosine
can be detected in DNA as a result of spontaneous hydrolytic
or nitrosative stress induced deamination that may result in
changes to downstream transcription and translation.8

While A → I editing is detectable by sequencing, a key
challenge is the detection of single nucleotide variations in
targeted transcripts. Previously our lab has developed an
inosine enrichment technique for use in high-throughput RNA
sequencing (RNA-seq) to identify and detect edited sites.9

While effective, we recognized that this approach is not time-
or cost-effective and is incapable of real-time analysis of RNA
editing due to multistep sample preparation. As a simpler
method for detecting inosine, we developed a covalent
chemical labeling approach to attach reporter molecules to

edited transcripts.10,11 However, challenges with achieving a
selective reaction with inosine over other modifications such as
pseudouridine made it difficult to transition this approach to
live-cell and real-time applications for specific transcripts.
In addition to methods developed by the Heemstra Lab,

similar work for single nucleotide polymorphism (SNP)
detection includes enzyme-based approaches such as electro-
chemical sensing and molecular beacons. While electro-
chemical sensors rely on thermodynamic changes from
conformational rearrangements which makes for a more
sensitive system (when placed next to a mismatch), this
approach can be costly in consideration of the expensive
equipment required. Molecular beacons, though more cost-
effective than electrochemical sensing, is a less sensitive
method but requires complex designs and is prone to
degradation and false signal outputs.12

Further studies include use of hybridization assays for
detection of significant modifications in KRAS and BRAF
human oncogenes. Specifically, fluorescence enhancement of
intercalation probes was used to assess changes in thermal
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stability resulting from editing events and mutations.13,14

Though these examples offer an alternative approach to
detecting nucleobase changes, these methods include time-
intensive experimental steps. We acknowledged the need for a
method that selectively detects inosine-containing transcripts
with high affinity and low background in a single step in order
to overcome these limitations.
Forced intercalation (FIT) oligonucleotide probes are useful

tools for detecting and imaging DNA and RNA targets in vitro
and in cellulo.12 The replacement of a canonical nucleobase
with a fluorogenic dye such as thiazole orange (TO) along the
backbone imparts a responsive behavior.13,14 These probes
selectively bind targets via complementary Watson−Crick−
Franklin hybridization, prompting a fluorescent response from
the dye and making them capable of distinguishing single
mismatched nucleotides.15 Because high affinity and specificity
are requirements for performance, many research groups have
turned to using peptide nucleic acid (PNA) as a convenient
scaffold to design and synthesize FIT probes.
PNA is an unnatural nucleic acid mimic wherein a

pseudopeptide backbone replaces the sugar phosphate back-
bone of canonical DNA or RNA (Figure 1B).16 This synthetic
backbone provides the molecule with stronger hybridization
affinity, improved specificity, and increased resistance to
enzymatic degradation, all of which are essential properties
for FIT probe applications.16−20 Therefore, it is unsurprising
that many FIT-PNA probes have been developed to detect and
image myriad nucleic acid targets in vitro and in live cells.21−28

Kam et al. demonstrated the ability of a TO-containing FIT-
PNA to image the mutated KRAS oncogene in live cells with
single nucleotide polymorphism resolution.29 Similarly, Seitz
and co-workers exhibited the detection of a cytidine to uridine
(C → U) RNA editing event using a binary probe system.30

This was the first example of using a FIT-PNA probe to image
a posttranscriptional modification expressed in live cells.

However, a FIT-PNA probe has not yet been reported to
selectively target inosine-containing nucleic acids for imaging
and detection of ADAR activity (Figure 1C).
Significant advances have also been made to expand the

repertoire of fluorogenic dyes available for designing FIT-PNA
probes.31−36 Our group has previously experienced success
using the fluorogenic dyes 4-dimethylamino-naphthalimide
(4DMN) and malachite green (MG) as reporters for PNA self-
assembly and protein labeling, respectively.37,38 We hypothe-
sized that these dyes could be incorporated into FIT-PNA
probes and provide enhanced fluorescence upon binding,
similar to the well characterized TO dye (Figure 1D). Here we
describe the synthesis and characterization of a novel MG-
containing PNA monomer followed by the design, synthesis,
and characterization of FIT-PNA probes incorporating TO,
4DMN, and MG dyes to target an inosine-containing
oligonucleotide. We demonstrate that the mismatched base
identity and temperature effect the overall fluorescence and
specificity. Through experimental observation, we conclude
that TO-containing FIT-PNA probes are viable candidates for
distinguishing adenosine and inosine-containing targets in vitro
and suggest the use of triplex forming PNAs for targeting
edited RNA transcripts.

