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g-(S)-Guanidinylmethyl-Modified Triplex-Forming Peptide
Nucleic Acids Increase Hoogsteen-Face Affinity for a
MicroRNA and Enhance Cellular Uptake
Ville T�htinen,*[a] Alejandra Verhassel,[b] Johanna Tuomela,[b] and Pasi Virta*[a]

Introduction

In recent years, there has been increasing interest in the mo-
lecular recognition of double-stranded RNA to control the
function of noncoding RNAs.[1–4] A large number of noncoding
RNAs (including many microRNAs[5]) are either completely
double-stranded or contain short double-stranded regions. The
recognition of such regions by triplex-forming oligonucleotides
(TFOs) would allow sequence-selective targeting through
Hoogsteen base pairing.[6] However, the binding affinity of
TFOs for double-stranded RNA is usually modest. Compared to
TFOs, triplex-forming peptide nucleic acids (TFPNAs) have
been shown to have remarkably higher affinity for double-
stranded RNA.[7–20] TFPNAs that contain naturally occurring nu-
cleobases can target purine-rich RNA strands, where binding
takes place through hydrogen bonding between T/U*A–U and
C+*G–C triplets.[6, 21–25] The C+*G–C triplet requires protonation
at the cytosine-N3 (pKa�4.5) and the binding with guanosine-
containing targets is hence limited to acidic conditions. More-
over, the binding of unmodified PNAs may show modest selec-
tivity between the single-stranded and double-helical RNA and
the corresponding DNA targets. To facilitate binding at physio-
logical conditions and to improve the selectivity for double-
helical RNA, TFPNAs with artificial nucleobases have been ex-
tensively studied. For example, replacing cytosine with a more
basic 2-aminopyridine (pKa = 6.7), introduced by Rozners et al. ,

facilitates binding of TFPNAs at physiological pH.[14] Within this
modification, the PNA/RNA triplexes were also noted to be
more stable than the corresponding PNA/DNA triplexes, and
additionally facilitated cellular uptake of the PNAs has been
reported.[10] The efficient recognition of pyrimidine inversions
that often exist in double-helical RNA is still the major limita-
tion of the triple-helical recognition. Promising binders, able to
recognize pyrimidines from the Hoogsteen face (or the whole
base pair), have also been developed.[6, 13, 26]

Incorporating chiral units into the backbone of PNAs may
provide suitable preorganization that improves binding affinity
and selectivity for RNA targets. Various studies have assessed
the binding of chiral PNAs to single-stranded RNAs,[27–34] but
the attempts to recognize double-helical RNA by chiral PNAs
are limited to only two recent reports.[15, 35] Gupta et al.[15] stud-
ied the binding of a-guanidine-modified PNAs (a-GPNAs) to
double-helical RNA. The a-GPNAs had reduced affinity and se-
quence selectivity for RNA hairpins. The data also suggested
that a-GPNA preferred a ternary 2:1 (PNA)2/RNA triplex inva-
sion complex instead of a stoichiometric PNA/RNA triplex. Re-
cently, we studied the binding of TFPNAs to stem regions of
19F-labeled RNA hairpin models that allowed detection of the
binding by 19F NMR spectroscopy.[35] The 19F NMR spectroscopic
analysis revealed detailed information on the stoichiometry
and transition between alternative binding modes, that is, stoi-
chiometric 1:1 PNA/RNA triplex and ternary 2:1 (PNA)2/RNA tri-
plex invasion complex. We introduced g-(R)-hydroxymethyl
modifications into TFPNAs and noticed that an appropriate
pattern of g-(R)-hydroxymethyl modifications reduced the
extent of the ternary (PNA)2/RNA invasion complex and pre-
ferred stoichiometric Hoogsteen-face binding to the miR-215
model.

The present study examines whether the g substitutions
could be used to further increase the Hoogsteen-face affinity
of TFPNAs. g-(R)-Azidomethyl modifications were introduced
into variable positions of a TFPNA targeting the double-helical

g-Modified (i.e. , (S)-aminomethyl, (S)-acetamidomethyl, (R)-4-
(hydroxymethyl)triazol-1-ylmethyl, and (S)-guanidinylmethyl)
triplex-forming peptide nucleic acids (TFPNAs) were synthe-
sized and the effect of the backbone modifications on the
binding to a miR-215 model was studied. Among the modifica-
tions, an appropriate pattern of three g-(S)-guanidinylmethyl

modifications increased the affinity and Hoogsteen-face selec-
tivity for the miR-215 model without ternary (PNA)2/RNA com-
plex formation. Moreover, the g-(S)-guanidinylmethyl groups
were observed to facilitate internalization of the TFPNAs into
living PC-3 prostate cancer cells.
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stretch of the miR-215 hairpin. The azidomethyl groups were
postsynthetically converted into different g substituents ((S)-
aminomethyl, (S)-acetamidomethyl, (R)-4-(hydroxymethyl)tri-
azol-1-ylmethyl, and (S)-guanidinylmethyl) and their effect on
the binding to miR-215 was studied. Among the g modifica-
tions incorporated, guanidinylmethyl groups would have the
potential to increase the binding affinity and cellular uptake of
TFPNAs, whereas the aim of the other modifications was rather
to show, how the binding tolerates these structures to be
applied for further synthetic design of TFPNAs. As mentioned
above, guanidine modifications at the a-position have been re-
ported to lower the affinity and sequence selectivity of TFPNAs
and to prefer ternary 2:1 (PNA)2/RNA triplex invasion com-
plexes.[15] However, encouraged by our previous report,[35] we
envisioned that the guanidinylmethyl modifications at the g-
position would potentially provide favorable preorganization,
together with stabilizing charge interaction, without marked
steric hindrance for triplex formation. The effect of the g-(S)-
guanidinylmethyl groups on the cellular delivery of TFPNAs
was additionally studied. For this purpose, the TFPNAs were
labeled with a HiLyte Fluor 488 (HF488) dye and their internali-
zation to living PC-3 prostate cancer cells was followed by con-
focal microscopy.

Results and Discussion

Synthesis of the PNA monomers 1–3

The modified PNA monomers 1–3 used for the synthesis of
TFPNAs are shown in Figure 1 (see also PNA1–PNA9, Figure 2).
For the incorporation of g modifications into TFPNAs, the g-(R)-
azidomethyl-modified precursor 1 was synthesized and its ap-
plicability for the automated PNA assembly was demonstrated.
The synthesis and applicability of the Trt-protected 2-amino-
pyridine monomer 2 has been described in our previous

report.[35] The 3-oxo-2,3-dihydropyridazide monomer 3, used
for the recognition of UA inversion,[13, 36] was protected by the
p-methoxybenzyl (PMB) group. PMB increased the solubility of
3 in N-methyl-2-pyrrolidone (NMP), being beneficial for the
automated PNA assembly. The syntheses of 1 and 3 are de-
scribed in Scheme 1. Compound 1 was synthesized from the
Weinreb amide 4.[37] Reduction with LiAlH4 gave aldehyde 5,
which was introduced to reductive amination with allyl glyci-
nate (6) to yield compound 7. The optical purity of 7 was con-
firmed by chiral HPLC analysis (Figure S4 in the Supporting In-
formation). Thereafter, thymine-1-yl acetic acid was coupled to
7 by using BOP as coupling reagent, and finally Pd0-catalyzed
allyl removal gave monomer 1 (9 % overall yield from 4, four
steps). For the synthesis of monomer 3, compound 9 was con-
verted into compound 10 by a nucleophilic aromatic substitu-

