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Cells Using Single-Chromophore FIT-PNA **
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In light of the increasing importance assigned to RNA,
significant efforts have been devoted to the development of
fluorescent oligonucleotide probes that allow the imaging of
RNA expression in living cells.!!) Molecular beacons® (MBs,
Scheme 1a) probably are amongst the most widely used
probes for RNA imaging.”*! These hairpin-shaped probes rely
on the interaction between two terminally appended chro-
mophores which are separated upon formation of probe-
target complexes. Unintended protein binding and/or nucle-
ase-mediated probe degradation can also affect the distance
between the chromophores.*!

We have introduced so-called FIT-PNA probes® (Sch-
eme 1b), which contain a single thiazole orange (TO)
intercalator serving as artificial fluorescent nucleobase.
These probes respond to changes of the local structure in
the vicinity of the dye rather than to the more global changes
of conformation that confer fluorescence signaling by the
dual-labeled molecular beacons.”! High fluorescence
enhancements require intercalation of the TO dye. This is
expected to help in avoiding strong fluorescence signals upon
inevitable binding to proteins. Amongst the many TO-
containing probes reported” FIT probes are unique because
a single fluorophore provides for both high enhancements of
fluorescence upon matched hybridization and high target
specificity at nonstringent hybridization conditions where
both matched and mismatched probe-target complexes
coexist. Further assets are the high affinity of the PNA
probes for complementary RNA and the enhanced biostabil-
ity provided by the peptide nucleic acid (PNA) backbone.®
Herein we demonstrate the advantageous properties of FIT-
PNA probes in the imaging of mRNA from an influenza virus
strain belonging to the same subtype as the recently emerged
swine virus (A/Mexico/1/2009, HIN1).

In a research program aiming at the characterization of
the spatio-temporal pattern of virus assembly, we required a
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Scheme 1. Nucleic acid detection with a) molecular beacon probes
(MBs) and b) FIT-PNA probes. MBs change conformation upon bind-
ing of a complementary target. In FIT-PNA probes, an intercalator dye
such as thiazole orange (TO) responds to changes of the local
environment. Stacking interactions hinder twisting around the TO
methine bridge and thus confer enhancements of fluorescence.

method that enables imaging of the mRNA coding for
neuraminidase of influenza virus A/PR/8. FIT probes such
as 1a and 1b were designed to target a sequence in the NA
mRNA (nt 599-615, referred to the accession number
NC_002018) which is essentially sequence identical to the
NA mRNA from A/Mexico/1/2009/swine (HIN1, nt 625-640)
(Figure 1). The accessibility of the target segment, which can
be hindered by RNA folding and binding of proteins, has been
previously demonstrated by Zhang and co-workers.”] A rapid
screen, which required the synthesis''” of eight different PNA
oligomers, suggested FIT probe 1a as a suitable probe (see
the Supporting Information). This sensor provided an 11-fold
increase of the TO emission upon hybridization with com-
plementary RNA target 3a at 37°C (Figure 2 a). Furthermore,
we tested the subtype specificity. The RNA 4 from a different
influenza strain (NA mRNA from A/X-31, H3N2, nt 16-32)
includes seven continuous matched base pairs around the
thiazole orange “base”. Nevertheless, the fluorescence of 1a
remained virtually unchanged when RNA 4 was added. The
TMR/Dabcyl-labeled molecular beacon 2 (Figure 1;
TAMRA = tetramethyl-6-carboxyrhodamine ; Dabcyl = 4-(4-
dimethylaminophenyl)diazenylbenzoic acid) was used in a
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FIT-PNA probes

1a, H-Lys-cagtta-Aeg(TO)-tatgcegttg-Lys-NH;
1b, H-Lys(PEG)-cagtta-Aeg(TO)-tatgccgttg-NH,
1c, H-Lys(PEG)-cgttt-Aeg(TO)-taattcgtctc-Lys-NH,

Molecular Beacon
2, TMR-GCGACTTTCAGTTATTATGCCGTTGTATTTGTCGC-Dabceyl

RNA targets

33, 5-CAACGGCAUAAUAACUG-3', A/PR/8 (H1N1), nt 599-615

3b, 5'-AAAUACAACGGCAUAAUAACUGAAA-3', A/PR/8 (H1N1, nt 594-618)
3¢, 5-UCAAAAGAUAAUAACAA-3', AIX-31 (H3N2, DQ87 4878, nt 16-32)
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Figure 1. Probe molecules and targets used in this study. Nucleotides
are indicated referring to the accession number NC_002018 (A/PR/8,
H1NT) if not stated otherwise.
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Figure 2. Fluorescence spectra of a) FIT-PNA 1a (1, =485 nm) and

b) MB 2 (,,=559 nm) before and after addition of matched HIN1

RNA or mismatched H3N2 RNA at 37°C. Conditions: 1 um probe and

10 pum target in 100 mm NaCl, 10 mm NaH,PO,, pH 7.0.

previous imaging study.”) This probe provided sixfold en-
hancement of TAMRA emission upon addition of the
complementary RNA 3b (Figure 2b).

