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ABSTRACT: Selective photoinduced modulation of DNA may provide a powerful therapeutic tool allowing spatial and
temporal control of the photochemical reaction. We have explored the photoreactivity of peptide nucleic acid (PNA) conjugates
that were conjugated to a highly potent photosensitizer, Rose Bengal (RB). In addition, a short PEGylated peptide (K-PEG8-K)
was conjugated to the C-terminus of the PNA to improve its water solubility. A short irradiation (visible light) of PNA conjugates
with a synthetic DNA resulted in highly efficient photomodulation of the DNA as evidenced by polyacrylamide gel
electrophoresis (PAGE). In addition, a PNA-RB conjugate replacing K-PEG8-K with four L-glutamic acids (E4) was found to be
photoinactive. Irradiation of active PNA-RB conjugates with synthetic DNA in D20 augments the photoactivity; supporting
the involvement of singlet oxygen. PAGE, HPLC, and MALDI-TOF analyses indicate that PNA-DNA photo-cross-linking
is a significant pathway in the observed photoreactivity. Selective photo-cross-linking of such PNA-RB conjugates may be a
novel approach to selective photodynamic therapy (sPDT) as such molecules would be sequence-specific, cell-permeable, and
photoactivated in the visible region.

■ INTRODUCTION

Selective photomodulation of DNA has been considered as
an alternative approach to control gene expression in a timely
and persistent manner. In recent years, several elegant studies
have shown that interstrand photo-cross-linking (ICL) of a
designed oligomer targeting a complementary DNA strand is
achievable by photolysis in the UV region.1−9 Other approaches
to DNA photomodulation include the activation of a furanyl
modified oligomer by an external photosensitizer (PS)10 and by
ruthenium-tethered oligomers that are photoactivated by visible
light (442 nm).11

For such an approach to be feasible as a therapeutic one,
several requirements should be considered: (1) the light source
should be tissue permeable and nontoxic, (2) the oligomer of
choice should be cell permeable and, (3) binding to DNA should
lead to sequence-specific DNA photomodulation.
In this regard, photodynamic therapy (PDT), which involves

the administration of photosensitizing drugs and subsequent
exposure of the tissue to light, has emerged as a novel clinical
approach for the treatment of various tumors and some other
nonmalignant conditions.12 Due to the selectivity of drug uptake
and the control of light delivery, PDT has the potential of
inducing effective cytotoxicity in malignant tissue and limited

damage to the surrounding healthy tissues.13 Therefore, PDT
has superior properties compared with conventional cancer
therapies such as chemotherapy and radiotherapy: it is selective,
noninvasive, and has few side effects.14,15

The selectivity of the traditional PDT is due to the fact that
the PS concentrates specifically within the malignant tissues, so
when the light is directly focused on the lesion, it causes PDT
reactive oxygen species (ROS) to be generated which results in
cellular destruction of this specific domain. However, this ideal
view is not often the case and many PS agents have limited
affinity for tumor tissues and may cause skin photosensitivity or
other side effects, as well as restriction for use in minimal doses
of the drug.16,17 In order to improve the affinity and thus the
selectivity of the PDT, the PS can be conjugated covalently to an
active carrier. This new paradigm is referred to as “third genera-
tion PDT” or selective photodynamic therapy (sPDT).18 For
example, Lafont and co-workers conjugated phthalocyanine PS
to different monocarbohydrates as potential selective drugs for
cancer cells due to their high energy consumption of mono-
carbohydrates (a readily available energy source).18,19 sPDT was
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also achieved by the encapsulation of the PS meta-tetra-
(hydroxyphenyl)chlorin (m-THPC) to PEGylated liposomes
bearing folic acid (as a cancer-targeting ligand) on their surface.20