Figure 1. Modified PNA building blocks 1–3 used for the synthesis of
TFPNAs. Trt = trityl, PMB = p-methoxybenzyl, Fmoc = fluorenylmethyloxy-
carbonyl. Compound 2 was synthesized as previously described.[14, 35]

Scheme 1. a) LiAlH4, THF, 30 min at RT; b) NaBH3CN, AcOH/MeOH (1:99, v/v), 3 h at RT; c) thymine-1-yl acetic acid, (benzotriazol-1-yloxy)tris(dimethylamino)-
phosphonium hexafluorophosphate (BOP), N,N-diisopropylethylamine (DIPEA), DMF, two days at RT; d) [Pd(PPh3)4] , phenylsilane, THF, 2–3 H; RT; e) NaH, p-me-
thoxybenzyl alcohol, 1 h at 160 8C; f) BOP, DIPEA, DMF, overnight at RT.
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tion with p-methoxybenzyl alcoxide. Compound 10 was then
coupled to 11[38] by using BOP as coupling reagent, and Pd0-
catalyzed allyl removal gave monomer 3 in 20 % overall yield
(from 9, three steps). All the monomers 1–3 were readily solu-
ble in NMP to provide 0.25 mol L�1 solutions needed for the
automated PNA synthesis.

Synthesis of TFPNAs and oligonucleotides

PNA1–PNA9 (Figure 2) were synthesized on 10 mmol scale on
a Chem Matrix resin by using an automated peptide synthesiz-
er. The PNA monomers 1–3, Fmoc-PNA-T-OH, and the amino
acid building blocks (Lys and Arg) were used for the assembly
following a Fmoc/tBu peptide synthesis cycle. Benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)
was used as coupling reagent. PNA1 was previously described
by Rozners et al.[14] For the synthesis of the g-substituted
PNA2–PNA8, g-(R)-azidomethyl-modified PNAs were first as-
sembled (SP-PNAs A, SP = solid phase, Scheme 2). The azido
groups were then converted into different modifications on
the solid phase (SP-PNAs B and C): Click reaction with prop-
argyl alcohol (TBTA, CuSO4, sodium ascorbate, H2O, DMF, over-
night at RT), followed by the cleavage, afforded PNA5. Reduc-
tion under Staudinger conditions by using Me3P (H2O/dioxane

(1:4, v/v), 2 h at RT), followed by the cleavage, gave PNA3. Ace-
tylation (acetic anhydride, 2,6-lutidine, N-methylimidazole, THF,
10 min at RT), followed by the cleavage, gave PNA4. For the
synthesis of the guanidinylmethyl-modified PNA6–PNA8, the
aminomethyl groups of SP-PNAs B were treated with 1,3-di-
Boc-2-(trifluoromethylsulfonyl)-guanidine (triethylamine, THF,
RT, overnight) by following a previously described on-support
guanidinylation procedure.[39] It may also be mentioned that
g-arginine-modified PNA building blocks have recently been
reported and incorporated into PNAs.[40, 41] For the synthesis of
the HF488-labeled PNAs (HF488-PNA6–HF488-PNA9), two
2-(2-aminoethoxy)ethoxy acetic acid (AEEA) spacers were first
attached to the amino terminus of SP-PNAs C and the HF488
label was then manually coupled following a previously de-
scribed procedure.[42] The solid-supported PNAs (SP-PNAs A–D)
were released with a mixture of anisole and trifluoroacetic
acid, precipitated in Et2O and purified by reverse-phase (RP)
HPLC. The authenticity of the products was verified by MS (ESI-
TOF, see Figures S25–S37 and Tables S1 and S2).

The oligonucleotides were synthesized on 1.0 mmol scale by
using an automatic DNA/RNA synthesizer. The 19F-labeled miR-
215 model (ORN3, Figure 5) was synthesized by using a 2’-O-
[(4-CF3-triazol-1-yl)methyl]uridine-derived phosphoramidite
building block as previously described by our group.[43]

Figure 2. Structures of the miR-215 model ORN1 and the TFPNAs studied herein.
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UV spectroscopic analysis of PNA/miR-215 triplexes

The influence of different g substitutions on the thermal stabil-
ity of the PNA/miR-215 triplex was first evaluated by UV ther-
mal melting profile analysis. It may worth of noting that UV
melting experiments alone cannot be used for the evaluation
of the triplex stability because of the overlapping absorbances
of the hairpin (ORN1) alone, the desired triple helix (C) and the
ternary complex (D) (see scheme in Figure 5).[35] UV experi-
ments were hence used for the qualitative selection of the
PNAs for further analysis. The experiments were performed by
using 2.0 mmol L�1 solutions of ORN1 in the presence of 0 or
one equivalent of the PNAs in a mixture of 10 mmol L�1

sodium cacodylate (pH 7.0) and 0.1 mol L�1 NaCl in H2O. The
thermal melting temperatures are listed in Table 1. The melting
temperatures for ORN1 alone and ORN1 + PNA1 were deter-
mined in our previous report.[35] As shown in Table 1, PNA2–
PNA5 with three consecutive g-(R)-azidomethyl, g-(S)-amino-
methyl, g-(S)-acetamidomethyl, g-(R)-4-(hydroxymethyl)triazol-
1-ylmethyl, or g-(S)-guanidinylmethyl modifications showed

2.6–5.2 8C lower Tm values compared to PNA1. In our previous
report, a similar pattern of g-(R)-hydroxymethyl modifications
also decreased the overall UV-based Tm value, but the triplex
specificity to the miR-215 model was increased. Despite the
decreased Tm values, the binding still tolerated rather well with
these backbone modifications, which indicates that the g site
may be used for the further conjugation of TFPNAs (by using,
e.g. , click reactions or simple amide couplings). In contrast to
PNA2–PNA5, the g-(S)-guanidinylmethyl-modified PNA6
showed a 2.8 8C higher Tm value. Because of this slightly stabi-
lizing effect, we selected the g-(S)-guanidinylmethyl modifica-
tion for more detailed analysis (see the 19F NMR experiments
below). Binding of PNA7 and PNA8 was then examined. PNA7
contains two consecutive g-(S)-guanidinylmethyl units and
PNA8 contains three g-(S)-guanidomethyl units separated by
one to three PNA building blocks. According to UV spectrosco-
py, PNA7 and PNA8 have increased Tm values by 2.0 and
2.4 8C, respectively, compared to PNA1. For comparison to g-
(S)-guanidomethyl units, we also wanted to study how simple
arginine overhang affects the binding affinity of the TFPNA.
Accordingly, the binding of PNA9 with three arginine units at
the carboxyl terminus was studied. According to UV spectros-
copy, PNA9 has the highest Tm value (66.5 8C). The UV melting
profiles of ORN1 with one equivalent of PNA1 and PNA6–
PNA9 are shown in Figure 3.