■ RESULTS AND DISCUSSION
Design and Synthesis of Fluorogenic PNA Mono-

mers. FIT-PNA probes utilize fluorogenic dyes that exhibit
dramatic changes in fluorescence dependent upon the
corresponding environment. Asymmetric cyanine-based dyes
such as TO become rotationally constrained by base stacking
interactions, resulting in fluorescence enhancement upon
hybridization to complementary nucleic acids.14,15,31 MG-
based dyes possess a similar mechanism of fluorescence but
have not yet been explored for intercalation-based signal
enhancement. The relative ease of modifying the nucleobase

Figure 1. (A) Adenosine is deaminated to inosine by ADAR. (B) Chemical structures of DNA, RNA, and PNA. (C) PNA-FIT probes allow
discrimination of edited and unedited targets by a fluorescent signal. (D) Chemical structures of fluorogenic dyes used in this study.
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portion of PNA has already produced many different
fluorescent analogues.14,15,31,36,37,39−44 We hypothesized that
incorporating an MG base surrogate would be a simple and
effective process to introduce a new class of dyes for FIT-PNA
probes.
In order to synthesize an MG-containing PNA monomer

(Scheme 1), we first produced the leucomalachite green
carboxylic acid moiety 1 through the reaction between 4-
carboxybenzaldehyde and dimethylaniline in the presence of
zinc chloride. This was then coupled to an Fmoc-protected
benzyl ester PNA backbone (synthesized by previously
reported procedures)45 by employing HATU and N-
methylmorpholine to produce the protected leucomalachite
green PNA monomer 2. The benzyl group was removed by
palladium catalyzed hydrogenation to afford an Fmoc-
leucomalachite green PNA monomer 3. Subsequent oxidation
by choranil generated the final MG-containing PNA monomer
4. This relatively short synthetic route afforded an MG-based
PNA monomer in a simple and effective manner.
We were also curious to investigate the use of

solvatochromic 4DMN dye in FIT-PNA probes, as we had
previously been successful in employing this dye to signal the
self-assembly and stimuli-responsive disassembly process of γ-
PNA amphiphiles.37 This dye belongs to the naphthalimide
family and experiences altered emission based on an internal
charge transfer mechanism that is highly dependent upon the
polarity of the environment.46 We wondered if the change in
environment and solvation state between hybridized and
single-stranded PNA would induce a similar change in
emission intensity or wavelength and if dyes of this family
could thus be useful for FIT-PNA probes. PNA monomers
containing a 4DMN base surrogate were synthesized as
described previously.37

Finally, we synthesized TO-containing PNA monomers
adapted from previously reported procedures.15,31 This well-
established FIT probe dye has yet to be employed for A → I
detection, and we predicted that it could be highly effective for
distinguishing between edited and unedited transcripts.
Design and Synthesis of FIT-PNA Probes. In order to

determine the effectiveness of TO, 4DMN, and MG dyes for
detecting inosine-containing targets, we initially designed
sequences complementary to a linear RNA target containing
either adenosine or inosine at a defined position (Figure 2).
The FIT-PNA probe was synthesized having a cytosine
opposite the A/I in the RNA, as A:C mismatches are a
common motif for ADAR-catalyzed editing. The dye was
placed adjacent to the A:C mismatch or I:C base pair to probe
the effect of simulated editing. FIT-PNA probes containing
each dye at the specified position were synthesized by solid-

phase protocols, purified by HPLC, and characterized by ESI-
TOF (Table 1). The 4DMN probe was extended by two extra
bases to ensure binding, as we had previously observed a large
decrease in affinity when incorporating this particular dye (data
not shown). Control strands complementary to the inosine-
containing target were also synthesized to elucidate the change
in affinity caused by including the dye.
Characterization of FIT-PNA Probes Binding to

