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Abstract. Peptide nucleic acids (PNAs) bind tightly and
sequence-specifically to single- and double-stranded nu-
cleic acids, and are hence of interest in the design of
gene-targeted radiotherapeutics that could deliver the ra-
diodamage to designated DNA and/or RNA sites. As a
first step towards this goal, we developed a procedure
for incorporation of Auger electron-emitting radionu-
clide (indium-111) into PNA oligomers and studied the
efficiency of PNA-directed cleavage of single-stranded
DNA targets. Accordingly, diethylene triamine penta-
acetic acid (DTPA) was conjugated to the lysine-append-
ed mixed-base PNAs and sequence-homologous DNA
oligomer with a proper linker for comparative studies.
By chelation of PNA-DTPA and DNA-DTPA conjugates
with 111In3+ in acidic aqueous solutions, 111In-labeled
PNA and DNA oligomers were obtained. Targeting of
single-stranded DNA with PNA-DTPA-[111In] conju-
gates yielded highly localized DNA strand cleavage; the
distribution of breaks along the target DNA strand has
two maxima corresponding to both termini of PNA
oligomer. After 10–14 days, the overall yield of breaks
thus generated within the PNA-targeted DNA by 111In
decay was 5–7% versus ≤2% in the case of control oligo-
nucleotide DNA-DTPA-[111In]. The estimated yield of
DNA strand breaks per nuclear decay is ~0.1 for the
PNA-directed delivery of 111In, which is three times
more than for the DNA-directed delivery of this radionu-
clide. This in vitro study shows that 111In-labeled PNAs
are much more effective than radiolabeled DNA oligonu-
cleotides for site-specific damaging of DNA targets. Ac-
cordingly, we believe that PNA oligomers are promising
radionuclide delivery tools for future antisense/antigene
radiotherapy trials.
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Introduction

Radiotherapy represents one of the most common meth-
ods for clinical treatment of malignant tumors and it has
been refined intensely and improved in the past decade.
Rational delivery of therapeutic radiation only to the tar-
get cancer cells is an important research strategy for the
field of radiation oncology [1, 2, 3]. To this end, design
of gene-targeted radiopharmaceuticals is warranted as a
possible approach for radionuclide and radiotherapy on a
molecular level [4, 5]. Correspondingly, we are investi-
gating a technique for molecular level radiotherapy
called antisense/antigene radiotherapy, which is based on
the site-specific targeting of genetic sequences in the
form of single- and double-stranded nucleic acids with
radiolabeled oligonucleotides [6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18].

In the antisense/antigene radiotherapy approach, du-
plex- and triplex-forming oligodeoxyribonucleotides
(ODNs) are designed as carrier molecules to selectively
deliver short-range, Auger electron-emitting radionu-
clides, such as iodine-125, iodine-123, or indium-111, to
a designated DNA/RNA sequence from cellular onco-
genes via site-specific duplex or triplex formation [9, 14,
16, 17]. In this way, more of the lethal radiodamaging ef-
fects of the Auger electron emitters are precisely direct-
ed within the affected cells to particular mRNA or ge-
nomic DNA sites, while producing minimal damage to
the rest of the genome and to other cellular components
[14, 16].

Notwithstanding the successful proof-of-principle
demonstration of this technique in several model studies
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[6, 7, 8, 10, 11, 12, 13, 15, 17, 18], the antisense/anti-
gene radiotherapy approach needs further advances to be
positively considered for clinical trials. One of the possi-
ble improvements is to replace the ordinary oligonucleo-
tides, used as molecular vehicles for target-mediated ra-
dionuclide delivery, by nonionic peptide nucleic acid
(PNA) oligomers [19, 20, 21, 22, 23]. Indeed, such a re-
placement may provide the antisense/antigene radiother-
apy approach with better sequence specificity intrinsic to
PNA [20, 24, 25] along with an enhanced stability of hy-
brid duplexes and triplexes formed by PNA oligomers
with DNA and RNA targets [20, 21, 23, 26]. Because
PNA has the non-natural polyamide (pseudopeptide)
backbone instead of the sugar-phosphate backbone of
natural nucleic acids, PNAs exhibit much higher chemi-
cal and biological stability [21, 27, 28, 29] compared
with the biodegradable nuclease-sensitive natural oligo-
nucleotides [10, 21, 28]. In addition, PNA oligomers can
selectively target double-stranded DNA via duplex- or
triplex-invasion modes [21, 23, 26].