To study the selectivity of the g-(S)-guanidomethyl- and argi-
nine modified TFPNAs for double-helical RNA, we also exam-
ined the binding of PNA1 and PNA6–PNA9 to a miR-215 DNA
derivative (ODN1, Figure 4), single-stranded RNA (ORN2), and
single-stranded DNA (ODN2). ORN2 and ODN2 are, at least in
theory, capable of forming a duplex with the PNAs through A–
T and G–M base pairs. M-modified PNAs have previously been
shown to have high selectivity for double-stranded RNA over
DNA.[14] For the miR-215 DNA derivative ODN1, the observed
UV thermal melting temperatures with all TFPNAs were ap-
proximately 20 8C lower compared to the corresponding PNA/
miR-215 triplexes (Table S3). The melting temperatures for the
ORN2/PNA duplexes were approximately 30 8C lower com-

Scheme 2. Synthesis of PNA2–PNA8 and HF488-PNA6–PNA7. a) Anisole/tri-
fluoroacetic acid (TFA; 1:10, v/v), 2 H; RT; b) Me3P, H2O/dioxane (1:4, v/v), 2 h
at RT; c) propargyl alcohol, tris((1-benzyl-4-triazolyl)methyl)amine (TBTA),
CuSO4, sodium ascorbate, H2O, DMF, overnight, RT; d) 1,3-di-Boc-2-(trifluoro-
methylsulfonyl)-guanidine (Boc = butyloxycarbonyl), triethylamine, THF;
e) acetic anhydride, 2,6-lutidine, N-methylimidazole, THF, 10 min at RT.

Table 1. UV thermal melting temperatures [8C] of the miR-215 model
ORN1 in the presence of 0 (Tm1 value) or 1.0 equiv (Tm2 values) of
TFPNAs.

Tm1 Tm2[a]

ORN1 alone 54.4�0.6
ORN1 + PNA1 60.9�0.3[a]

ORN1 + PNA2 55.7�0.6 (�5.2)[a]

ORN1 + PNA3 58.3�1.1 (�2.6)[a]

ORN1 + PNA4 56.8�0.4 (�4.1)[a]

ORN1 + PNA5 57.2�0.4 (�3.7)[a]

ORN1 + PNA6 63.7�0.6 (+ 2.8)[a]

ORN1 + PNA7 62.9�0.3 (+ 2.0)[a]

ORN1 + PNA8 63.3�0.7 (+ 2.4)[a]

ORN1 + PNA9 66.5�0.4 (+ 5.4)[a]

Conditions: 2.0 mmol L�1 ORN1 + 0 (Tm1 values) or 1.0 (Tm2 values) equiv
PNA, 10 mmol L�1 sodium cacodylate (pH 7.0), 0.1 mol L�1 NaCl in H2O.
[a] DTm values given in parentheses are those compared with the Tm

values of ORN1 + PNA1.
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pared to the PNA/miR-215 triplexes (Table S4) and the thermal
stabilities of the ODN2/PNA duplexes were even lower (data
not shown here). The g-(S)-guanidomethyl and arginine modifi-
cations increased the stabilities of all the complexes, as may
be expected due to their positive charge. However, the affinity
of the TFPNAs for ODN1, ODN2, and ORN2 remained remarka-
bly weak compared to miR-215. In conclusion, the g-(S)-guani-
domethyl-modified TFPNAs maintained the selectivity for
double-stranded RNA.

19F NMR spectroscopic analysis of PNA/miR-215 triplexes

To examine the binding of the g-(S)-guanidinylmethyl-modified
PNA6–PNA9 to miR-215 in more detail, we utilized 19F NMR
spectroscopy. In our previous report,[35] we analyzed the bind-
ing of PNA1 (Figure 2) to the miR-215 model ORN3 labeled
with a 2’-O-[(4-CF3-triazol-1-yl)methyl]uridine sensor[43, 44]

(Figure 5). Our 19F NMR spectroscopic analysis revealed detailed
information on the stoichiometry and transition between alter-
native binding modes, that is, stoichiometric 1:1 PNA/RNA tri-
plex (C, Figure 5) and ternary 2:1 (PNA)2/RNA triplex invasion
complex (D, Figure 5). For comparison, the previously reported
19F NMR spectra of ORN3 in the presence of 0–2.0 equivalents
of PNA1 at 40 8C are shown in Figure 5 A. The 19F NMR spectra
of ORN1 in the presence of one equivalent of PNA1 at temper-
atures 40–70 8C are shown in Figure 6 A, and the correspond-
ing relative peak areas of the 19F resonance signals as a func-
tion of temperature in Figure 6 B. Based on these relative peak
areas, thermal denaturation profiles and distinct melting tem-
peratures could be determined for both complexes: C : Tm2 =

(58.9�0.7) 8C and D : Tm3 = (69.9�0.2) 8C. In the present study,

we wanted to examine how the g-(S)-guanidinylmethyl modifi-
cations affect the binding stoichiometry of the TFPNAs and the
thermal stabilities of complexes C and D.

First, the binding of PNA6, containing three consequent g-
(S)-guanidinylmethyl modifications, was monitored. The
19F NMR spectra of ORN3 in the presence of 0–2.0 equivalents
of PNA6 at 40 8C are shown in Figure 5 B. ORN3 alone gave a
signal at d=�61.90 ppm (A). Titration of ORN3 with PNA6 re-
sulted in a new signal at �61.83 ppm, indicating the formation
of the PNA6/ORN3 triplex C. When more than one equivalent
of PNA6 was added, this signal was replaced by a broad signal
at d=�62.58 ppm. This signal may be attributed to the unspe-
cific formation of the ternary (PNA6)2/ORN3 complex (D). Ac-
cording to the relative peak areas of the 19F resonance signals,
complex C followed 1:1 stoichiometry and complex D 2:1 stoi-
chiometry. Next, 19F NMR spectroscopic melting profile for the

Figure 3. Normalized UV melting profiles of PNA6–PNA9/miR-215 triplexes.
Conditions: 2.0 mmol L�1 ORN1 + 1.0 equiv PNA1, PNA6, PNA7, PNA8, or
PNA, 10 mmol L�1 sodium cacodylate (pH 7.0), 0.1 mol L�1 NaCl in H2O.

Figure 4. Structures of the miR-215 DNA derivative (ODN1), single-stranded
RNA (ORN2), and single-stranded DNA (ODN2).