Target Transcripts. In order to characterize the change in
fluorescence upon hybridization with either edited or unedited
targets, we first used a linear RNA target as a proof-of-concept.
Initially we confirmed binding to target RNA by thermal
denaturation and determined the effect of the internal dye on
the binding affinity. FIT-PNA probes were mixed with inosine-
or adenosine containing RNA targets to a final concentration
of 2.5 μM PNA and RNA in 1xPBS . The samples were heat
denatured at 95 °C followed by annealing at 20 °C.
Absorbance was monitored between 20 and 95 °C, and
melting temperatures were determined in triplicate (Table 2;
Figure S6). As expected, there was not a significant change in
affinity between adenosine and inosine targets for fluorogenic
probes. However, there were large decreases in melting
temperature compared to the complementary control strands
for all probes, suggesting incorporation of the dye is the major
contributor to the loss in affinity. The TO-containing FIT-
PNA probe displayed the least significant decrease in affinity,
whereas the 4DMN and MG probes significantly perturbed the

Scheme 1. Synthesis of MG-PNA Monomera

a(a) Zinc chloride, reflux, 52%. (b) Fmoc-(aminoethyl)glycine-benzyl-ester PNA backbone, HATU, NMM, DMF, 68%. (c) Two steps: (1) H2,
Pd/C, MeOH and (2) chloranil, MeOH, 72%.

Figure 2. FIT-PNA probes hybridize to a linear RNA target and
distinguish between edited and unedited targets through increased
fluorescence.
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duplex stability, likely due to the large increase in size as
compared to native nucleobases.
After confirming the ability of fluorogenic probes to bind to

the RNA targets, we characterized the fluorescence in the
presence or absence of adenosine- and inosine-containing

targets. FIT-PNA probes were mixed with linear RNA-A or
RNA-I to a final concentration of 2.5 μM in 1xPBS. After heat
denaturation and annealing, samples were incubated at room
temperature for 1 h before analyzing the fluorescence. The TO
probe showed a similar enhancement in fluorescence over FIT-
PNA alone for both targets, whereas the 4DMN probe only
displayed an appreciable fluorescence increase in the presence
of the inosine target (Figure 3). However, both probes
presented very little selectivity for inosine over adenosine, with
the 4DMN probes and TO probes having only 2.7- and 1.2-
fold increases in fluorescence, respectively. While the MG
probe exhibited some enhancement in fluorescence (1.5-fold
over adenosine and 5.6-fold over MG-PNA alone), the
fluorescence intensity was extremely low and therefore difficult
to accurately confirm the resulting activity. Thus, we decided
that the MG probe was not a viable candidate for forced
intercalation fluorescence enhancement and moved forward
testing the 4DMN and TO probes.
To further elucidate the fluorescent properties of the FIT-

PNAs, we tested the effect of the base identity opposite of the
dye within the duplex. FIT probes rely upon local base stacking
interactions for intercalation to adopt favorable conformations
or environments for fluorescence emission.14,15 Base stacking
interactions are dependent upon the sequence and identity of
local H-bonding nucleobase pairs.47,48 We therefore hypothe-
sized that the affinity, selectivity, and fluorescence properties
may be affected by the specific target sequence and enable us
to detect A-to-I editing events due to the change in base
pairing and base stacking environment. We chose to employ

Table 1. Sequences of FIT-PNA Probes and Confirmed Masses Determined by ESI-TOF

Table 2. UV Melting Temperatures of FIT-PNA Probes
Associated with a Linear RNA Targeta

aError is represented as SEM (n = 3).

Figure 3. (A) Fluorescence of FIT-PNA probes in the presence and absence of linear RNA targets containing inosine or adenosine. Error bars
represent SEM (n = 3). (B) Fluorescence enhancement of PNA in the presence of inosine targets compared to adenosine targets. Error bars
represent SEM (n = 3).
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DNA for these experiments as it represents a more cost-
effective choice, and inosine is also found in DNA as a result of
oxidative damage. We designed strands containing inosine or
adenosine adjacent to each of the four canonical nucleobases:
A, C, T, and G (Figure S7). TO and 4DMN FIT-PNA probes
were hybridized to the DNA and fluorescence enhancement
analyzed as described above. We discovered that both probes
contain a preference for pairing against thymine with higher
specificity for inosine over adenosine (2.9- and 2.3-fold for
4DMN and TO, respectfully) than other nucleobases (Figure
4A,B). There is not a significant preference for the other