In view of this potential of PNA for use in anti-
sense/antigene radiotherapy, we developed a procedure
for labeling of PNA oligomers with radionuclides. Short
half-life (2.8 days) 111In was used in this study as a clini-
cally convenient Auger electron emitter [11, 12]. We also
analyze in this paper the yield and sequence specificity
of breaks produced within single-stranded DNA after its
in vitro targeting with radiolabeled PNAs. Our study
demonstrates that 111In-labeled PNAs are three times
more effective for site-specific damaging of DNA targets
than similarly labeled natural oligonucleotides.

Materials and methods

DNA and PNA oligomers. The ODNs (Table 1) were synthesized
on an ABI394 DNA synthesizer (Applied Biosystems, Foster City,
CA). They were further purified by high-performance liquid chro-
matography (HPLC) and polyacrylamide gel electrophoresis
(PAGE) before conjugation, as described elsewhere [6, 12]. The
PAGE experiments used standard protocols, and the TBE buffer
(89 mM Tris base–89 mM boric acid–2 mM disodium EDTA,
pH 8) was used as the running buffer. The HPLC (Model 1050,
Hewlett Packard, Palo Alto, CA) was performed at a flow rate of
0.7 ml/min with a linear gradient of 0.1 M triethylamine acetate
(TEAA, pH 7.5) and acetonitrile (ACN) from 95/5 to 15/85 (v/v)
for 45 min at room temperature, using a reverse phase PRP-1

Hamilton C18 column (150×4.6 mm). The ODN concentrations
were calculated spectrophotometrically with biopolymer calcula-
tor software (http://paris.chem.yale.edu/extinct.html).

The sequence-homologous 15-mer PNA 1 (H-TAGTTATCTCT-
ATCT-Lys-NH2) and PNA 2 (H-TAGTTATCTCTATCT-Lys3-NH2)
were purchased from Applied Biosystems. The PNA oligomer that
we used features a mixed-base “random” sequence with low pu-
rine content to avoid any possible solubility/aggregation problems.
According to nomenclature accepted for PNA structure, H− and −
NH2 denote the N-terminal amino group and C-terminal amido
group, respectively. A small amount of PNA 1 was gifted by Dr.
P.E. Nielsen (Copenhagen University, Denmark) for our pilot ex-
periments. The PNA samples were further purified with HPLC at
a flow rate of 0.7 ml/min with a linear gradient of solvent A [0.1%
trifluoroacetic acid (TFA) in 100% ACN] and solvent B
(0.1%TFA in 1% ACN) from 1/99 to 100/0 (v/v) for 45 min at
55°C, also using a reverse phase PRP-1 Hamilton C18 column
(150×4.6 mm). The PNA concentrations were calculated spec-
trophotometrically using the sum of extinction coefficients
(A=13.7, G=11.7, T=8.6, and C=6.6 ml/µmol×cm at 260 nm) for
the given PNA sequence [30, 31].

Conjugation of diethylene triamine penta-acetic acid (DTPA) with
PNA. Two microliters of 1.25 M NaHCO3 buffer (pH 8.5) and 2 µl
of a fresh solution of cyclic DTPA dianhydride (cDTPAA) (Sigma,
St. Louis, MO) in anhydrous DMSO (~400 nmol cDTPAA) were
added to 1 nmol dried PNA in a 0.5 ml low-adhesion polypropyl-
ene micro centrifuge tube. The mixture was shaken at room tem-
perature (~22°C) overnight. After reaction, the DTPA-conjugated
PNA (or DNA) was purified by HPLC so that the free DTPA was
removed completely. The HPLC conditions were as above for
DNA HPLC purification. The peak at approximately 10 min reten-
tion time was collected, and the sample was evaporated to dry-
ness. A stock solution of PNA-DTPA conjugates was prepared in
0.2 M sodium acetate and 0.02 M sodium citrate buffer (pH 4.5)
that was pretreated with Chelex 100 resin to remove multivalent
metal cations [12].