Rebane et al. targeted porphyrin-based PS to SST2 receptors
or EGF receptors.21 These three recent reports reflect the
importance of finding selective and effective carriers in order to
improve the PDT approach dramatically.
Peptide nucleic acid (PNA) is a nucleobase oligomer in which

the entire backbone of pentose sugar and phosphate has been
replaced by N-(2-aminoethyl)glycine units while preserving the
original distances between the nucleobases.22 The unique
structure of the neutral peptide backbone and nucleobases
renders the PNA with unique properties: (i) high chemical and
biological stability, (ii) significantly greater stability of the PNA-
DNA hybrid than double-stranded DNA (dsDNA) and, (iii)
ability of peptide chemistry to conjugate many molecules of
interest via the carboxylic group and/or amine group of the PNA.
Thus, the conjugation of a short peptide such as a cell penetrating
peptide (CPP) on one end of the PNA,3,23−26 and a PS on the
other, may provide an ideal chemical design for sPDT.
We have chosen Rose Bengal (RB) as a suitable PS for its con-

jugation to a 10 mer PNA. RB has many advantages including:
(A) high yield of singlet oxygen generation (76%),27 (B) well-
established PS for PDT,28−30 (C) low toxicity,31−33 (D) good
chemical and photostability,34 (E) excitation wavelength at the
visible spectrum,35 (F) commercial availability and low cost, and
(G) simple synthetic pathway for its conjugation.36

We have designed PNA-RB conjugates to which a PEGylated
di-lysine (K-PEG-K) was attached to the PNAs C-terminus. The
two lysines and the polyethylene glycol (PEG) linker are ex-
pected to provide the PNA conjugate with good water solubility
and potentially improved cellular uptake. In addition, the two
positive charges (lysine) separated by eight units of ethylene
glycol were chosen in order to avoid PNA-DNA aggregation, a
phenomenon we have observed with PNA-peptides where the
peptide is highly charged (e.g., octa-lysine, data not shown).
Herein, we report the synthesis of PNA-RB conjugates and in

vitro evaluation of these conjugates by irradiation with synthetic
DNA substrates. Mechanistic studies indicate that lysines have a
crucial role in the photoinduced DNA modulation. This
remarkable lysine-dependent photoreaction may be used as a
strategy to enhance selective PDT activity for future applications.

■ RESULTS AND DISCUSSION
In order to explore photomodulation of DNA by PNA-RB
conjugates we initially synthesized 16-mer PNA conjugates with
eight lysines at the C-terminus and Trp-RB or Gly-RB at the
N-terminus. Previous work in our lab using thiazole orange
(TO)-DNA conjugates showed that insertion of L-Trp adjacent
to TO can induce plasmid DNA photocleavage, as opposed to
Gly, where minimal photoinduced cleavage was observed.37 In
the presence of an indole ring (Trp) in the vicinity of the dye
(TO), singlet oxygen could react with the indole ring to form an
endoperoxide. In turn, this species leads to substantial DNA
(plasmid) cleavage.
RB is a very potent singlet oxygen generator (⊖ = 0.76),27 and

for that reason, we decided to examine the photoactivity of
two PNAs side by side: one containing Gly adjacent to RB and
the other Trp adjacent to RB (Figure S1). Indeed, these two
K8−PNA (16mer)-amino acid-RB conjugates presented a similar
photoreactivity, excluding the endoperoxide mechanism as the
dominating one (Figure S1). Although both octa-lysine PNA
conjugates showed high photoreactivity, DNA-PNA solutions

were found to be unstable. Both single-stranded DNA (ssDNA)
and the octa-Lysine PNA are highly soluble and stable separately,
but when mixed, precipitates typically form within less than 1 h.
We postulate that PNAs with eight positive charges (lysines)may
form strong and nonspecific electrostatic interactions with the
negatively charged DNA polymer. Heating and mixing the solu-
tion was found to be useful in slowing down aggregate formation,
whereas buffer (e.g., PBS, TRIS) did not change or even increase
the rate of aggregate formation. MALVERN measurements
indicate that some aggregates are formed immediately and that
their size is in the range of 100−400 nm (data not shown). In
order to minimize the aggregation phenomenon significantly,
10-mer PNAs were synthesized to which K-PEG8-K (K-PEG-K)
was added to the C-terminus (Figure 1). The new design of

K-PEG-K-10mer-PNA has three main advantages: (1) it preserves
the positive charge [2+], (2) it adds a hydrophilic character to the
molecule (PEG) and, (3) it distances the positive charges via the
PEG linker to minimize aggregation.
These PNA conjugates were found to be much more stable,

although in the presence of the 50-mer ssDNA only a weak band
of hybridized DNA-PNA was formed (Figure 2, upper band).

