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A short PNA targeting coxsackievirus B3 5′-nontranslated
region prevents virus-induced cytolysis
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Abstract: Targeting regulatory RNA regions to interfere with the biosynthesis of a protein is an intriguing alternative to targeting
a protein itself. Regulatory regions are often unique in sequence and/or structure and, thus, ideally suited for specific recognition
with a low risk of undesired side effects. Targeting regulatory RNA elements, however, is complicated by their complex three-
dimensional structure, which poses kinetic and thermodynamic constraints to the recognition by a complementary oligonucleotide.
Oligonucleotide mimics, which shift the thermodynamic equilibrium towards complex formation and yield stable complexes with
a target RNA, can overcome this problem. Peptide nucleic acids (PNA) represent such a promising class of molecules. PNA are
very stable, non-ionic compounds and they are not sensitive to enzymatic degradation. Yet, PNA form specific base pairs with a
target sequence. We have designed, synthesised and characterised PNA able to enter infected cells and to bind specifically to a
control region of the genomic RNA of coxsackievirus B3 (CVB3), which is an important human pathogen. The results obtained by
studying the interaction of such PNA with their RNA target, the entrance into the cell and the viral inhibition are herein presented.
Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The traditional antisense approach consists in targeting
an mRNA by antisense oligonucleotides in order to
shut off the translation of a selected gene [1]. Even
though this approach may look straightforward, some
limitations hamper the potential use of antisense
oligonucleotides as drug, among them stability to
degradation by serum enzymes and the complex folding
of potential RNA targets. Besides enzymatic stability,
which can be easily improved by using compounds with
chemical modifications (e.g. phosphorothioates [2]), a
major improvement is expected by using compounds
that form a complex with a target RNA more stable
than natural oligonucleotides do. In fact, this approach
might be the only antisense strategy available when
taking into account the high propensity of the RNA to
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adopt a complex three-dimensional fold [3]. This is the
case if one chooses to target a regulatory RNA sequence,
since its three-dimensional structure often plays an
important role in the functioning of such regions.

PNA are particularly well-suited candidates for
binding to such RNA structures and provide means
to target a regulatory region in the genome of an RNA
virus. Indeed, the superior affinity of PNA for natural
oligonucleotides provides a favourable energetic push
towards the denaturation of the target RNA, which is
required both for the antisense to bind its target [3]
and also to interfere with regulatory protein binding.
Moreover, PNA are resistant to enzymatic degradation,
non-ionic and non-toxic, thus representing excellent
candidates for drug development [4]. Last, but not least,
the flexible chemistry that is used for PNA synthesis
allows for a number of chemical modifications, which
in turn have been introduced to enhance cell-delivery,
solubility and activity of these compounds [5–8].

Since the life cycle of many RNA viruses is based
on the correct functioning of extensive non-translated
RNA regions, [9–14] we decided to use PNA to
block such an RNA region. Among RNA viruses, the
picornaviruses represent good candidates for using
PNA as antiviral agent, since the viral life cycle is
based on the correct folding and protein recognition of
a very long 5′-non-translated (5′-NTR) region [15,16].
Moreover, the picornavirus family contains several
human pathogens, including human rhinoviruses
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(HRV), human polioviruses (PV), hepatitis A virus (HAV)
and coxsackieviruses (CV) [17].

These RNA viruses translate their genetic informa-
tion into a poly-protein precursor, which is further
processed by two viral proteases designated 2A and
3C. The 3Cpro catalyses most of the internal cleavages.
Owing to its unique structure and essential roles in
viral replication, 3Cpro has been viewed as an excellent
target for antiviral intervention. As a consequence, con-
siderable efforts have been made in the development of
antiviral compounds targeting this protease [18,19].

However, 3Cpro is a multi-functional protein involved
also in viral genome replication [20,21]. Consequently,
in parallel with the inhibition of its proteolytic activity,
it is also conceivable to block some other important
activities of the protein, so as to increase the arsenal
of available drugs and the effectiveness of antiviral
treatments.