Gel shift analysis of PNA with DTPA conjugation was per-
formed in 12% nondenaturing PAGE at 4°C. The target DNA2
was labeled with fluorescein, and the bands could be directly visu-
alized and quantitated using a fluorimager (model 595, Molecular
Dynamics, Sunnyvale, CA).

The surface-enhanced laser desorption/ionization mass spec-
trometry (SELDI-MS) analysis of PNA with DTPA conjugation
was measured on a Ciphergen proteinChip System (Ciphergen
Biosystems, Inc., Fremont, CA). H4 chips were used for both
DNA and PNA samples. A 1-µl sample (10 µM) was dropped to a
chip spot prewashed with ACN. After the sample had been air-
dried, 0.3 µl 3-hydroxypicolinic acid solution (HPA), as matrix,
was added to the spot. After 10 min, an additional 0.3 µl of HPA
was added and dried, and the mass spectra were determined. The
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Table 1. Composition of PNAs
and control/target DNAsa, b PNA 1: H-TAGTTATCTCTATCT-Lys-NH2

PNA 2: H-TAGTTATCTCTATCT-Lys-Lys-Lys-NH2
Control DNA: H2N-C6H12-TAGTTATCTCTATCT
Target DNA 1: TTGAGATTACACAGATAGAGATAACTAGATACTTACGAC
Target DNA 2: TTGAGATTACACAGATAGAGATAA-CTAGATACTTACGAC-fluorescein

Lys, Lysine
a PNA sequences are written from N- to C-terminus
b DNA sequences are written from the 5′- to the 3′-end and the PNA binding site is shown in bold letters



HPA solution was made by 15 mg HPA mixed with 100 µl ACN,
80 µl H2O, and 20 µl 0.5 M ammonium citrate.

Ion-exchange HPLC was also used to monitor the conjugation
of DTPA with PNA. It was performed using an anion-exchange
column (7.5 mm×4.6 mm, Nucleogen-Deae 60-7, Macherey-
Nagel, Germany) at a flow rate of 0.7 ml/min with a linear gradi-
ent of 0.02 M KH2PO4 in 20% ACN (pH 7.0) and 0.02 M
KH2PO4–1 M KCl in 20% ACN (pH 7.0) (aqueous) from 90/10 to
48/52 over 60 min at 55°C, and detected at 260 nm. The percent of
PNA conjugated to DTPA was obtained by measuring the areas
under corresponding peaks in the chromatogram.

Preparation of 111In-labeled PNA. Nine and one-half pmol
(~14.8 MBq in 1 µl) of fresh 111In3+ in 0.05 N HCl (PerkinElmer,
Boston, MA) was added to 5 pmol (1.2 µl, 4.4 µM) PNA-DTPA or
5 pmol control DNA-DTPA (0.77 µl 6.5 µM) in 0.2 M sodium ac-
etate and 0.02 M sodium citrate buffer (pH 4.5) that was demetal-
ized by Chelex 100 resin. The samples were incubated for 10 min
at room temperature; further incubation did not result in a signifi-
cant increase in 111In incorporation. Then, the reactions were
quenched with 1 µl 0.2 mM DTPA. The extent of 111In3+ binding
to PNA-DTPA or DNA-DTPA was determined by denaturing 12%
PAGE.

ODN labeling by 32P and complexing with 111In-labeled PNA.
Oligomeric target DNA was labeled at the 5′ end with [32P]-γ-ATP
using T4 polynucleotide kinase, or at the 3′ end with [32P]-α-ATP
using terminal deoxynucleotidyl transferase (TdT), and purified
on MicroSpin G50 columns (Amersham Pharmacia Biotech Inc,
Piscataway, NJ) according to the manufacturer’s protocol. Their
final concentrations (~0.2 pmol/µl) were determined spectrophoto-
metrically as described above.

111In-labeled PNA was mixed with the complementary
oligomeric target DNA in STE buffer (50 mM Tris/HCl–50 mM
NaCl–1 mM EDTA, pH 7.4) at a ratio of 2:1 (mol/mol). The mix-
ture was incubated at room temperature for 10 min, then was ana-
lyzed in a 20% nondenaturing PAGE at 4°C to check whether the
duplex had formed. Duplex samples were frozen at −80°C for
DNA damage accumulation. Alternatively, the target DNA was la-
beled with fluorescein at the 3′ end. The PNA/DNA duplex forma-
tion and DNA strand break analyses were done using nondenatur-
ing and denaturing PAGE, respectively.