Nevertheless, a short irradiation of the solution showed high
photoreactivity as evidenced by the gradual disappearance (as a

Figure 1. PNA-RB sequences prepared and their corresponding Maldi-
TOF MS assignments.

Figure 2. Irradiation of K-PEG-K-W-RB (45 μM, 8 equiv) with
complementary and scrambled 50-mer ssDNAs. Lanes 1 and 7: 50-mer
ssDNAs. Lanes 2−6: Complementary ssDNA and K-PEG-K-W-RB
(45 μM, 8 equiv) in the dark and after 0.5, 1, 2, and 4 min of irradiation,
respectively. Lanes 8−10: Scrambled ssDNA and K-PEG-K-W-RB
(45 μM, 8 equiv) in the dark and after 2 and 4 min of irradiation,
respectively. Irradiation was carried out at RT. All samples were
prepared in a phosphate buffered saline (PBS) at pH = 7.4.
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function of irradiation time) of the ssDNA band (Figure 2). The
fact that a low percentage of hybridization is sufficient for high
photoactivity (Figure 2, Lane 2) together with the disappearance
of the ssDNA band (Figure 2, Lanes 3−6) may indicate a
reversible mechanism where K-PEG-K-W-RB weakly interacts
with the ssDNA during irradiation and reacts immediately. In
addition, the scrambled ssDNA did not show any duplex forma-
tion and as a consequence did not undergo any photomodula-
tion. Repeating this experiment with another DNA substrate that
has the same central sequence but with different flanking regions
(DNA-II) resulted in a similar photoreactivity (Figure S2).
Comparison between photoreactivity of K-PEG-K-W-RB and

K-PEG-K-G-RB under identical conditions (i.e., PNA equiv-
alents and irradiation time), showed that the PNA conjugate with
Gly adjacent to RB is by far more active (Figure 3A). After 2 min

of irradiation, K-PEG-K-G-RB leads to 69% decrease in the
intensity of the ssDNA band as opposed to 26% for K-PEG-K-W-
RB. The difference in reactivity for these two PNA conjugates
may be explained by quenching of RB fluorescence by L-Trp36

(Figure S3) and by stronger hybridization (upper bands,
Figure 3A) of the PNA conjugate containing Gly. In addition,
the higher reactivity of K-PEG-K-G-RB further supports the
insignificant contribution of the indole ring (via the endoperoxide

mechanism) to the photoreactivity as described earlier
(Figure S1). The high reactivity, in spite of relative weak
hybridization (Figure 3), and the gradual disappearance of the
ssDNA band may imply a cross-linking mechanism where the
DNA-PNA cross-linking products do not run on the
polyacrylamide gel. A common DNA modulation is related to
singlet oxygen reactivity to guanine. Singlet oxygen reacts with
guanine to form a 4,8-endoperoxide that is then decomposed to 8-
oxo-guanine. In turn, spirominodihydantoin and guanidinohy-
dantoin adducts of 8-oxo-G readily react with nucleophiles such as
amines of L-lysine that are found in peptides and proteins.38,39

Singlet oxygen was found to have an important role in the
mechanism of photoreaction by PNA-RB conjugates. Repeating
the irradiation experiment with K-PEG-K-G-RB in D2O resulted
in higher DNA photomodulation (Figure 4). In addition, the

presence of NaN3, a well-established singlet oxygen quencher,40

suppressed the photoreaction.
To further elucidate this possible reaction pathway involving

singlet oxygen and Lys (as nucleophile), a PNA conjugate with
four glutamic acids (E4) (instead of K-PEG-K) was synthesized.
The negative charges are necessary to improve the solubility
of the PNAconjugate and to allow its retention on the polyacrylamide
gel. Hybridization of E4-G-RB with the 50-mer ssDNA revealed that
theRB is themain cause for theweak hybridization as noted earlier for
the other PNA conjugates (Figure 2 and Figure 3A). Two equivalents
of E4-G (without RB) gave full hybridization whereas E4-G-RB
resulted in a relatively low hybridization, even when using a large
excess (8 equiv) of E4-G-RB (Figure S4).
Irradiation of the E4-G-RB PNA conjugate (4 equiv) with