Figure 5. Titration of the miR-215 model ORN3 with PNA1 and PNA6–PNA9
followed by 19F NMR spectroscopy. Conditions: 50 mmol L�1 ORN3 + PNA (0–
2.0 equivalents), 10 mmol L�1 sodium cacodylate (pH 7.0), 0.1 mol L�1 NaCl in
D2O/H2O (1:9, v/v). Notes: A–E) d(A) =�61.90 ppm, * = single-stranded trace,
d=�62.67 ppm; A) d(C) =�61.97, d(D) =�62.56 ppm; B) d(C) =�61.83,
d(D) =�62.58 ppm; C) d(C) =�61.85, d(D) =�62.34 to �62.82 ppm;
E) d(C) =�61.97, d(D) =�62.41 ppm. A) Reprinted and modified with per-
mission from reference [35] .
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PNA6/ORN3 triplex was determined. 19F NMR spectra of ORN3
in the presence of one equivalent of PNA6 at temperatures
40–70 8C are shown in Figure 6 C, and the corresponding melt-
ing profile in Figure 6 D. The 19F NMR spectroscopy-based melt-
ing temperature for the PNA6/ORN3 triplex was (62.8�0.3) 8C,
3.9 8C higher compared to the original PNA1/ORN3 triplex.
Moreover, in contrast to PNA1, only trace amounts of the ter-
nary complex D could be observed even at elevated tempera-
tures.

PNA7, containing two consequent g-(S)-guanidinylmethyl
modifications, behaved in a similar manner (Figure 5 C). As
with PNA6, the PNA7/ORN3 triplex was formed quite quantita-
tively up to addition of one equivalent of PNA7 (resonance
signal at d=�61.85 ppm), without the formation of the
(PNA7)2/ORN3 complex D. The addition of more than one
equivalent of PNA7 gave rise to broad and undefined resonan-

ces attributed to the unspecific formation of the complex D
(resonances between d=�62.34 and �62.82 ppm). The
19F NMR spectra of ORN3 in the presence of one equivalent of
PNA7 at temperatures 40–70 8C and the 19F NMR spectroscopy-
based melting profile are shown in Figure 6 E and F. The
19F NMR spectroscopy-based melting temperature for the
PNA7/ORN3 triplex was (60.5�0.6) 8C, 1.6 8C higher compared
to the PNA1/ORN3 triplex. No notable formation of the triplex
invasion complex was observed even at higher temperatures.

Interestingly, titration of ORN3 with PNA8, with three g-(S)-
guanidomethyl modifications separated by one to three PNA
building blocks, resulted in a very wide dispersion of the 19F
resonance signals between d=�61.83 and �62.18 ppm, indi-
cating unspecific formation of the complex C (Figure 5 D).
When more than one equivalent of PNA8 was added, this
signal pattern was replaced by broad and undefined resonan-
ces between �62.34 and d=�62.63 ppm, indicating unspecific
formation of the complex D. Even if the formation of C fol-
lowed approximately 1:1 stoichiometry and the formation of D
approximately 2:1 stoichiometry, the wide dispersion of the 19F
resonance signals suggests unspecific and undefined binding
to the ORN3 target. Because of the wide dispersion of the sig-
nals, the melting temperatures could not be determined from
NMR data.

Finally, we wanted to study how simple arginine overhang
affects the binding affinity and the Hoogsteen-face selectivity
of the TFPNA compared to g-(S)-guanidylmethyl units. For this
purpose, PNA9 with three arginine units at the carboxyl termi-
nus was applied. The titration of ORN3 with PNA9 showed
very similar results compared to PNA1 (Figure 5 E). First, a
signal at d=�61.97 ppm, attributed to the formation of com-
plex C, was observed. The addition of more than 0.8 equiva-
lents of PNA9 gave rise to a signal at d=�62.41 ppm, indicat-
ing the formation of complex D. The 19F NMR spectra of ORN3
in the presence of one equivalent of PNA9 at temperatures
40–70 8C are shown in Figure 6 G. The corresponding relative
peak areas of the 19F resonance signals plotted as a function of
temperature are shown in Figure 6 H. The melting temperature
for complex C was (63.8�0.6) 8C, 4.9 8C higher compared to
the original PNA1/ORN3 triplex. However, the molar fraction of
the ternary triplex invasion complex D increased at higher tem-
peratures and D became the predominant complex at T>
63 8C. As a matter of fact, the arginine overhang proved to sta-
bilize complex D even more than complex C : the melting tem-
perature for complex D was (78.0�0.4) 8C, 7.7 8C higher com-
pared to PNA1 (Figure S38 and Table 2). All the 19F NMR spec-
troscopy-based thermal melting temperatures are listed in
Table 2. It may be worth mentioning that Tm3 values with two
equivalents of PNA6–PNA8 could not be extracted because of
the broad signals of the ternary complexes.

Comparison of the results obtained by UV and 19F NMR
spectroscopy

The UV spectroscopic thermal melting studies showed that the
g-(S)-guanidomethyl-modified PNA6–PNA8 and PNA9 with an
arginine overhang all stabilized the PNA/miR-215 triplex com-

Figure 6. The thermal unwinding of PNA/miR-215 complexes monitored by
19F NMR spectroscopy. Conditions: 50 mmol L�1 ORN3 + PNA1 and PNA6–
PNA9 (G, H: 1.25 equiv; others: 1.0 equiv), 10 mmol L�1 sodium cacodylate
(pH 7.0), 0.1 mol L�1 NaCl in D2O/H2O (1:9, v/v). A,B) Reprinted and modified
with permission from reference [35] ; copyright : 2017, Wiley-VCH.
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pared to PNA1. The increased binding affinity is likely to result
from the positive charge of the g-(S)-guanidinylmethyl and ar-
ginine residues at neutral pH. The largest stabilization was
obtained by PNA9, DTm = 5.4 8C. However, according to the
19F NMR spectroscopic studies, the molar fraction of the
(PNA1)2/miR-215 and (PNA9)2/miR-215 complexes increased at
higher temperatures (Figure 6). This fact remains hidden in the
UV thermal melting profiles. Accordingly, the observed melting
profiles with PNA1 and PNA9 are a sum of the melting profiles
of both complexes C and D. Therefore, a falsely high Tm value
may be expected with PNA1 and PNA9. With PNA6 and PNA7,
on the other hand, the 19F NMR spectroscopic measurements
showed that practically only PNA/miR-215 triplex is formed
after the addition of one equivalent of PNA even at high tem-
peratures. Hence, it might be reasonable to confirm that the
UV melting profiles with PNA6 and PNA7 present the denatu-
ration of PNA/miR-215 triplex only. Interestingly, the UV ther-
mal melting temperature with PNA8 was very close to that
with PNA6, although the formation of the PNA8/miR-215 com-
plexes resulted in a wide dispersion of 19F resonance signals.
The 19F NMR spectroscopic results suggest that even if the Tm

determined by UV spectroscopy was relatively high, the forma-
tion of the PNA8/miR-215 triplex was unspecific and undefined
compared to other PNAs.

The increased Hoogsteen-face selectivity of PNA6 and PNA7
versus PNA1 and PNA9 is likely to originate from the g-chiral
backbone modification that provides favorable preorganization
for right-handed helical conformation.[28, 32, 45] The increased af-
finity of PNA9, with similar preference to triplex (C) and ternary
complex (D) formation compared to electrostatic interactions
only. However, the reason for the obscure binding of PNA8
remained unclear. These hardly predictable binding behaviors
suggest that fine-tuning of the PNA backbone should be case-
specifically designed to gain the best binders for double-helical
RNA targets. A slightly increased affinity of electrostatic origin
tends to dilute in increased ionic strength.[46] Therefore, it may
be underlined that not the observed affinity alone, but this
together with the Hoogsteen-face selectivity (obtained, e.g. , by

PNA6 and PNA7), is important to avoid plausible off-target ef-
fects related to TFPNAs.