The non-proteolytic functions of 3Cpro involve the
recognition of a specific RNA element (the Stemloop
D, (SLD)) located in a cloverleaf structure in the
aforementioned 5′-NTR of the viral genome. Using CVB3
as a model system, we have previously shown that
there is a specific recognition mechanism between 3Cpro

and SLD, which crucially relies on the RNA structure
[22,23]. This result provided the basis for the design of
a first generation of inhibitory PNA molecules intended
to enter infected human cells, to bind to the target RNA
and to inhibit the viral life cycle.

MATERIALS AND METHODS

PAL-PEG-PS resin was purchased from Perseptive Biosys-
tem (Hamburg, Germany). 1-Hydroxybenzotriazole (HOBt),
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HBTU) and fluorenyl-9-methoxycarbonyl–Lys
(tert-butoxycarbonyl)-OH ((Fmoc)–Lys (Boc)-OH) were from
Novabiochem (Darmstadt, Germany). PNA monomers, reagents
and solvents were purchased from PRIMM (Milan, Italy).
Fluorescein-5-isothiocyanate (FITC) (isomer I) and trifluo-
roacetic acid (TFA) were from Fluka (Steinheim, Germany).
Acetonitrile for HPLC chromatography was from Reidel-deHaën
(Seelze, Germany), while dry N ,N-dimethylformamide (DMF)
and N-methylpyrrolidone (NMP) for manual solid-phase syn-
thesis were purchased from LabScan (Dublin, Ireland).

The solid support functionalization was carried out in a
short PP column (1.5 ml) equipped with a PTFE filter, a
stopcock and a cap. Solid-phase synthesis was performed on
an Expedite 8900 Nucleic Acid Synthesis System ABI (Foster
City, CA).

Products were purified and analysed with a HPLC system
using a Phenomenex Jupiter C18 300 Å column (5 µm,
4.60 × 250 mm) (Phenomenex, Torrance, CA).

MALDI-TOF mass spectrometry was performed on a
PerSeptive Biosystems Voyager-MALDI-TOF mass spectrom-
eter (Framingham, MA) using sinapinic acid as matrix and
bovine insulin as internal standard.

Electrospray mass-spectra (ESMS) were recorded with API
100 single quadrupole (Perkin Elmer Applied Biosystem Inc.,
Foster City, CA) mass spectrometer.

K-(PNA)12-K Design, Synthesis and Purification

A PNA sequence targeting the selected RNA was identified by
checking by BLAST in the EMBL sequence database [24] for:

1. absence of the selected sequence in the human and CVB3
genome (homology threshold: 50%);

2. absence of the complementary sequence in the human and
CVB3 genome (homology threshold: 50%);

3. absence of the inverse sequence in the human and CVB3
genome (homology threshold: 50%);

4. absence of the inverse complementary sequence in the
human and CVB3 genome (homology threshold: 50%).

For inverse sequence, we mean here the sequence read from
the 3′ to the 5′ orientation. The absence of such a sequence in
the target genome had to be checked because of the PNA ability
to form parallel-oriented double helices. Any candidate PNA
sequence was then checked by the software MFOLD [25] for
the ability to form self-complementary secondary structures.

The designed K-(PNA)12-K was subsequently synthesised
using Fmoc chemistry on a PAL-PEG-PS resin (25 mg,
160 µ mol/mg) on a 4 µ moles scale. Both Lys residues were
attached manually using HBTU/HOBT/DIPEA in DMF as the
C-activator system.

The synthesis yielded ca 8.4 mg (≈60% yield) of K-PNA12-K
oligomer with a purity of >95% after RP-HPLC purification. The
identity of the product was checked by MALDI-TOF (expected
MH+: 3535.12; observed MH+: 3536.78) and electrospray
(observed MH+: 3534.66).

A scrambled PNA molecule (named K-scrPNA12-K) was also
designed using the same principles and obtained by the same
procedures. The selected sequence is H-Lys-gacaacattgcg-Lys-
NH2.

The synthesis yielded ca 6.9 mg (≈49% yield) of K-scrPNA12-
K oligomer with a purity of >95% after RP-HPLC purification.
The identity of the product was checked by MALDI-TOF
(expected MH+: 3535.12; observed MNa+: 3557.26).