50-mer ssDNA under similar conditions did not result in any
detectable photomodulation of the ssDNA, even after 8 min of
irradiation (Figure 3B). This result supports the involvement of
singlet oxygen and lysine in the photoinduced DNA modulation
by PNA-RB conjugates.
The PNA conjugates are not stained by theNancy-520 (Figure 3B,

lane 10) nor by ethidium bromide. To visualize the PNA on the
gel we followed the fluorescence of RB by scanning the gel
directly without using the staining dye (Figure 5C).
Although a solution of ssDNA and K-PEG-K-G-RB is clear to

the naked eye, according to the gel (Figure 5C, lane 2) and
HPLC analysis (Figure 5A and D), there are aggregates even

Figure 3. Panel A: Comparing photoreactivity of K-PEG-K-G-RB
and K-PEG-K-W-RB (28 μM, 4 equiv) with a 50-mer ssDNA after 1 and
2 min of irradiation. The intensity of the ssDNA band over time and
percentage of hybridization (upper band) were quantified and are
presented in brackets. Panel B: Irradiation of E4-G-RB with 50-mer
ssDNA (complementary and scrambled sequences). Lane 1: 50-mer
ssDNA. Lanes 2−5: Scrambled 50-mer ssDNA and E4-G-RB (25 μM,
4 equiv) in the dark and after 2, 4, and 8 min irradiation, respectively.
Lanes 6−9: Complementary 50-mer ssDNA and E4-G-RB (25 μM,
4 equiv) in the dark and after 2, 4, and 8 min irradiation, respectively.
Lane 10: only E4-G-RB (25 μM, 4 equiv). Conditions as in Figure 2.

Figure 4. Comparing photoreactivity of K-PEG-K-G-RB (28 μM,
4 equiv) in H2O and D2O with a 50-mer ssDNA after 1 and 2 min of
irradiation (lanes 2−3 and 6−7 for H2O and D2O, respectively). NaN3
(2 mM) suppresses reaction (lanes 4 and 8 for H2O and D2O,
respectively). The intensity of the ssDNA band over time and percentage
of hybridization (upper band) were quantified and are presented in
brackets. Irradiation was carried out at RT. Conditions as in Figure 2.
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under dark conditions. Interestingly, when comparing the image
taken using Nancy-520 (Figure 5B) to that without staining
(Figure 5C), there is a good correlation between ssDNA band

disappearance (Figure 5B) and the intensification of the
band found at the top of the gel (in wells, Figure 5C), that is
correlated to DNA-PNA aggregates. Therefore, we believe that

Figure 5. Photomodulation of 50-mer ssDNA (DNA-II) by K-PEG-K-G-RB (22 μM, 4 equiv). Panel A. HPLC chromatograms before and after
irradiation (2 and 4 min) of K-PEG-K-G-RB (22 μM, 4 equiv) in the presence of 50-mer ssDNA (DNA-II). Panel B. Lane 1: 50-mer ssDNA (DNA-II).
Lanes 2−5: complementary ssDNA and K-PEG-K-G-RB (22 μM, 4 equiv) in the dark and after 1, 2, and 4 min of irradiation, respectively. Gel was
stained by Nancy-520 dye. Panel C. The same as in panel B, but image was taken without staining (RB fluorescence). Panel D. Violet aggregates of
DNA:K-PEG-K-G-RB accumulate at the precolumn.