As in our previous report, the thermal melting studies of
PNA/miR-215 complexes were also performed by using CD
spectroscopy, but no convincing discrimination between differ-
ent binding modes, due to severe overlapping of the profiles,
could be gained.[35] The melting temperatures extracted from
UV and CD spectroscopy were nearly the same.

Cellular uptake studies

To investigate the effect of the g-(S)-guanidylmethyl modifica-
tions on the cellular uptake of PNAs, PNA1, PNA6, PNA7, and
PNA9 were selected and labeled at the amino terminus with
HiLyte Fluor 488 (HF488) dye following a previously described
protocol (HF488-PNAs, Figure 2).[42] PNA8 was not selected for
the cellular uptake studies, because the 19F NMR analysis sug-
gested unspecific binding to the miR target compared to
PNA6 and PNA7. Several previous reports have demonstrated
that guanidinium-based side chains improve the cellular deliv-
ery of PNAs.[29, 30, 33, 34] The cellular internalization of the PNAs to
living PC-3 prostate cancer cells was followed by confocal mi-
croscopy. The cells were incubated with 5 mmol L�1 concentra-
tion of the HF488-labeled PNAs in Opti-MEM (without serum)
in the absence of transfection agents for 36–48 h at 37 8C, 5 %
CO2. After incubation, the cells were washed with Opti-MEM
and incubated with Hoechst 33342 to distinguish nuclei.

At 5 mmol L�1 concentration, PNA6, PNA7, and PNA9 were
able to penetrate through cell membrane, which was detected
as positive fluorescent signal in cytoplasm (Figure 7). The fluo-
rescent intensity increased in the order PNA7<PNA6<PNA9.
PNA1, on the other hand, showed no signal at 5 mmol L�1 con-
centration. The cellular uptake of PNA1 could be detected
after increasing the concentration to 10 mmol L�1 (data not
shown). Hnedzko et al. previously demonstrated that the M nu-
cleobase modification and arginine conjugates both improve
the cellular uptake of PNAs.[10] Our data shows that the g-(S)-
guanidylmethyl modifications enhance the cellular delivery of
PNAs, albeit the enhancement was lower compared to arginine
conjugates (see PNA6 with three g-(S)-guanidylmethyl groups
vs. PNA9 with three arginine conjugates). The g-(S)-guanidyl-
methyl modification and arginine both bear a guanidine head
group that has been demonstrated to be the critical compo-
nent for the more efficient cellular uptake of arginine oligo-
mers compared to other polycationic oligomers.[47]

Conclusion

g-Modified (i.e. , (S)-aminomethyl, (S)-acetamidomethyl, (R)-4-
(hydroxymethyl)triazol-1-ylmethyl, and (S)-guanidinylmethyl)
TFPNAs were synthesized and the effect of the backbone
modifications on the binding to a miR-215 model was studied.
Among the modifications, an appropriate pattern of g-(S)-gua-
nidylmethyl groups increased the binding affinity and Hoog-
steen-face selectivity to the miR-215 model. The thermal stabil-
ity of the PNA/miR-215 triplex could be enhanced by inserting
two and three consecutive g-(S)-guanidylmethyl units in the

Table 2. 19F NMR spectroscopy-based thermal melting temperatures [8C]
of the miR-215 model ORN3 in the presence of 0 (Tm1 value), 1.0 (Tm2
values), or 2.0 equiv (Tm3 values) TFPNAs.

Tm1 Tm2[a] Tm3[b]

ORN3 alone 53.3�0.4
ORN3 + PNA1 58.9�0.7[a] 70.3�0.4[b]

ORN3 + PNA6 62.8�0.3 (+ 3.9)[a] n.d.
ORN3 + PNA7 60.5�0.6 (+ 1.6)[a] n.d.
ORN3 + PNA8 n.d. n.d.
ORN3 + PNA9 63.8�0.6 (+ 4.9)[a] 78.0�0.4 (+ 7.7)[b]

Conditions: 50 mmol L�1 ORN3 + 0 (Tm1 values), 1.0 (Tm2 values), or
2.0 equiv (Tm3 values) PNA, 10 mmol L�1 sodium cacodylate (pH 7.0),
0.1 mol L�1 NaCl in D2O/H2O (1:9, v/v). [a] DTm values given in parentheses
are those compared with Tm values of ORN3 + 1.0 equiv PNA1. [b] DTm

values given in parentheses are those compared to the Tm values of
ORN3 + 2.0 equiv PNA1. n.d. = melting temperature could not be deter-
mined because of the wide dispersion of the 19F resonance signals.
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middle of the TFPNA (PNA7 and PNA6). This stabilization was
observed with both UV and 19F NMR spectroscopy. Moreover,
19F NMR spectroscopic analysis revealed that PNA6 and PNA7
favored the formation of the 1:1 PNA/miR-215 triplex over the
(PNA)2/miR-215 ternary complex. This information remains
hidden in the UV melting profiles. Interestingly, the positioning
of the g-(S)-guanidylmethyl units proved important for the
miR-215 recognition: when three g-(S)-guanidylmethyl groups
were positioned further from each other (PNA8), undefined
and unspecific triplex formation was observed. To examine the
effect of a simple arginine overhang on the miR-215 recogni-
tion, PNA9 with three arginine units at the carboxyl terminus
was additionally studied. PNA9 showed an increased thermal
stability on both PNA/miR-215 triplex and (PNA)2/miR-215 ter-
nary complex, but the arginine units had no effect on the
Hoogsteen-face selectivity. In conclusion, the best combination
of binding affinity and Hoogsteen-face selectivity was provided
by PNA6 with three consecutive g-(S)-guanidinylmethyl modifi-
cations. These results suggest that fine-tuning of the TFPNA
backbone may play a marked role in the optimal recognition
of double-helical RNAs. Furthermore, the g-(S)-guanidinylmeth-

yl modifications enhanced the delivery of PNAs to living PC-3
prostate cancer cells.

Experimental Section

General : DMF and THF were dried over 4 � molecular sieves. The
NMR spectra were recorded by using a 500 MHz NMR spectrome-
ter. The chemical shifts in the 1H and 13C NMR spectra are given in
ppm relative to the residual signal of the deuterated solvents
CDCl3 and [D6]DMSO. 19F NMR shifts are referenced to external
CCl3F. The mass spectra were recorded in ESI mode. Oligonucleo-
tides and PNAs were purified by RP HPLC, detection at l= 260 nm.
Oligonucleotides were purified by using a semipreparative column
(C18, 250 mm � 10 mm, 5 mm) with a gradient elution of 0–45 % ace-
tonitrile in 0.1 mol L�1 triethylammonium acetate over 25 min, flow
rate of 3.0 mL min�1, and PNAs by using an analytical column (C-
18, 250 mm � 4.6 mm, 5 mm) with a gradient elution of 0–60 %
acetonitrile (0.1 % trifluoroacetic acid) over 25 min, flow rate
1.0 mL min�1. CAUTION! LiAlH4 and triethylamine trihydrofluoride
are hazardous reagents and should be handled with appropriate
care.