FITC-β-Ala-K-(PNA)12-K Design, Synthesis,
Purification and Characterisation

We label K-(PNA)12-K with FITC in solid phase. To perform
the solid-phase reaction between K-(PNA)12-K and FITC, it was
necessary to add a β-Ala on the pseudo-5′-position because the
subsequent cleavage and deprotection of PNA from the solid
support with TFA can cause Edman degradation in presence
of an α-aminoacid residue (Lys) on the 5′ end.

The K-PNA12-K portion was synthesised, as described
before, on solid phase on a 4 µ mol scale. The last
Lys (on pseudo-5′ position) was Nα-deprotected from the
Fmoc group and the reaction with β-Ala was performed
under the same conditions as those of the last Lys. A
solution of FITC (8 eq) in DMF (300 µl) was added to a
suspension of H-β-Ala-Lys-PNA12-Lys-R resin in DMF (300 µl)
and N ,N-diisopropylethylamine (DIPEA) (3eq). FITC coupling
was repeated twice, and then cleavage and deprotection were
carried out by treating the resin with a 4 : 1 v : v TFA/m-cresol
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solution. The surnatant was then treated with cold ethyl
ether and dried, and the crude, yellow pellet was dissolved
in H2O (0.1% TFA), purified by RP-HPLC and characterised
by MALDI-TOF (expected MH+: 3994.51; observed MH+:
3996.35). The amount of recovered FITC-β-Ala-K-PNA12-K was
8.8 mg (55% yield).

RNA and 3C Protease Production

CVB3 SLD RNA was in vitro transcribed and purified
as previously described [9,23]. 3Cpro was recombinantly
expressed in Escherichia coli and purified as previously
described [9].

Circular Dichroism

All CD spectra were collected on a Jasco J710 spectropo-
larimeter equipped with a NesLab RTE111 thermal controller
unity, using a quartz cylindrical cuvette with a 1-cm path
length (Jasco). We always used a scan speed of 20 nm/min, a
bandwidth of 1 nm and a resolution of 1 nm.

In a first experiment, an RNA sample of concentration
1.15 µM in 100 mM phosphate buffer, pH 7.0, was prepared.
CD spectra were collected subsequently at increasing PNA
concentrations, ranging from 0 to 4.48 µM, in a 200–340 nm
spectral window and keeping the temperature constant at
25 °C.

In a second experiment, a sample A1 containing 1.20 µM

RNA and a sample A2 containing 1.28 µM PNA and 1.15 µM

RNA in 100 mM phosphate buffer, pH 7.0, were prepared. The
CD at 257 nm was monitored by increasing the temperature
from 20 to 90 °C, with a temperature gradient of 1 °C min−1.

In a third experiment, we prepared a solution of RNA at
a concentration of 1.2 µM in 5 mM phosphate buffer, pH 7.0.
This solution was split in two identical aliquots (B1 and B2).
The CD spectra of B1 and B2 were collected ranging from 200
to 320 nm and keeping the temperature constant at 25 °C.
We then added a PNA aliquot to B1 as to get a final PNA
concentration of 2.56 µM, and a protein aliquot to B2 as to
get a final protein concentration of 1.62 µM. The CD spectra
of B1 and B2 were again collected under the same conditions.
Finally, we added a protein aliquot to B1 as to get a final
protein concentration of 1.62 µM and we repeated the CD
measurements under the same conditions.

All concentrations used were determined spectrophotomet-
rically by assuming molar extinction coefficients at 260 nm of
285 100 L cm−1 mol−1 and 126 900 L cm−1 mol−1 for RNA and
PNA, respectively, as derived from the PerSeptive Biosystems
Expedite synthesizer user’s guide. For the protein, a molar
extinction coefficient at 280 nm of 13 490 L cm−1 mol−1 was
assumed [26].

Electrophoretic Mobility Shift Assay

For band shift experiment, we used our previously reported
protocol [9]. The samples were applied to native 12%
preparative PAA gel electrophoresis. Gels were run for about
20 h at 40 V. After electrophoresis, RNA was stained with
ethidiumbromide and visualized by UV light.