nucleobases, with both probes exhibiting lower than 2-fold
specificity for inosine. We then measured the effect of
temperature on the fluorescence activity. By monitoring the
fluorescence at temperatures from 25 to 60 °C we determined
that specificity is dependent upon temperature, increasing from
∼2-fold up to 11-fold for TO-PNA at 55 °C when adjacent to a
thymine residue (Figure 5). The limit of detection (LOD) was
calculated as 30 and 110 pM for TO and 4DMN, respectively,
surpassing the LOD of 0.5, 1.8, and 14.1 nM in previously
reported systems using cyanine-based ITCC, BisQ-cp, and
BisQ FIT PNA probes, respectively.33,49 For both dyes, the
LOD was calculated via linear fitting, using 3 times the
standard deviation of the blank sample (Figures S16 and S17).
As the temperature is increased, we find that the fluorescence
enhancement increases while overall fluorescence intensity
decreases (Figure S8). This is not unexpected, and thus the
fluorescence enhancement will be greater as the melting
temperature is approached.
As the 4DMN dye substitute perturbs binding to a much

greater extent than the TO substitute, there is not as significant
of an effect on the fluorescence enhancement at higher

temperatures. These results indicated that TO-PNA is capable
of distinguishing between inosine and adenosine containing
oligonucleotides with up to an 11-fold increase in specificity at
higher temperatures. We therefore moved forward designing
TO probes for targeting inosine containing transcripts.
ADAR enzymes catalyze the deamination of adenosine into

inosine to regulate many biological processes including gene
expression and translation.1 To date, millions of editing sites
have been identified in the transcriptome with varying editing
frequency at each site.48,50 In order to validate whether a TO
FIT-PNA probe can identify sites of A-to-I editing, we targeted
a mimic of the HER1 RNA hairpin, a frequent and conserved
editing site required for Hmg2p-induced ER remodeling
(Figure 6A).11,51 We designed and synthesized a probe
complementary to the target where the PNA is capable of
pairing with a majority of the loop region, which we theorized
would improve strand displacement and binding (Figure 6B;
SI). The fluorescence was measured in the presence and
absence of HER1-I and HER1-A as described above. We
observed a very slight enhancement in fluorescence in the
presence of target RNA with a 1.34-fold increase in specificity
for inosine over adenosine (Figure 6C). We then measured the
fluorescence over a range of temperatures to see if we could
improve the specificity as before. Again, we observed a
decrease in fluorescence at higher temperatures; however, it
was not accompanied by an increase in specificity (Figure 6D;
Figure S9). Unfortunately, there was no significant effect on
fluorescence enhancement with increasing temperature as had
been observed with the linear targets. Due to the strong nature
of the RNA hairpin, we hypothesized that the FIT-PNA probe
was incapable of binding in a duplex to the targets. Using
thermal denaturation, we determined that there is no
significant change or additional inflection in melting temper-
ature when the probe is introduced to the target, suggesting
that the probe is not binding effectively (SI Table 1; Figure
S10). The innate strong affinity of RNA hairpins makes this a
difficult target for duplex forming hybridization-based probes.
In order to bind double-stranded RNA targets, researchers

have developed “triplex” binding PNAs that incorporate
unnatural nucleobase adducts capable of binding to the
Hoogsteen face of a Watson−Crick−Franklin duplex.52

Because adenosine deamination in mRNA occurs almost
exclusively in dsRNA regions, we reasoned that this design
could be particularly useful for our desired application.
Recently, Sugimoto and co-workers developed a triplex-
forming PNA incorporating these unnatural bases capable of
recognizing and binding to an inosine-containing RNA hairpin
with 100-fold greater affinity than the adenosine counterpart.53

Using fluorophore−quencher interactions, they showed
feasible competition assays for inosine detection. However,
this required synthetic quencher labeled RNA and would
therefore not be compatible with endogenous samples or as an
imaging platform in cellulo. Instead, incorporating triplex-
forming nucleobases into FIT-PNA probes may provide an
avenue for sequence-specific inosine detection and imaging in
native environments. This has been shown to be feasible in
recent work by Nishizawa and co-workers, wherein including
cyanine dye analogues as base surrogates in triplex forming
PNAs (tFIT-PNA) resulted in increased fluorescence upon
triplex formation.54,55 We envisioned that these two
approaches could be combined to create tFIT-PNA probes
capable of real-time detection and imaging of inosine-
containing RNA. To test this, we synthesized triplex forming