Compound 7: Compound 4[37] (0.71 g, 1.8 mmol) was dissolved in
dry THF (12 mL) and LiAlH4 (0.89 mL, 2.0 mol L�1/THF, 1.8 mmol)
was added dropwise at 0 8C. After being stirred for 30 min at 0 8C,
the reaction was quenched by addition of 1 m KHSO4. THF was
evaporated under reduced pressure and the aqueous layer was ex-
tracted three times with ethyl acetate. The combined organic layer
was washed with brine, dried over Na2SO4, filtered, and evaporated
to dryness. The resulting compound 5 was used for the next step
without further purification. Freshly prepared 5 and 6 (as a p-tolu-
enesulfonate salt ; 1.1 g, 3.8 mmol) were dissolved in a 1 % solution
of acetic acid in methanol. NaBH3CN (0.23 g, 3.7 mmol) was added
at 0 8C and the solution was stirred at room temperature for 3 h
and evaporated to dryness. The residue was dissolved in ethyl ace-
tate and washed with a saturated aqueous solution of NaHSO4 and
brine. The organic layer was dried over Na2SO4, filtered, and evapo-
rated to dryness. The residue was purified by column chromatogra-
phy on silica gel (gradient elution from 50 % hexane in EtOAc to
EtOAc) to yield 7 as slightly yellowish oil (0.17 g, 21 %). The stereo-
chemical purity of 7 was confirmed by chiral HPLC analysis (Fig-
ure S4). 1H NMR (500 MHz, CDCl3): d= 7.76 (d, 2 H; J = 7.6 Hz), 7.61–
7.57 (m, 2 H), 7.39 (t, 2 H; J = 7.4 Hz), 7.33–7.29 (m, 2 H), 5.96–5.87
(m, 1 H), 5.47–5.42 (br, 1 H), 5.35–5.30 (m, 1 H), 5.27–5.24 (m, 1 H),
4.63 (d, 2 H; J = 5.8 Hz), 4.50–4.34 (m, 2 H), 4.22 (t, 1 H; J = 6.8 Hz),
3.81 (br, 1 H), 3.50 (br, 2 H), 3.45–3.34 (m, 2 H), 2.84–2.81, 2.71–
2.69 ppm (2 � m, 2 H); 13C NMR (125 MHz, CDCl3): 172.1, 156.1,
143.9, 141.3, 131.8, 127.7, 127.1, 125.1, 120.0, 118.9, 66.8, 65.6, 52.5,
50.7, 50.4, 50.0 ppm, (47.30, 47.27); HRMS (ESI-TOF): m/z calcd for
C23H25N5NaO4

+ : 458.1799 [M+Na]+ ; found: 458.1790.

Compound 8 : Compound 7 (0.41 g, 0.94 mmol) and thymine-1-yl
acetic acid (0.30 g, 1.6 mmol) were suspended in DMF (3 mL) and
BOP (0.71 g, 1.6 mmol) and DIPEA (0.41 mL, 2.4 mmol) were added.
The mixture was stirred at room temperature for two days and
evaporated to dryness. The residue was dissolved in ethyl acetate
and washed with 10 % aqueous solution of KH2PO4. The organic
layer was separated, washed with saturated aqueous solution of
NaHCO3, dried over Na2SO4, filtered, and evaporated to dryness.
The residue was purified by column chromatography on silica gel
(gradient elution from 20 % hexane in EtOAc to EtOAc) to yield 8
as a white solid (0.31 g, 54 %; in addition, 13 % of the starting ma-
terial was recovered). 1H NMR (500 MHz, CDCl3): d= 9.63–9.45 (m,
1 H), 7.74 (d, 2 H; J = 7.4 Hz), 7.57 (d, 2 H; J = 7.3 Hz), 7.40–7.36 (m,

Figure 7. PNA uptake by PC-3 cells. Cells were incubated with 5 mm PNAs in
Opti-MEM for 36–48 h at 37 8C. Cells were washed after incubation, stained
with Hoechst 33342 and detected by confocal microscope; scale bar: 50 mm.
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2 H), 7.29 (t, 2 H; J = 6.8 Hz), 6.96–6.91 (m, 1 H), 5.96–5.80 (m, 1 H),
5.86–5.83, 5.63–5.58 (2 � m, 1 H), 5.39–5.19 (m, 2 H), 4.69–4.52 (m,
3 H), 4.46–4.28 (m, 3 H), 4.24–4.15 (m, 2 H), 4.06–3.90 (m, 1 H), 3.76–
3.69, 3.63–3.55 (2 � m, 1 H), 3.55–3.39 (m, 2 H), 1.84, 1.83 ppm (2 � s,
3 H); 13C NMR (125 MHz, CDCl3): (168.84, 168.73), 164.3, 156.2,
(151.46, 151.31), (143.71, 143.63), 141.3, 140.9, 131.3, 131.0, 127.8,
127.1, 125.0, 120.0, 119.8, 119.0, (111.0, 110.9), 67.1, 66.8, 66.2, 52.2,
51.3, 50.2, 49.8, 49.3, 49.0, 48.1, (47.16, 47.09), 12.2 ppm; HRMS
(ESI-TOF): m/z calcd for C30H32N7O7

+ : 602.2358 [M+H]+ ; found:
602.2358.

Compound 1: Compound 8 (0.30 g, 0.50 mmol) was dissolved in
dry THF (11 mL) and [Pd(PPh3)4] (25 mg, 0.022 mmol) and phenylsi-
lane (0.12 mL, 1.0 mmol) were added under nitrogen atmosphere.
The mixture was stirred at room temperature for 3 h and evaporat-
ed to dryness. The residue was dissolved in ethyl acetate and
washed three times with a saturated aqueous solution of NaHSO4

and brine. The organic layer was dried over Na2SO4, filtered, and
evaporated to dryness. The residue was purified by column chro-
matography on silica gel (gradient elution from 10 to 20 % water
in MeCN) to yield 3 as a white powder (0.22 g, 80 %). 1H NMR
(500 MHz, [D6]DMSO): d= 11.26 (br, 1 H), 7.89 (d, 2 H; J = 7.6 Hz),
7.86–7.78 (m, 1 H), 7.75–7.65 (m, 2 H), 7.74 (t, 2 H; J = 7.4 Hz), 7.38–
7.29 (m, 2 H), 7.29–7.21 (m, 1 H), 4.46 (s, 2 H), 4.38–4.26 (m, 2 H),
4.26–4.20 (m, 1 H), 3.91–3.70 (m, 3 H), 3.62–3.54 (m, 1 H), 3.53–3.24
(m, 2 H), 3.15–3.06 (m, 1 H), 1.71 ppm (s, 3 H); 13C NMR (125 MHz,
[D6]DMSO): 170.9, 168.2, 164.4, 155.8, 151.1, 143.8, 142.2, 140.7,
127.6, 127.1, 125.3, 120.1, 108.0, 65.6, 52.8, 51.9, 50.0, 49.4, 47.9,
46.7, 11.9 ppm; HRMS (ESI-TOF): m/z calcd for C27H27N7NaO7

+ :
584.1864 [M+H]+ ; found: 584.1891.