We next compared FIT probe 1a and DNA molecular
beacon 2 in the detection of RNA in cell lysates. The lysates
from MDCK cells were spiked with the complementary RNA
target 3b or with buffer and the probes were added. The
responsiveness F/F, (F, F,=fluorescence intensity of RNA-
containing or control lysates, respectively) of the molecular
beacon decreased by more than 40% after only 60 min
exposure to the cell lysate (Figure 3). This result can be
caused by nuclease-mediated degradation and protein bind-
ing, which both would lead to increases of F; in the absence of
target (Figure S24). By contrast, the increase of fluorescence
F/F, provided by FIT probe 1a remained high, regardless of
the duration of exposure. We concluded that FIT probe 1a is
stable in lysates and probably also in living cells. A further
control experiment was performed in order to assess whether
FIT probes recognize double-stranded DNA. We incubated
probe 1a with calf-thymus duplex DNA at a 100-fold excess of
base pairs, a situation that is unlikely to occur in live-cell
studies of cytosolic RNA (Figure S25). Even under these
conditions, the FIT probe 1a remained responsive and still
showed strong increases of fluorescence upon addition of the
RNA target at a slightly increased background. Unselective
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Figure 3. Relative fluorescence (F(t) Fy(t=0)/F(t=0) Fo(t)) from FIT-
PNA 1a (@) and MB 2 (&) in cell lysates upon addition of target RNA
3a and 3b, respectively. F(t), Fy(t) =fluorescence in presence or
absence of target RNA, respectively, measured at A, =485 nm,
Aem=530 nm for FIT-PNA or A, =559 nm, A.,,=593 nm for MB.
Conditions: 1 um probe, 10 pm RNA in 100 pL cell lysate, 37°C.

intercalation of the “tether-free” TO-PNA linkage into DNA
base pairs is probably hindered for steric reasons.

In preparation for the live-cell imaging studies, we used
quantitative real-time polymerase chain reaction (QPCR) to
assess the progression of the viral mRNA production during
the infection cycle of A/PR/8 in MDCK cells. After infec-
tion the total RNA was extracted, reversibly transcribed,
and studied by qPCR (Figure S26). FIT-PNA 1a enabled
quantification because the target-induced fluorescence
increase was high at both 37°C and 60°C, an option that is
not offered by “conventional” molecular beacons (Fig-
ure S23). The results of the qPCR analysis exposed that the
virus required 4-5 h postinfection to attain maximal levels of
approximately 10* copies of NA mRNA per infected cell.

The next goal was to detect the viral mRNA in living cells.
An oligoethyleneglycol chain was attached to FIT probe 1b to
prevent segregation and nuclear import."! A succinylami-
noethyl-O-methylpolyethylene glycol group was coupled with
lysine-modified PNA in solution by using the N-hydroxysuc-
cinimide active ester (see the Supporting Information). The
PEGylation had negligible effects on the fluorescence proper-
ties (compare Figures S13, S20, and S21). Probe 1b was
introduced into living MDCK cells utilizing streptolysine O
(SLO)-mediated permeabilization of the plasma membrane
as previously described.”” The intact morphology of the cells
and the lack of staining by propidium iodide attested to the
vitality of the SLO-treated cells (Figure S30). A 250 nm
concentration of 1b was sufficient to achieve delivery and
specific labeling. Prior to imaging, the cells were resealed for
additional 30 min. A 488 nm argon laser was used for
excitation of the TO chromophore and the emission was
measured in a range of 510-540 nm. In the confocal laser
scanning microscopy (CLSM) images of cells that were
infected by influenza A/PR/8 intensive fluorescence was
observed (Figure 4a). By contrast, noninfected control cells
showed weak/insignificant fluorescence (Figure 4b). For
quantitative analysis, regions of interest were manually
selected (Figure S28). The intracellular fluorescence intensity
of different cells was determined and the background
intensity subtracted. The image analysis revealed that influ-
enza HIN1 infected cells fluoresced with 4.5-fold higher
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a) Influenza A/Puerto Rico/8 |nfecled MDCK cells (PNA 1b