DNA strand break analysis. After 10–14 days, the duplex samples
were thawed and purified using G-25 spin columns twice to re-
move free 111In and other small molecules, and the strand break
yield was determined in a 20% denaturing PAGE. The DNA
strand breaks were quantified using a FUJIFILM BAS-1500
Bioimager (FUJIFILM Medical Systems USA, Stamford, CT). To
measure the intensity of the individual bands, the intensity profile
of each lane was generated from the digitized gel image using Fuji
Lab Image Gauge software (FUJI Medical Systems USA). The
profile was deconvoluted to a series of the Lorentz-type peaks cor-
responding to individual bands as described in detail in reference
[15]. The best-fit curves were produced with PeakFit software
package for PC (SPSS Inc., Richmond, CA).
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Results and discussion

Conjugation of DTPA to PNA

DTPA was initially conjugated to amino groups of PNA
1 (Table 1) at the carboxy (the side-chain lysine amino
group) and/or amino (the end-located backbone amino
group) termini via the acylation reaction [32, 33]. Three
different methods were applied to monitor the conjuga-
tion reaction. The conjugation yield was first determined
by gel electrophoresis. Since PNA 1 is poorly charged (it
consists of a neutral backbone and carries two positive
terminal charges), it migrates very slowly during electro-
phoresis. Therefore, to detect a change in electrophoretic
mobility caused by PNA conjugation with DTPA, we an-
nealed the PNA to a complementary DNA strand labeled
with fluorescein to increase the PNA gel mobility.

Figure 1 shows the results of such a band-shift experi-
ment. Binding of PNA to target DNA 2 resulted in the
appearance of slow-migrating bands in lanes 2 and 3.
The band corresponding to the duplex formed between
target DNA 2 and PNA-DTPA conjugate is shifted up in
the gel (Duplex 1, lane 2) relative to the band corre-
sponding to the target DNA 2/PNA duplex (Duplex 2,
lane 3). Conjugation yield was measured as a ratio of the
intensity of the shifted (Duplex 1) to the total of the
shifted and the original (Duplex 2) bands in line 2 and
was estimated to be >90%. The conjugation yield of con-
trol DNA oligonucleotide was assessed by denaturing
PAGE using 32P labeling, as was reported previously
[12], and a conjugation yield close to 100% was deter-
mined.

SELDI-MS can directly determine the conjugation of
PNA 1 via comparison of the mass change between the
PNA and PNA-DTPA (Fig. 2). The mass of the major
PNA 1 peak is 4,140 (Fig. 2A); after conjugation this
peak disappears, and a group of new peaks appears
around a major mass peak at 4,891 (Fig. 2B). Attach-
ment of cDTPAA would result in a mass increase by 357
(cDTPAA M.W.=357). However, one of the two anhy-

Fig. 1. Assay for PNA-DTPA conjugation by 12% nondenaturing
PAGE at 4°C. Lanes: 1, target DNA 2; 2, PNA 1-DTPA + target
DNA 2; 3, PNA 1 + target DNA 2. Binding of PNA 1-DTPA con-
jugate to DNA2 results in larger retardation in the gel (band Du-
plex 1, lane 2) as compared to binding of PNA 1 alone (band Du-
plex 2, lane 3)
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dride rings of cDTPAA can be easily opened via hydrol-
ysis to result in an additional mass increase of 18 Da;
thus the total increase would be 375. There is a minor
peak at 4,517 corresponding to conjugation of PNA 1
with one cDTPAA. Conjugation with two cDTPAAs
would result in the product with mass 4,890. The major
observed peak at 4,891 is very close to that predicted
value. There are also other peaks around the major peak
at 4,891 that can be attributed to an incomplete opening
of DTPAA rings or to modifications of PNA-DTPA con-
jugate during ionization that are often observed on the
matrix-assisted mass spectra of oligonucleotides [34].
Nevertheless, the SELDI-MS data clearly demonstrated
that the majority of PNA molecules were conjugated
with two cDTPAA molecules. The fact that two DTPA
molecules can be conjugated to one PNA molecule im-
plies that there may be two 111In binding sites in PNA-
DTPA.