Figure 4. FIT-PNA fluorescence in the presence of DNA mismatched
targets. (A) TO-PNA fluorescence and enhancement of inosine over
adenosine (n = 3). (B) 4DMN-PNA fluorescence and enhancement
of inosine over adenosine. Error bars represent SEM (n = 3).
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monomers M and P and used these to generate a triplex-
forming FIT PNA probe using TO that can undergo
Hoogsteen base pairing (Figure 7A), with M and P recognizing
G (and likely I) and C, respectively.56,57 Initially, the tFIT-
PNA probe was designed to be complementary to the 5′-
HER1 hairpin sequence, complementary to the site of interest
(Figure 7B).
Upon synthesis and characterization (Figure S15), the probe

was tested for target-specific fluorescence enhancement.
However, while we observed increased fluorescence compared
to the no target control, there was no specificity displayed for

inosine over adenosine (Figure 7D). We then tested
fluorescence enhancement over a range of temperatures
(Figure 7E), but unlike our FIT probes binding single-
stranded oligonucleotides, in this case we did not see an
increase in selectivity. Finally, to further test our probe, we
completed a preliminary, single replicate study on an unnatural
variant of HER1, positioning the A-to-I edit closer in proximity
to the TO tFIT PNA probe (Figure 7C). However, this did
not result in a significant change in specificity for detecting
inosine over adenosine (Figure 7F). These results were
surprising given the previous success of tFIT probes. While

Figure 5. Effect of temperature on fluorescence enhancement and specificity of inosine over adenosine of FIT-PNA probes in the presence of
mismatched DNA targets. Error bars represent SEM (n = 3).

Figure 6. TO FIT-PNA targeting a HER1 mimic RNA sequence. (A) Sequence of the HER1 RNA hairpin edited by ADAR. (B) Binding mode of
TO FIT-PNA to the HER1-I target. (C) Fluorescence of the TO FIT-PNA probe in the presence or absence of targets. Error bars represent SEM
(n = 3). (D) Change in fluorescence enhancement as an effect of temperature. Error bars represent SD (n = 3).
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we did not ultimately achieve our desired outcome of using
these probes to detect inosine in dsRNA regions, we felt that
reporting these negative results was important for advancing
discussion of the design of tFIT probes and could be of value
to the scientific community.

■ CONCLUSIONS
The deamination of adenosine to inosine is an important
modification in nucleic acids used to regulate numerous
cellular functions. Distinguishing this single nucleotide change
in a sequence specific manner in real-time remains a challenge.
We explored the use of FIT-PNA probes for inosine detection
by evaluating three different fluorogenic dyes: thiazole orange,
4-dimethylamino-naphthalimide, and malachite green. PNA
monomers containing each dye as a base surrogate were
synthesized and incorporated into oligomers complementary
to an inosine-containing target of interest. Thermal melting
studies revealed that the negative contribution on stability
from the dye was greater than the mismatch resulting from A-
to-I editing. Fluorescence studies showed that both TO and
4DMN resulted in an increased signal in the presence of RNA
and that each dye contained a preference for an adjacent
thymine residue in DNA. Greater selectivity for inosine over
adenosine in DNA followed increasing temperature up to 11-
fold for TO when paired against a thymine base. Unfortu-
nately, the FIT-PNA probes were incapable of disrupting
innately strong RNA duplex regions typically found near edited
sites. We sought to overcome this challenge using a triplex
forming the PNA probe. While the triplex was capable of
forming and demonstrated an initial fluorescence increase
upon binding to hairpin RNA, it did not show nucleotide-level

specificity; thus, the TO tFIT-PNA probe is not capable of
detecting inosine over adenosine in the context tested.
Together, the data presented demonstrate the ability of TO-
and 4DMN-containing FIT-PNA probes to distinguish
between inosine and adenosine-containing nucleic acids,
particularly in DNA. We anticipate that further exploration
of dye identity, target selectivity, and sequence design will
make these probes useful for a range of inosine detection
platforms, including live-cell imaging and real-time enzyme
activity monitoring