Cytotoxicity and CPE Inhibition Assays

In these experiments the cytotoxic and the antiviral effects
were quantified using a crystal violet uptake assay, as

described elsewhere [27]. This standardised high-throughput
assay allows primary antiviral screenings with CVB3 (it has
been established with the same sensitivity and reproducibility
as the plaque reduction assays, but it is more objective and
rapid). All of the experiments were carried out in two-days old
confluent cell monolayers incubated at 37 °C in a humidified
atmosphere with 5% CO2.

Briefly, a concentrated solution of each PNA was prepared
in sterile water (stock solutions). Aliquots from the stock
solutions were then dissolved in Eagle’s minimal essential
medium (MEM/E; SIGMA No: M-0643), as to let the
concentration range from 0.008 to 20 µM, (0.008, 0.015,
0.313, 0.625, 1.25, 2.5, 5, 10 and 20 µM respectively). Each
concentration was tested in triplicate. After the aspiration of
the cell growth medium, 50 microl of PNA solution in test
medium were added.

In the CPE inhibition assay, the PNA aliquots were added
immediately before viral infection. Six wells of non-infected
and six wells of infected cells without the PNA served as cell
and virus control, respectively, on each plate. To calibrate
the assay, the 50 and 100% plaque inhibitory concentrations
of guanidinium chloride (each three wells) were included as
positive control in each microtiter plate. The effect of PNA was
assessed after 24 h.

Cell Culture for Fluorescence Measurements

HeLa cells were cultured as exponentially growing subcon-
fluent monolayer on 100 mm plates at 37 °C in a 5% CO2

air atmosphere in D-MEM supplemented with 10% (v/v) FCS,
1% L-glutamine, 1% penicillin/streptomycin (Invitrogen–Life
Technology, Carlsbad, CA).

Fluorescence Microscopy

HeLa cells were seeded into six-well plates on a glass coverslip
at a density of 3 × 105 cells/well. After 24 h, the medium
was removed and replaced with fresh medium containing K-
(PNA)12-K FITC 2 µM (control cells received medium with FITC
2 µM). After another 24 h cells on coverslips were washed once
with PBS, fixed for 10 min with 3% (w/v) paraformaldehyde
in PBS, washed three times in PBS, incubated for 10 min
with PBS containing Hoechst 33 258 (1 µg/ml), and finally
washed three times with PBS. The coverslips were inverted
and mounted in mowiol on glass slides. Slides were analysed
using a fluorescent microscope, (Leica DM LB, Deerfield, IL).
Significant fields were captured using a IM500 system (Leica).

Phase-contrast Microscopy

HeLa cells were treated as described in the previous section,
but after PBS washing they were directly imaged using
a combined fluorescence/phase-contrast microscope (Nikon
TE2000-U, Tokyo, Japan). Significant fields were captured
using the software Eclipse SENET (Nikon).

RESULTS AND DISCUSSION

Target Sequence Selection, PNA Design and
Synthesis

The target RNA sequence and its secondary structure
are presented in Figure 1(A). The hairpin structure
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depicted corresponds to the terminal part of SLD,
which, as discussed above, is part of the 5′-non-
translated cloverleaf structure at the 5′ of the genome
of CVB3.

For the design of a suitable PNA antisense, the
following constraints were considered:

1. a sequence length longer than 10 nucleotides, to
ensure sufficient affinity and specificity for the target
RNA;

2. the absence of competitor target sequences in the
human genome;

3. the lack of self-complementarity.

Choosing to synthesise a 12-mer PNA satisfied the first
constraint. Selecting a sequence that has no significant
similarity to any sequence contained within the human
genome, nor is significantly complementary to any other
both in parallel and antiparallel orientations, met the
second constraint. Finally, we selected a sequence that
is not self-complementary, a crucial point in using
antisense PNA since PNA/PNA hybrids have a greater
stability than any other PNA/oligonucleotide complex
[28].

The final PNA sequence, named K-(PNA)12-K, is
shown in Figure 1(B). Two Lys residues were added to
the N- and C-termini of the antisense PNA to improve
its solubility and cellular uptake. Owing to the solid
support used for the synthesis, the C-terminal Lys
carries an amide at its C-terminus. HPLC runs showed
that the three PNA molecules synthesized are >95%
pure (Figure 2).