Figure 4. a—d) Confocal laser scanning microscopy images of living
MDCK cells stained with the FIT-PNA probe 1b specific for influenza
A/Puerto Rico/8 NA (a—c) or the FIT PNA probe 1c specific for
vesicular stomatitis virus L (d) 4.5 h after infection (M.O.l.=multiplic-
ity of infection 100). FIT-PNAs were excited with a 488 nm argon ion
laser in living MDCK cells. Images were recorded with an inverted
confocal laser scanning microscope at 37°C and 4., =488 nm. The two
sets of panels on the right represent a threefold magnification of the
left two. White bars: 10 um. (DIC=differential interference contrast).

intensity than the noninfected cells (Figure 5). We included
two further controls to assess whether probes such as 1b
unselectively respond to the increased mRNA transcription
levels that may accompany virus infection. For this purpose,
cells were infected with Semliki Forest virus (SFV; Figure 4c¢).

Relative fluorescence intensity
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Figure 5. Relative fluorescence intensity of FIT-PNA 1b in influenza A/
Puerto Rico/8 NA infected MDCK cells, noninfected (control) MDCK
cells, and Semliki Forest Virus infected MDCK cells as well as of PNA
1c and molecular beacon 2 in influenza A/Puerto Rico/8 NA infected
MDCK cells. Integrated fluorescence intensity values of all samples are
normalized to the mean of the control and indicated as bars. Scatter
bars correspond to the standard error of the mean. Data represent
three independent experiments with five cells per experiment (n=15).
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The SFV-infected cells showed modest 1.1-fold increases of
fluorescence (Figure 4c and Figure 5). Additionally, FIT-
PNA 1e¢ specific to the mRNA encoding for the L protein of
vesicular stomatitis virus, an RNA-dependent RNA poly-
merase (VSV, target sequence: nt 9109-9124 referred to the
accession number NC_001560, Figure 1), was measured in
influenza HIN1 infected MDCK cells. This probe 1¢ fluo-
resces upon hybridization with VSV RNA, yet is virtually
nonresponsive to the addition of the HIN1 RNA 3a (Fig-
ure S22). The live-cell confocal microscopy revealed no
difference in fluorescence intensity compared to noninfected
cells. Both control experiments demonstrated that the high
fluorescence intensity of FIT-PNAs in A/PR/8-infected cells is
due to the virus-specific NA mRNA.

For a comparison, molecular beacon 2 was introduced into
the cells.”) The analysis of the CLSM images (Figure S27)
showed that influenza-infected cells exhibited only 1.2-fold
higher intracellular fluorescence than noninfected cells. This
value is within reasonable agreement with the 1.8-fold (+
30% ) higher intensity of the MB 2 fluorescence measured in
a previous study for cells 4.5 h after infection (compared to
1.5h after infection).’? While the details of the previous
image analysis of both infected and noninfected cells have not
been included, we note that FIT-PNA 1b in influenza HIN1
infected cells fluoresced with 4.5-fold (+ 6 % ) higher intensity
than in noninfected cells at significantly reduced errors.

The fluorescence microscopy images indicate a heteroge-
neous, non-random intracellular distribution of NA mRNA.
Although further studies are warranted to clarify whether this
localization reflects also that of mRNA not in complex with
FIT-PNA, mRNA is supposed to localize in subcellular
compartments for regulatory, developmental, and economical
purposes.l'Z

DNA-based molecular beacons are amongst the most
frequently used hybridization probes in live-cell RNA imag-
ing. High sequence specificity and high hybridization-induced
enhancements of fluorescence have been reported.!'>>11:13]
Our data provides, to the best of our knowledge, the first
example of a non-nucleotidic probe that can be used for the
imaging of mRNA in living cells. PNA-based FIT probes such
as 1 are not subject to degradation by either nucleases or
proteases. The signal-to-background ratio provided by FIT-
PNA was superior to that of a molecular beacon recently used
in live-cell RNA imaging. Our study suggests that FIT-PNAs
are attractive tools to study the gene regulation of processes
in living cells. While we were interested here in a member of
the very acute influenza virus family (H1N1), the approach
can be readily applied to other viruses as well. Further studies
will focus on application of FIT-PNA to quantify the
expression of viral mRNA on an absolute scale at the
single-cell level in real time.
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