■ MATERIALS AND METHODS
Abbreviations are as follows: Fmoc, fluorenylmethyloxycar-
bonyl; DMF, dimethylformamide; HATU, 1-[Bis-
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxid hexafluorophosphate; NMM, N-methylmor-
pholine; DIPEA, diisopropylethylamine; TFA, trifluoroacetic
acid; DCM, dichloromethane; Boc, tert-butyloxycarbonyl;
NMP, N-methyl-2-pyrrolidone; PyBOP, benzotriazol-1-yl-oxy-
tripyrrolidinophosphonium hexafluorophosphate; FCC, flash
column chromatography.
Synthesis of Fluorogenic PNA Monomers. Canonical

PNA monomers of A, C, T, and G were purchased from
PolyOrg, Inc. All other reagents and solvents were acquired
from Chem-Impex, Millipore Sigma, or Fisher Scientific and
used without further purification unless otherwise stated. All
reactions were performed under inert nitrogen gas using dry
solvents unless otherwise stated. Dry solvents were dispensed
from a J. C. Meyer solvent system prior to use to ensure
dryness. Product formation was monitored by thin layer
chromatography (TLC) on Merck silica gel 60 F254 glass

Figure 7. TO tFIT-PNA targeting a natural and unnatural HER1 mimic RNA sequence. (A) Chemical structure of M and P PNA monomers. (B)
Binding mode of TO tFIT-PNA to the natural HER1-I targets. (C) Binding mode of TO tFIT-PNA to the unnatural HER1-I targets (D) .
Fluorescence of the TO FIT-PNA probe in the presence or absence of targets. Error bars represent SEM (n = 3). (E) Change in the fluorescence
enhancement as a function of temperature. Error bars represent SD (n = 3). (F) Change in fluorescence enhancement as a function of temperature.
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plates and visualized using UV light and staining with
ninhydrin or potassium permanganate followed by heating.
Flash column chromatography was performed under pressur-
ized air using SiliaFlash F60 grade silica acquired from
SiliCycle, Inc. Final products were confirmed and characterized
by proton and carbon nuclear magnetic resonance (NMR)
using a Varian Inova 400 MHz spectrometer. Spectra were
analyzed using the MestReNova software. An Agilent 6230
electrospray ionization time-of-flight (ESI-TOF) mass spec-
trometer confirmed the mass of products. The (aminoethyl)-
glycine benzyl ester PNA backbone, thiazole orange, 4DMN,
P, and M monomers were synthesized by previously reported
procedures.15,31,37,45,56,57

p-Carboxyl Leucomalachite Green (1). To a 100 mL
round-bottom flask was added 4-carboxybenzaldehyde (96.3
mmol), N,N-dimethylaniline (6.65 mmol), and zinc chloride
(13.4 mmol). The mixture was refluxed for 5 h, after which
TLC showed complete consumption of the starting material.
The reaction was cooled to room temperature, filtered, and
concentrated under reduced pressure. The crude mixture was
recrystallized in methanol to yield the purified product as a
light blue solid (3.47 mmol, 52% yield). 1H NMR (400 MHz,
DMSO-d6) δ 12.23 (s, 1H), 7.83 (d, 2H), 7.15 (d, 2H), 6.83
(d, 4H), 6.64 (d, 4H), 5.38 (s, 1H) 2.84 (s, 12H). 13C NMR
(400 MHz, DMSO-d6) δ 148.84, 131.60, 129.41, 129.26,
128.83, 112.41, 109.58, 54.11, 40.24. HRMS (ESI-TOF) m/z
375.1995 (calcd [M + H]+ = 375.1994).

Fmoc Leucomalachite Green (Aminoethyl)glycine Benzyl
Ester (2). Compound 1 (1.52 mmol) was dissolved in DMF (6
mL) in a 100 mL round-bottom flask. HATU (2.41 mmol) was
added followed by NMM (3.63 mmol), and the reaction was
stirred for 30 min. Fmoc benzyl ester PNA backbone (1.21
mmol) dissolved in DMF (2 mL) and 1 equiv of NMM was
added to the reaction and stirred overnight at RT after which
full consumption of backbone was indicated by TLC. The
reaction was concentrated under reduced pressure and purified
by FCC using a gradient of hexane to ethyl acetate to yield the
final product as a light blue solid (0.82 mmol, 68% yield). 1H
NMR (400 MHz, DMSO-d6, two rotamers) δ 7.86 (d, 2H),
7.65 and 7.59 (d, 2H minor and major rotamer), 7.40−7.36
(m, 6H), 7.29−7.25 (m, 4H), 7.17 (d, 2H), 7.03 and 6.99 (d,
2H, minor and major rotamer), 6.96 and 6.83 (d, 4H, minor
and major rotamer), 6.63 and 6.58 (d, 4H, minor and major
rotamer), 5.33 and 5.27 (s, 1H, minor and major rotamer),
5.18 (s, 2H), 4.24 (s, 2H), 4.20 (t, 1H), 4.16 (s, 2H), 3.50;
3.25 (m, 2H), 3.12−3.07 (m, 2H), 2.84 and 2.81 (s, 12H,
minor and major rotamer). 13C NMR (400 MHz, DMSO-d6) δ
171.46, 169.16, 155.92, 148.78, 143.86, 140.74, 135.87, 133.08,
131.79, 129.40, 128.71, 128.45, 128.11, 127.94, 127.61, 127.02,
126.51, 126.26, 125.07, 120.11, 112.34, 65.98, 65.48, 59.76,
53.97, 46.73, 40.23, 20.77, 14.09. HRMS (ESI-TOF) m/z
787.4603 (calcd [M + H]+ = 787.3781).