Figure 6. MALDI-TOF analysis of 50-mer ssDNA (DNA-II) and K-PEG-K-G-RB (22 μM, 4 equiv) in dark conditions and after 2 and 4 min of
irradiation, respectively.
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the disappearance of the ssDNA is a result of cross-linking to the
K-PEG-K-G-RB, forming nanoparticles that are observed at the
bottom of the wells. Further evidence for a photo-cross-linking
mechanism was supported by direct injection of the irradiated
samples to the HPLC (Figure 5A). The peaks of the 50-mer
ssDNA and K-PEG-K-G-RB are observed at Rt = 10.2 and
25.5 min, respectively. Under dark conditions, the duplex peak
DNA:PNA is observed at 20.5 min, and correlates well with
the band associated with duplex DNA:PNA seen in the gel
(Figure 5B, lane 2, boxed). After irradiation (2 and 4 min) the
duplex peak disappeared and the ssDNA peak decreased
dramatically. Moreover, the width of the 50-mer ssDNA peak
has broadened, suggesting that other than aggregation, ssDNA is
modified due to a photoinduced oxidation of the nucleobases.
The residual ssDNA remaining after 2 and 4 min irradiation
correlates well in both gel and HPLC (Figure 5A,B).
Support for DNA photoinduced modulation was corroborated

by MALDI-TOF analysis. A solution of 50-mer ssDNA (DNA-II)
and 4 equiv of K-PEG-K-G-RB was measured in dark conditions
and after 2 and 4 min of irradiation (Figure 6). The results
show that the main peak of the ssDNA (at 15 kDa) decreases
dramatically over time. After 4 min of irradiation, the 50-mer
ssDNA is not detectable; instead, a broad peak of masses appears
(centered at ca. 15 kDa) that correlates with the smeared peak of
the parent ssDNA detected by HPLC analysis (Figure 5A). In
addition, after irradiation, broad peaks appear at ca. 9.9 kDa,
19.5 kDa, and 24.5 kDa that correspond to photoadducts of
PNA-PNA, DNA-PNA, and DNA-(PNA)2, respectively. This
data further supports a model in which DNA-PNA photo-cross-
linking induces aggregation in solution.
In summary, we have designed and synthesized PNA-RB

conjugates as potent and sequence-specific photoinduced DNA
modulators that are activated with visible light. We have provided
evidence for a mechanism that involves the generation of singlet
oxygen by RB photoactivation and the involvement of an amine
(Lys) leading to DNA:PNA photo-cross-linking adducts. Based on
the high photoreactivity of K-PEG-K-G-RB, we are currently de-
signing new PNA-RB conjugates as potential candidates for sPDT.

■ EXPERIMENTAL PROCEDURES
Materials. Fmoc-PNA monomers were purchased from

PolyOrg (USA) and used as received. Fmoc-NH-(PEG)8-COOH
was purchased from ChemPep inc. (USA). Amino acids (Fmoc-D-
Lys-(BOC) and Fmoc-D-Glu-(OtBu)), solvents, and reagents for
peptide chemistry were purchased from Tzamal D-Chem (Israel).
ssDNA. 50-mer synthetic DNAs were purchased from Sigma-

Aldrich and used as received. These sequences are as follows:
Fully complementary DNA (referred as “DNA”): 5′-TCCA-
CCTCCTCCTTCTCGCGTGCGACGGAGCAAGCGCG-
CTCCCAGCTCGC (underlined is the target area, comple-
mentary to the PNA-RB conjugate). Fully complementary
DNA-II (referred as “DNA-II”): 5′-TCCACCTCCTCCTTC-
TCGCGTGCGACGGAGCAAGCGCGCTCCCAGCTCGC.
Scrambled DNA (referred as “SCR”): 5′-GCCGTGTCTCG-
GCCCTCCTAACTCGCTCCTCGGCACCTCCAAGGCC-
GACG.
Irradiation of PNA-RB Conjugate with ssDNA. For all

irradiation experiments, a 50-mer DNA with a central region that
is fully complementary to the PNA-RB conjugates was chosen.
The solutions were prepared by adding ssDNA (20−50 μM)
and PNA-RB conjugate (200−300 μM) to an Eppendorf tube
containing water (molecular biology reagent, Sigma) in order to
obtain the final desired concentrations. (1.6 mM phosphate