SLD Binding and Protein Competition

As previously shown [23], the conformation of the SLD
is a critical determinant for the interaction of this RNA
with the viral protease 3Cpro. The designed K-(PNA)12-
K has the ability to profoundly alter the 3D-structure
of the target RNA upon binding. In this respect, CD
spectroscopy represents the ideal technique to monitor

(A)
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Figure 1 (A) Selected RNA target sequence. The bases shown
to be important for 3C binding are shaded gray. The selected
PNA target sequence is marked by a thick black line.
(B) Designed antisense PNA. The sequence is shown from the
N- to the C-terminus following the convention adopted for
peptides. A Lys residue was added at each end. The PNA was
designed to interact antiparallel with respect to the RNA.

the formation of the K-(PNA)12-K:RNA complex and the
accompanying changes in the RNA structure.

Thus, the interaction between SLD and K-(PNA)12-K
was studied by performing a CD quantitative titration
to determine the apparent Kd. A series of spectra was
recorded for samples containing K-(PNA)12-K:RNA at
molar ratios ranging from 0 to 3.9 and at pH 7.0
(Figure 3A).

The formation of the complex was investigated by
following the changes in the total spectral area of
the 200–340 region, so as to avoid any arbitrary
wavelength selection. However, fitting the data at a
single wavelength (for example, 257 nm) does not
cause significant changes in the Kd value (Kd =
11.6 ± 31·10−9 M to be compared with the value
of 46.7 ± 35.5·10−9 M obtained by using the total
area).

Here, it is important to note that K-PNA12-K at a
concentration equal to the used SLD concentration was
found not to significantly contribute to the CD spectra
between 220 and 340 nm (figure 3A, dashed red line).

In particular, to estimate the apparent dissociation
constant of the K-(PNA)12-K:RNA complex, the integral
of the CD spectrum between 220 and 340 nm at a given
K-(PNA)12-K concentration

∫ 340

220
CD dλ = area of the CD spectrum comprised

between 220 and 340 nm

was measured and normalised to calculate the frac-
tional saturation values (f ). The obtained f values were
plotted versus the total PNA concentration and fitted by
the binding isotherm, as reported in Figure 3(B) [29].
By this method, an apparent dissociation constant of
4.67 × 10−8 M was obtained.

Further data on the complex were derived by
considering the specific intensity changes observed in
the CD spectrum of RNA upon K-(PNA)12-K addition.
Changes were observed mainly at 220, 260 and 290 nm,
respectively.

The enhancement at 260 nm is consistent with the
formation of new double-helical regions, with an overall
increase in the stacking of the bases [30].

The decrease of the band centred at 290 nm
is consistent with changes in the non-canonically
structured regions in SLD, i.e. in the internal bulge
and in the apical loop [30].

Finally, the increase at 220 nm can be interpreted
as a consequence of the generation of single-stranded
regions, most likely due to the opening of the RNA
structure by PNA [30].

The thermal stability of the K-(PNA)12-K : RNA com-
plex was compared with the stability of SLD by mon-
itoring the corresponding CD spectra at increasing
temperatures. The melting profiles obtained by plot-
ting the CD values at 257 nm versus the temperature
are shown in Figure 4.
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Figure 2 (A) RP-HPLC of purified K-(PNA12)-K. 210 and 260 nm profile are shown. (B) RP-HPLC of purified K-scrPNA12-K. Two
hundred and ten and 260 nm profile are shown. (C) RP-HPLC of purified FITC-β-Ala-K-(PNA12)-K. Two hundred and ten and
260 nm profile are shown.

The K-(PNA)12-K : RNA complex has a Tm consider-
ably higher when compared to the Tm of the stemloop
D alone, with a shift of about +15 °C. This result high-
lights the higher stability of the complex. Moreover, the
overall melting process of the complex is monophasic,
as opposed to the melting of the native SLD (a biphasic
process).

The disappearance of the first thermal transition in
the SLD melting upon PNA addition, like the decrease

of the 290 nm band in the CD spectrum of the complex,
is related to the disruption of the non-canonical intra
molecular interactions in SLD.