Fmoc Malachite Green PNA Monomer (3). Compound 2
(0.132 mmol) was dissolved in methanol (2.5 mL) under
nitrogen gas. Palladium on activated carbon (∼10%/wt equiv)
was added, and the nitrogen was replaced with a balloon of
hydrogen gas. The reaction was stirred overnight, after which
TLC indicated full consumption of the starting material. The
reaction was filtered through Celite and concentrated under
reduced pressure. To the crude material dissolved in methanol
(2 mL) was added chloranil (0.866 mmol). The reaction was
stirred overnight and concentrated under reduced pressure.
The product was purified by FCC using a gradient of DCM to

15% methanol in DCM to yield the purified monomer as a
dark blue solid (0.107 mmol, 72% yield). 1H NMR (600 MHz,
DMSO-d6) δ 12.7 (s, 1H), 7.87−7.84 (m, 2H), 7.67−7.63 (m,
2H), 7.57 (d, 2H), 7.38 (t, 2H), 7.35 (t, 1H), 7.27(t, 2H),
7.23−7.18 (m, 4H), 6.94 (d, 2H), 6.62 (d, 2H), 6.57 (d, 2H),
4.30 (d, 1H), 4.18 (t, 2H), 4.09 (s, 2H), 3.48; 3.39 (m, 2H),
3.11−3.07 (m, 2H), 2.86 (s, 6H), 2.62 (s, 6H). 13C NMR (400
MHz, DMSO-d6) δ 171.34, 170.69, 155.88, 150.06, 148.96,
143.83, 140.71, 135.94, 135.80, 133.67, 129.38, 128.53, 128.43,
127.58, 127.49, 127.00, 125.62, 125.33, 125.02, 120.08, 113.99,
111.34, 79.83, 65.45, 46.63, 40.49, 40.16, 40.06, 38.25. HRMS
(ESI-TOF) m/z 695.3150 (calcd [M]+ = 695.3228).
Synthesis of FIT-PNA Probes. PNA oligomers were