Compound 10 : Sodium hydride (2.0 g, 60 % dispersion in mineral
oil, 50 mmol) was dissolved in p-methoxybenzyl alcohol (15 mL)
and the mixture was heated to 80 8C. To the resulting solution, N-
(3-chloropyridazin-6-yl)-3-aminopropionic acid (9, 2.0 g, 9.9 mmol)
was added and the mixture was stirred at 160 8C for 1 h. After cool-
ing to room temperature, water was added to the reaction mixture
and the aqueous phase was washed twice with dichloromethane.
The pH of the aqueous phase was adjusted to 6.0 with 2 m aque-
ous HCl. The resulting precipitate was filtered, washed with water,
and dried under vacuum overnight to yield 10 as a slightly tan
powder (1.47 g, 48 %). 1H NMR (500 MHz, [D6]DMSO): d= 7.39–7.36
(m, 2 H), 6.94–6.91 (m, 2 H), 6.89–6.88 (m, 2 H), 6.59–6.51 (m, 1 H),
5.24 (s, 2 H), 3.75 (s, 3 H), 3.50–3.46 (m, 2 H), 2.54 ppm (t, 2 H; J =
6.8 Hz); 13C NMR (125 MHz, [D6]DMSO): 173.3, 159.0, 158.6, 155.9,
129.9, 129.2, 120.5, 119.3, 113.7, 67.1, 55.1, 37.2, 33.6 ppm; HRMS
(ESI-TOF): m/z calcd for C15H18N3O4

+ : 304.1292 [M+H]+ ; found:
304.1286.

Compound 12 : Compound 11[38] (0.30 g, 0.79 mmol) and com-
pound 10 (0.29 g, 0.95 mmol) were dissolved in DMF (3 mL), and
BOP (0.42 g, 0.95 mmol) and DIPEA (0.30 mL, 1.7 mmol) were
added. The mixture was stirred overnight at room temperature
and evaporated to dryness. The residue was dissolved in ethyl ace-
tate and washed with a 10 % aqueous solution of KH2PO4. The or-
ganic layer was separated, washed with a saturated aqueous solu-
tion of NaHCO3, dried over Na2SO4, filtered, and evaporated to dry-
ness. The residue was purified by column chromatography on
silica gel (gradient elution from 2 to 5 % MeOH in CH2Cl2) to yield
12 as a yellowish solid (0.31 g, 59 %). 1H NMR (500 MHz, CDCl3): d=
7.74 (d, 2 H; J = 7.6 Hz), 7.60–7.54 (m, 2 H; J = 7.6 Hz), 7.40–7.26 (m,
6 H), 6.91–6.85 (m, 2 H), 6.73–6.68 (m, 1 H), 6.60–6.52 (m, 1 H), 6.00–
5.81 (m, 1 H), 5.37–5.24 (m, 4 H), 5.02–4.94 (m, 1 H), 4,67-4.56 (m,
2 H), 4.38–4.34 (m, 2 H), 4.22–4.13 (m, 1 H), 4.07–4.03 (m, 2 H), 3.80,
3.79 (2 � s, 3 H), 3.78–3.73 (m, 2 H), 3.56–3.51 (m, 2 H), 3.38–3.33 (m,

2 H), 2.79–2.72, 2.62–2.57 ppm (2 � m, 2 H); 13C NMR (125 MHz,
CDCl3): (173.7, 173.1), (169.9, 169.3), (159.54, 159.51), 156.6, 155.4,
(143.91, 143.84), 141.3, (131.5, 131.1), 130.0, (129.15, 129.08), 127.7,
127.1, 125.1, (120.77, 120.66), (120.25, 120.18), 120.0, 119.6, 119.0,
113.9, (68.29, 68.21), 66.9, 66.7, (66.5, 66.1), 55.3, 50.6, 49.4, 49.0,
47.8 ppm, (47.25, 47.22), (39.6, 39.3), (37.8, 37.5), (32.08, 31.99);
HRMS (ESI-TOF): m/z calcd for C37H39N5NaO7

+ : 688.2742 [M+Na]+ ;
found: 688.2732.

Compound 3 : Compound 12 (0.31 g, 0.47 mmol) was dissolved in
dry THF (11 mL) and [Pd(PPh3)4] (20 mg, 0.017 mmol) and phenylsi-
lane (0.12 mL, 0.95 mmol) were added under nitrogen. The mixture
was stirred at room temperature for 2 h and evaporated to dry-
ness. The residue was dissolved in CH2Cl2 and washed three times
with a saturated aqueous solution of NaHSO4 and brine. The
organic layer was dried over Na2SO4, filtered, and evaporated to
dryness. The residue was purified by column chromatography on
silica gel (gradient elution from 10 % to 13 % water in MeCN) to
yield 3 as a white powder (0.22 g, 73 %). 1H NMR (500 MHz,
[D6]DMSO): d= 7.90–7.85 (m, 2 H), 7.68 (d, 2 H; J = 7.4 Hz), 7.43–7.28
(m, 6 H), 6.94–6.81 (m, 4 H), 6.76–6.70 (m, 1 H), 5.22, 5.20 (2 � s, 1 H),
4.20 (s, 1 H), 3.752, 3.745 (2 � s, 1 H), 3.72–3.69 (m, 2 H), 3.55–3.44
(m, 2 H), 3.20–3.12 ppm (m, 2 H); 13C NMR (125 MHz, [D6]DMSO):
172.5, 159.4, 158.9, 156.5, 144.4, 141.1, 130.3, 129.7, 128.7, 127.7,
125.8, 121.0, 120.5, 119.5, 114.2, 67.6, 66.0, 55.6, 54.0, 47.6, 47.2,
38.8, 38.3, 32.3 ppm; HRMS (ESI-TOF): m/z calcd for C34H36N5O7

+ :
626.2609 [M+H]+ ; found: 626.2583.

Synthesis of PNAs : PNAs were synthesized on a 10 mmol scale on
a Rink amide-derived Chem Matrix resin by using an Applied Bio-
systems 433A peptide synthesizer. For each coupling, amino acid
(5 equiv; commercially available Fmoc-PNA-T-OH monomer, Boc-
Lys(Boc)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Arg(Pbf)-OH (Pbf = 2,2,4,6,7-
pentamethyl-2,3-dehydro-1-benzofuran-5-sulfonyl), and 1–3,
0.25 mol L�1 of each pre-dissolved in NMP), PyBOP (5 equiv), and
DIPEA (10 equiv), and a 30 min coupling time (at RT) were used.
The coupling was followed by a capping step with an acetic anhy-
dride treatment (Ac2O, pyridine (Py), NMP, 1:25:25, v/v/v, 1 min at
RT). Piperidine (20 %) in NMP was used for the Fmoc deprotection
(7 min at RT). Solid-supported PNAs were released with a mixture
of anisole and TFA (1:10, v/v, 2 h at RT), precipitated in cold diethyl
ether, dissolved in a 0.1 % aqueous solution of TFA, and purified by
RP HPLC. The product fractions were lyophilized to dryness to give
the desired homogenized PNAs as white powders. The authenticity
of the PNAs was verified by MS (ESI-TOF). Yields (1–13 %) of the iso-
lated products were determined from the UV absorbance at l=
260 nm (Table S1).