The changes induced by the 3Cpro on RNA structure
in the presence or in the absence of K-(PNA)12-K were
also investigated. The changes in the CD spectrum
induced by protein binding to SLD are shown in
Figure 5(A). Changes below 240 nm are not informative,
since the protein and RNA spectra overlap in this region.
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However, the decrease around 260 nm, where only
RNA contributes, reflects a change in the environment
of the bases upon protein binding. These changes
are compatible with changes in the stacking and
electronic properties of the bases caused by the protein.
When K-(PNA)12-K is present (Figure 5B), such protein-
induced changes are not observed. Their absence
excludes the formation of a native SLD:3Cpro complex
in presence of K-(PNA)12-K.

To exclude an interaction of the 3C proteinase
with the RNA/PNA complex, i.e. the formation of a
ternary complex, we performed an EMSA as described
previously [9,22]. This experiment indicated the
formation of the same PNA/RNA complex, irrespective
of whether the PNA was added to the RNA in
the presence or in the absence of the protein
(data not shown). The scrambled PNA sequence
H-Lys-gacaacattgcg-Lys-NH2 was also tested. This PNA
did not show any binding to SLD nor any 3Cpro binding
inhibition.

Cytotoxicity and Viral Inhibition Assays

To evaluate both the cytotoxicity and the antiviral
activity of K-(PNA)12-K, we performed a series of crystal
violet uptake assays, as described elsewhere [27], using
HeLa cells. The results are reported in Figure 6.

As evident from Figure 6(A), we did not find any
detectable cytotoxic effect of the PNA for concentrations
of up to 25 µM when compared to untreated cells.
Subsequently, the cells were challenged with a standard
dose of CVB3 and increasing amounts of K-(PNA)12-K
(from 0 to 20 µM). The results, shown in Figure 6(B),
indicate a dose-dependent antiviral effect of K-(PNA)12-
K, with a 50% cytopathic effect inhibitory concentration
(IC50) of about 16 µM.

In the same assay, a scrambled PNA with the
sequence:

H-Lys-gacaacattgcg-Lys-NH2

did not produce any inhibition of virus-induced cellular
lysis.

Cellular Uptake of PNA and its Intracellular
Localization

To enhance the efficiency in PNA delivery, many strate-
gies were explored. These include microinjection, elec-
troporation, co-transfection with DNA and permeabi-
lization of cell membrane [31]. Since a positive charge
will enhance the attraction of molecules to cell mem-
brane, some attempts have been made by incorporating
positively charged residues such as Lys or Arg to
the PNA molecules to enhance the PNA delivery effi-
ciency [32–36]. We reasoned that the presence of two
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(continuous line); same, with the addition of 3Cpro (dotted line).

0.0

20.0

40.0

60.0

80.0

100.0

120.0

50.0 25.0 12.5 6.3 3.1 1.6 0.8 0.4 0.2

C
el

l s
ur

vi
va

l %

PNA concentration (µM)

PNA concentration (µM)

−20.00

0.00

20.00

40.00

60.00

80.00

100.00

Controls 50.0 25.0 12.5 6.3 3.1 1.6 0.8

C
el

l s
ur

vi
va

l %

a b c d

(A)

(B)

Figure 6 (A) CPE assay to assess the cytotoxic effect of K-(PNA)12-K. The experiment was calibrated by assuming a 100%
survival for untreated cells. Shown are the effect of K-(PNA)12-K (light grey columns) and K-scrPNA12-K (dark grey columns) at
increasing concentrations. The standard deviation is also reported (three replicates for each concentration value). (B) CPE assay
to test K-(PNA)12-K anti-CVB3 activity. Increasing amounts of K-(PNA)12-K where challenged against a fix amount of CVB3 virus
and the survival of HeLa cells was subsequently assessed. K-(PNA)12-K (light grey columns) shows an IC50 between 10 and
20 µM (interpolation: 16 µM). The scrambled PNA K-scrPNA12-K (dark grey columns) does not show any protective effect. Controls
(a: 100 microg/ml guanidinium chloride-inactivated virus; b: 32.5 microg/ml guanidinium chloride-inactivated virus; c and d,
cells exposed to virus without any treatment) are also reported. Standard deviation from three independent experiments is also
indicated.
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Lys residues, which positively charge K-(PNA)12-K, can
attract PNA to the membrane, resulting in the crossing
of the cell membrane. Therefore, we chose to deliver
K-(PNA)12-K by simply adding it to the culture medium.
To monitor its uptake by cells, a β-Ala-fluorescein tag
was added to K-(PNA)12-K.