synthesized on a Biotage SP Wave semiautomatic peptide
synthesizer under microwave assistance. Synthesis began by
downloading 50 mg of a rink amide MBHA (0.52 mmol/g)
with 10 μmol of Fmoc-Lys(Boc)-OH using HATU (1.5
equiv), DIPEA (1.5 equiv), and 2,6-lutidine (1.5 equiv) in 200
μL of dry NMP for 1 h at room temperature. The resin was
then capped using a solution of 9% acetic anhydride and 13%
2,6-lutidine in DMF. The resin was washed (5 × 1 mL DMF, 5
× 1 mL DCM, 3 × 1 mL DMF) and deprotected using 25%
piperidine in DMF (3 × 1 mL for 2 min). Successive couplings
were performed by first mixing Fmoc PNA monomer (5 equiv)
with HATU (5 equiv), DIPEA (5 equiv), and 2,6-lutidine (5
equiv) in 300 μL of dry NMP and preactivating for 10 min.
The activated solution was then added to the resin, and
coupling proceeded using microwave assistance at 75 °C for 6
min. The resin was then washed (5 × 1 mL DMF), capped
using a capping solution (2 × 1 mL for 5 min), washed (5 × 1
mL DMF, 5 × 1 mL DCM, 3 × 1 mL DMF), and deprotected
using deprotection solution (3 × 1 mL for 2 min). A final
washing step (5 × 1 mL DMF, 5 × 1 mL DCM, 3 × 1 mL
DMF) completed a coupling cycle. For the thiazole orange
PNA monomer, HATU was replaced with PyBOP (5 equiv)
for activation and coupling steps, which improved solubility
and efficiency. Loading and monomer coupling efficiency was
monitored by absorbance at 301 nm of the dibenzofulvene−
piperidine adduct using a Nanodrop 2000 spectrophotometer.
Upon completion of synthesis, the resin was washed with
DCM (3 × 1 mL) and dried under vacuum to prepare for
cleavage. Cleavage from the resin was performed three times
using 500 μL of a solution of 95% TFA, 2.5% H2O, and 2.5%
triisopropylsilane for 1 h. The crude oligomer was precipitated
by addition of ether and centrifuged to a pellet. The pellet was
washed with ether (3×) and dissolved in 50% acetonitrile in
H2O for purification. The crude oligomer was purified by
reverse-phase HPLC using an Agilent Eclipse XDB-C18 5 μm,
9.4 × 250 mm column at 60 °C with a flow rate of 2 mL/min,
monitored at 260 nm using a 15 min linear gradient (10−40%)
of 0.1% TFA/acetonitrile in 0.1% TFA/water. FIT-PNA
probes containing 4DMN were also monitored at 420 nm,
while thiazole orange and malachite green were monitored at
510 and 620 nm, respectively. Identity and retention time were
confirmed by ESI-TOF mass spectrometry.
Melting Temperature Analysis of FIT-PNA Probes

with RNA and DNA. Samples of the FIT-PNA probe and
RNA or DNA at 2.5 μM in 1xPBS were prepared from stock
solutions and annealed by heating to 95 °C for 5 min, followed
by incubation at 20 °C for 1 h. A 150 μL volume of each
sample was transferred to an 8-cell quartz microcuvette with a
1 cm path length. Absorbance was monitored at 260 nm from
20 to 95 °C at a rate of 0.5 °C/min using a Shimadzu UV-1800
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spectrophotometer equipped with a temperature controller and
Julabo CORIO CD water circulator. Melting temperatures
were determined by the first derivate method using a total of
three independent trials. Molar absorptivity values at 260 nm
for the dye-containing PNA monomers are as follows: 4DMN
= 8507 M−1cm−1; TO = 6600 M−1cm−1; MG = 4900
M−1cm−1.
Fluorescence Enhancement of FIT-PNA Probes.

Samples were prepared in triplicate from stock solutions in
1xPBS composed of 2.5 μM FIT-PNA probe alone, 2.5 μM
FIT-PNA with 2.5 μM inosine-containing RNA or DNA target,
2.5 μM FIT-PNA probe with 2.5 μM adenosine-containing
RNA or DNA target, and a 1xPBS blank. The samples were
heated to 95 °C for 5 min followed by incubation at room
temperature for 1 h for annealing. A 60 μL volume of each
sample was transferred to a 384 microwell plate and covered
with a clear lid. Fluorescence was measured using a Biotek
Cytation 5 Plate Reader (excitation/emission = 450/515 nm
for 4DMN; 500/541 nm for TO; 620/680 nm for MG).
Fluorescence spectra were also measured for each probe
(excitation/emission = 450/480−700 nm for 4DMN; 500/
532−700 nm for TO). Fluorescence enhancement for inosine
over adenosine was determined by dividing the fluorescence
values from samples with inosine-containing targets by samples
with adenosine-containing targets. Fluorescence enhancement
over the background was determined by dividing the
fluorescence values by that of the sample composed of FIT-
PNA probe alone. Values were calculated using a total of three
independent trials.
Thermal Evaluation of Fluorescence Enhancement of

FIT-PNA Probes. Samples prepared from determining
fluorescence enhancement were used to elucidate the effect
of temperature on fluorescence. Samples were placed in a 384
microwell plate and fluorescence was measured every 5 °C
from 25 to 60 °C, including a reading at 37 °C (excitation/
emission = 450/515 nm for 4DMN; 500/541 nm for TO;
620/680 nm for MG) using a Biotek Cytation 5 Plate Reader.
Fluorescence enhancement at each temperature was deter-
mined as previously described. Values were calculated using a
total of three independent trials.
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