Ion-exchange HPLC was also used to assess the per-
centage of PNA 1 conjugated to DTPA (Fig. 3). In
Fig. 3, PNA-DTPA complex has a peak with a larger re-
tention time than free PNA or free DTPA, corresponding

to the PNA-DTPA conjugates at ~7.5 min. According to
the areas of corresponding peaks in the chromatogram,
the conjugation yield was estimated as ~86%. The sum
of these data demonstrate that PNA 1 was effectively
conjugated with cDTPAA at pH 8–9.

We performed the DTPA conjugation to PNA or DNA
at a molar ratio of cDTPAA to PNA or DNA equal to
400. We optimized the concentration of PNA or DNA
and the pH of the reaction to minimize the formation of
the intermolecular cross-linking of two PNA molecules
to one cDTPAA molecule. In this study, the separation of
PNA-DTPA from the excess of free DTPA in the conju-
gation reaction solution was performed by HPLC using
the same conditions as above to eliminate the effect of
free DTPA in the binding of 111In to PNA-DTPA. Under
the optimized conjugation/separation conditions, the re-
tention time of the free DTPA was ~2.5 min, and that of
PNA-DTPA was 8.5 min; thus, they could be easily sep-
arated.

Binding yields of 111In to PNA-DTPA

Binding of 111In to PNA-DTPA was monitored by PAGE
(Fig. 4A). The PNA-DTPA-[111In] displayed in an un-
usually bigger band compared with DNA. This may re-
flect a smaller charge of the PNA molecule as compared
to the DNA molecule. Lane 1 in Fig. 4A shows the abili-
ty of 111In to bind to PNA-DTPA after HPLC purifica-

Fig. 2A, B. Mass spectrometry analysis of PNA 1-DTPA conjuga-
tion: A PNA 1 before conjugation; B PNA 1 after conjugation.
AU, Arbitrary units

Fig. 3. Ion-exchange HPLC profile of PNA 1-DTPA conjugation.
mAU, Milliabsorbance units

Fig. 4 A. 111In labeling of PNA 1-DTPA and control DNA-DTPA
conjugation via 12% denaturing PAGE (4°C). Lanes: 1, PNA 1-
DTPA + 111In3+; 2, control DNA-DTPA + 111In3+. B Binding of
PNA 1-DTPA-[111In] to target DNA via 20% native PAGE (4°C).
Lanes: 1, target DNA 1-32P-3′; 2, PNA 1-DTPA-[111In] + target
DNA 1-32P-3′; 3, target DNA 1-32P-5′; 4, PNA 1-DTPA-[111In] +
target DNA 1-32P-5′; 5, control DNA-DTPA-[111In] + target DNA
1-32P-5′
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tion. The initial molar ratio of 111In to PNA-DTPA was
1.9:1; since 42% of 111In was associated with the PNA-
DTPA band, we estimated that approximately 80% of the
PNA-DTPA conjugates were labeled with 111In. Lane 2
in Fig. 4A shows similar results for 111In binding to con-
trol DNA-DTPA after HPLC purification. The propor-
tion of bound radioisotope in this case was 41%; thus,
again, ca. 80% of the control DNA-DTPA was labeled
with 111In. These data indicate that 111In binds effectively
to PNA and DNA conjugates after HPLC purification.
At the same time, since there were two DTPA molecules
conjugated to each PNA molecule, only 40% of conju-
gated DTPA was occupied with 111In in the case of PNA.
DNA molecules carried only one DTPA moiety; thus
binding of radioisotope per conjugated DTPA moiety
was almost twice as good for DNA-DTPA than for PNA-
DTPA. The fact that DNA-DTPA binds more 111In per
DTPA moiety than PNA-DTPA may be due to the large
overall negative charge of the DNA molecule, which cre-
ates a higher local concentration of 111In3+ cations, facili-
tating their binding to DTPA.