In a double staining experiment, HeLa cells were
incubated with fluorescein-tagged K-(PNA)12-K at 2 µM,
the lowest concentration required for antiviral activity
in coxsackievirus B3-infected cells (Figure 6). After
24 h incubation, HeLa cells were examined under the
fluorescence microscope. The cells (identified by the
blue fluorescence of their nucleus, Figure 7C) exhibited
strong fluorescence, indicating PNA uptake (Figure 7B).
The green halos in Figure 7(B) are indeed cells, and
not just PNA aggregates, as it is evidenced by the fact
that each halo corresponds to a blue-stained cellular
nucleus (Figure 7D).

Finally, employing a trypan blue assay, the same
cell viability was observed for untreated control cells
and for cells treated either with FITC alone or with
fluorescein-tagged K-(PNA)12-K, respectively (data not
shown).

In order to avoid the interference due to nuclear
staining by Hoechst 33 258, we performed a staining
experiment employing fluorescein-tagged K-(PNA)12-K
only. The conditions used were identical to those used
for the double staining experiment. A sponge-like dis-
tribution of the fluorescein-tagged K-(PNA)12-K was
observed in the majority of the HeLa cells (Figure 8).

Staining of cytoplasmic regions appeared somewhat
more intense as compared to nuclear staining: hence,
PNA does not tend to accumulate in the nuclear
compartment. Exclusion of PNA from the nucleus could
be an important factor for the decrease of the active
dose of the used PNA, since the CVB3 virus has a
non-nuclear localization. However, artefacts due to the
fixing procedure could not be excluded at this stage.
We then repeated the experiments on living cells using
a combined fluorescence/phase-contrast microscope.
The cells appeared again fluorescent after treatment
with the fluorescein-tagged K-(PNA)12-K (Figure 9).
Moreover, again the nuclear compartment seems to
be excluded.

CONCLUSIONS

In conclusion, we described here the design, synthesis
and activity of a short, specific PNA-based compound,
referred to as K-(PNA)12-K, able to specifically recognise
the SLD in the 5′-cloverleaf of the genomic RNA from
coxsackievirus B3. The administration of K-(PNA)12-K
is shown to block the viral-induced cellular lysis with
an IC50 of 16 µM, without cytotoxic effects.

To our knowledge, there is only one other RNA virus
that was shown to be sensitive to treatment by PNA,
namely, HIV-1 [37–39]. In addition, we want to stress
that this IC50 value is in the same range as those of
other very different compounds able to block CVB3
infection, e.g. the capsid-binder SCH 38 057 [40].

Figure 7 Fluorescence microscopy of HeLa cells incubated with 2 µM FITC only (A); the fluorescence signal of fluorescein-tagged
K-(PNA)12-K (B); the signal from the nuclear counter-stain by Hoechst 33 258 (C); overlay of images of Hoechst 33 258 and
fluorescein-tagged K-(PNA)12-K (D).
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Figure 8 Fluorescence microscopy of HeLa cells incubated with 2 µM fluorescein-tagged K-(PNA)12-K.

(A) phase contrast

(B) fluorescence
(C) superposition

(A) (B)

(C)

Figure 9 Combined contrast/fluorescence microscopy on living HeLa cells incubated with 2 µM fluorescein-tagged K-(PNA)12-K.

Our results also indicate that K-(PNA)12-K is
able to enter the HeLa cells without further addi-
tions of transporter/cargo moieties, thus simplifying
the production of large quantities of such a com-
pound for a potential therapeutic use, and local-
izes in the cytoplasm, which is an useful property
in light of the proposed targeting of a cytoplasmic
virus.
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