Synthesis of g-substituted PNA2–PNA8 and HF488-PNA6–
HF488-PNA8 : The g-(R)-azidomethyl-modified PNA2 was synthe-
sized by automated PNA synthesis. For the synthesis of the g-sub-
stituted PNA3–PNA8, the g-(R)-azidomethyl groups of PNA2 were
converted into different modifications on solid phase. For the syn-
thesis of PNA5, solid-supported PNA2 was suspended in a mixture
of propargyl alcohol (100 equiv), TBTA (5 equiv), CuSO4 (5 equiv),
sodium ascorbate (10 equiv), H2O, and DMF. The suspension was
shaken overnight at room temperature, after which the support
was collected by filtration, washed with H2O, DMF, MeCN, CH2Cl2,
and MeOH and dried under vacuum. For the synthesis of PNA3,
solid-supported PNA2 was suspended in a mixture of water and
dioxane (1:4, v/v) and a solution of 1 mol L�1 Me3P in toluene
(24 equiv/amino group) was added under nitrogen atmosphere.
The suspension was shaken for 2 h at room temperature, after
which the resin was filtered and washed with DMF and CH2Cl2 and
dried under vacuum. For the synthesis of PNA4, solid-supported
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PNA3 was suspended in a mixture of acetic anhydride, 2,6-lutidine,
N-methylimidazole, and THF (5:5:8:82, v/v/v/v). The suspension was
shaken for 10 min at room temperature, after which the resin was
filtered and washed with DMF and CH2Cl2 and dried under
vacuum. For the synthesis of the guanidine-modified PNA6–PNA8,
solid-supported PNA3 was suspended in dry THF and 1,3-di-Boc-2-
(trifluoromethylsulfonyl)guanidine (10 equiv/amino group) and trie-
thylamine (50 equiv/amino group) were added. Because the guani-
dinylation required highly basic conditions, the lysine at the amino
terminus of the PNA was protected with Boc instead of Fmoc. The
suspension was shaken overnight at room temperature. The guani-
dinylation step turned out to be sluggish, and the treatment had
to be repeated to get all the amino groups guanidinylated. There-
after, the resin was filtered, washed with DMF and CH2Cl2 and
dried under vacuum. Finally, the PNAs were released from the solid
support as described previously.

When synthesizing guanidine-modified HF488-PNA6–HF488-
PNA7, the synthesis was continued after the guanidinylation step.
Therefore, the lysine at the amino terminus of the PNA had to be
protected with Fmoc instead of Boc. Consequently, less basic con-
ditions (1 equiv triethylamine/amino group) were used and the
treatment was repeated three times overnight.

Oligonucleotide synthesis : The oligonucleotides were synthesized
on a 1.0 mmol scale by using an Applied Biosystems 3400 DNA/
RNA synthesizer, as described previously.[43] Phosphoramidite build-
ing blocks of 2’-O-[(4-CF3-triazol-1-yl)methyl]uridine,[43] together
with the commercially available DNA and RNA building blocks,
were used for the chain assembly. Benzylthiotetrazol as an activa-
tor and coupling times of 20 s (the commercially available DNA
building blocks), 300 s (the commercially available RNA building
blocks) and 600 s (for 2’-O-[(4-CF3-triazol-1-yl)methyl]uridine build-
ing block) were used. ODNs were released from the support with
concentrated ammonia (overnight at 55 8C) and ORNs with a mix-
ture of concentrated ammonia and ethanol[48] (3:1, v/v, 3 h at 55 8C,
overnight at RT). The silyl protecting groups of ORNs were re-
moved by treatment with triethylamine trihydrofluoride.[49, 50] The
crude oligonucleotides were purified by RP HPLC to give homo-
genized oligonucleotides in yields of 8–24 %. The authenticity of
the oligonucleotides was verified by MS (ESI-TOF).

19F NMR spectroscopic studies : The spectra were recorded at a
frequency of 470.6 MHz, as previously described.[40, 41] Typical pa-
rameters were as follows: 19F excitation pulse 4.0 ms, acquisition
time 1.17 s, prescan delay 6.0 ms, relaxation delay 0.8 s, and the
typical number of scans was 2048. The parameters were optimized
to gain signals with the longest relaxation rate. A macro command
was used for the automatic temperature ramps by using a 20 min
equilibration time for each temperature. The sample temperatures
were calibrated by using known shifts of ethylene glycol at differ-
ent temperatures. Detailed conditions of the samples are described
in the figures and tables.

Cell culture and in vitro imaging : Human prostate cancer PC-3
cells were obtained from the American Tissue Type Culture Collec-
tion (Rockville, MD, USA) and cultured in Dulbecco’s modified
eagle medium (Lonza, Walkersville, MD USA) supplemented with
10 % inactivated fetal bovine serum (iFBS, Gibco by Life Technolo-
gies Limited, Paisley, UK), 1 % penicilin–streptomycin (Gibco), and
1 % Glutamax (Gibco by Life Technologies Limited, Paisley, UK).
15 � 10�3 cells were plated on an 8-well Lab-Tek II Chambered Cov-
erglass and incubated overnight at 37 8C. Cells were washed with
serum-free Opti-MEM (Gibco by Life Technologies Limited, Paisley,
UK) and incubated with 5 mmol L�1 of the HF488-labeled PNAs in

Opti-MEM for 36–48 h. After incubation, cells were washed two
times with Opti-MEM and incubated with 0.1 mg mL�1 Hoechst
33342 (ThermoFisher Scientific) for 10 min in dark. After incubation,
cells were washed three times with Opti-MEM and 300 mL Opti-
MEM was added to each well. Cells were observed by using a con-
focal microscope, which has a CO2-, humidity- and temperature-
controlled incubator for live cell imaging (Zeiss LSM780). 20 � mag-
nification and a l= 488 nm laser were used. Nucleus count
(Hoechst 33342 staining), HF488-fluorescent signal count, and in-
tensity analysis were performed by using ImageJ 1.50i.[51]
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g-(S)-Guanidinylmethyl-Modified
Triplex-Forming Peptide Nucleic Acids
Increase Hoogsteen-Face Affinity for a
MicroRNA and Enhance Cellular
Uptake

g-(S)-Guanidinylmethyl-modified tri-
plex-forming peptide nucleic acids were
prepared, and the effect of the back-
bone modification on the binding to a
micro RNA-215 model was studied. An
appropriate pattern of the g-(S)-guani-
dylmethyl groups increased the binding
affinity and Hoogsteen-face selectivity.
Furthermore, the g-(S)-guanidinylmethyl
modifications enhanced delivery of the
PNAs to living PC-3 prostate cancer
cells.
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