buffered saline, 0.45 mM KCl, 23 mM NaCl, pH = 7.4, Sigma-
Aldrich, USA). Typically, 3 μL of DNA (50 μM, 150 nmol) and
2 μL of PNA-RB conjugate (300 μM, 600 nmol, 4 equiv ) were
added to an Eppendorf tube containing 13 μL of water (final
concentrations: ssDNA - 8.3 μM and PNA-RB - 33.3 μM).
Pre-irradiation, all the solutions were annealed (2 min at 90 °C

followed by gradual cooling to RT). Irradiation was done with
visible light generated from a 150W halogen lamp (MRC, Israel)
with a cutoff filter passing light between 450 and 800 nmwhich is
in the region of RB absorption (Figure S5). This lamp has two
fiber optic sieves that enable to aim the light source onto the
sample. The Eppendorf tubes were positioned 1 cm away from
the fiber optic. After irradiation, the loading buffer (Thermo
Scientific, 6X DNA loading dye) was added to the irradiated
samples and these were loaded in wells for PAGE.

Gel Electrophoresis. PAGE (19:1 acrylamide/bis-acrylamide,
11.5% cross-linking) was carried out in Tris-borate-EDTA buffer
(TBEX0.5). Running conditions: 25 min at 200 V. The gels were
stained with Nancy-520 (Sigma, USA) for 1 h and washed 5 min
with DDW. The gel was scanned with gel imager (Typhoon FLA
9500) adjusting laser to 532 nm.

HPLC Analysis of Irradiated Samples. The PNA:DNA
samples were analyzed on a RP-HPLC (Shimatzu LC2010)
using a semipreparative C18 reverse-phase column (Phenom-
enex, Jupiter 300 A) at a flow rate of 4 mL/min. Mobile phase:
0.1% TFA in H2O (A) and acetonitrile (B).
Initial− 90%A, 10% B. 15min− 20%A, 80%B. 20min− 20%

A, 80% B. 20.01 min −90% A, 10% B. 30 min − stop.
Solid-Phase Synthesis of PNA-RB Conjugates. A RB

derivative suitable for coupling to the amino terminus of the PNA
was synthesized as previously reported using 6-bromohexanoic
acid in water/acetone 1:1 (NMR-Figure S6).36,41

The PNA was synthesized on solid phase based on literature
procedures with some modifications described as follows:42

The first monomer Fmoc-D-Lys-(BOC) or Fmoc-D-Glu-(OtBu)
was coupled to the free hydroxyl groups of TGA-NovaSyn (Merck,
Germany) resin using 10 equiv of the amino acid, 5 equiv of
diisopropylcarbodiimide (DIC), and 0.1 equiv of 4-dimethyla-
minopyrimidine (DMAP) in dry DMF. Fmoc deprotection was
done by stirring with 20% piperdine in DMF for 20 min followed
by washing with DMF and methylene chloride alternately.
For a 10 μmol scale synthesis on TGA-NovaSyn resin (loading

−0.25 mmol/g): 2-(1H-7-azabenzotriazol-1-yl)--1,1,3,3-tetra-
methyl uronium hexafluorophosphate methanaminium
(HATU, 40 μmol), hydroxybenzotrilazole (HOBT, 40 μmol),
diisopropylethylamine (DIPEA, 80 μmol), and Fmoc-amino
acids/FmocNH-(PEG)8-COOH/Fmoc-PNAmonomers (40 μmol)
were mixed in dry DMF (2 mL) for 5 min and the solution was then
added to the amine functionalized resin and mixed for 50 min. The
addition of RB-COOH at the N-terminus was done twice (same
conditions).Cleavage of thefinal PNAproduct from the solid support
was done in neat trifluoroacetic acid for 3 h. Diethyl ether was added
and the precipitate was collected, dissolved in water, and lyophilized.
The crude PNA was purified by RP-HPLC (Figure S7). The three
PNA sequences were verified by MALDI-TOFMS (Figure 1). Final
solutions were measured at 260 nm and calculated based on the
extinction coefficients of the nucleobases.
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