PNA/DNA duplex formation

Figure 4B shows the duplex formation of target DNA
with PNA-DTPA-[111In], and control DNA-DTPA-[111In],
respectively. Lanes 1 and 3 are target DNA labeled by 32P
at the 3′ and the 5′ end, respectively; lanes 2 and 4 are the
mixtures of an excess PNA-DTPA-[111In] with target
DNA labeled by 32P at the 3′ and the 5′ end, respectively;
lane 5 is the mixture of control DNA-DTPA-[111In] with
target DNA labeled by 32P at the 5′ end. Binding of PNA
molecule to the target DNA resulted in a larger shift in
the gel mobility than did that of DNA to DNA (compare
lanes 2 and 4 with lane 5). Importantly, the band-shift in
the gel shows that in all cases more than 90% of the tar-
get was bound to 111In-DNA or -PNA.

To compare the stability of PNA/DNA and
DNA/DNA duplexes, a competition experiment was per-
formed with PNA 1 and control DNA binding to the tar-
get DNA 1. Figure 5 shows how the target DNA selected
a complementary strand to form a more stable duplex in
the presence of both complementary control DNA and
PNA strands. Control DNA with target DNA did not
form duplex in TE buffer (Tris/HCl-EDTA) at room tem-
perature (lanes 4 and 5). However, lanes 6 and 7 indicat-
ed that PNA tends to displace control DNA from pre-
formed duplex with target DNA to form a more stable
PNA/DNA duplex in TE buffer at room temperature.
This confirms that PNA binds more efficiently to target
DNA than corresponding control DNA.

DNA strand breaks

Figure 6 shows the analysis of strand breaks in target
DNA oligonucleotide labeled at the 5′ end (lanes 1 and
4) or at the 3′ end (lane 5) caused by either 111In-labeled

Fig. 5. The binding efficiency of PNA and control DNA to target
DNA 1 to form duplex via 20% nondenaturing PAGE at room
temperature (~22°C). Lanes: 1, control DNA-32P-3′; 2, target
DNA 1-32P-3′; 3, target DNA 1-32P-5′; 4, control DNA-32P-3′ +
target DNA 1-32P-3′; 5, control DNA-32P-3′ + target DNA 1-32P-
5′; 6, control DNA-32P-3′ + target DNA 1-32P-3′ + cold PNA 1; 7,
control DNA-32P-3′ + target DNA 1-32P-5′ + cold PNA 1; 8, target
DNA-32P-3′ + cold PNA 1; 9, target DNA-32P-5′ + cold PNA 1

Fig. 6. Analysis of strand breaks in target via 12% denaturing
PAGE. Lanes: 1, control DNA-DTPA-[111In]/target DNA 1-32P-5′
duplex; 2, target DNA 1-32P-5′; 3, target DNA 1-32P-3′; 4, PNA 1-
DTPA-[111In]/target DNA 1-32P-5′ duplex; 5, PNA 1-DTPA-
[111In]/target DNA 1-32P-3′ duplex; 6, Maxam-Gilbert G sequenc-
ing line of target DNA 1-32P-5′; 7, Maxam-Gilbert G sequencing
line of target DNA 1-32P-3′



To estimate the frequencies of breaks per decay of
111In we performed the following calculations. The frac-
tion of 111In that decayed in n days is where
t1/2=2.83 days is the half-lifetime of 111In [12]. Thus, af-
ter 14 days, ~96% of 111In decayed. Eighty percent of
PNA-DTPA and DNA-DTPA were bound with 111In, and
we assumed that 100% of the target DNA formed du-
plex. Thus, the frequency of strand breaks per decay was
5.35%/(80%×96%)=0.070 for PNA 1/target DNA du-
plex, and 1.9%/(80%×96%)=0.025 for control DNA/tar-
get DNA duplex. These results indicate that 111In caused
a higher yield of DNA strand breaks per decay when de-
livered by PNA than when delivered by control DNA.
This could be explained by the higher stability of
PNA/DNA than DNA/DNA duplex structure, less over-
all negative charge of PNA/DNA duplex, and the lack of
carbohydrate linker between DTPA and PNA, resulting
in closer positioning of the 111In atom to the target DNA
in the PNA/DNA duplex.

The frequencies of breaks at individual nucleotides
were obtained by calculating the areas of Lorentz-type
peaks fitted to the densitometrically generated intensity
profiles of the lanes. The resulting strand break distribu-
tions for lanes 4 and 5 (Fig. 6) are shown in Fig. 7A, B.
The distributions reveal two almost equal maxima of
breaks opposite to the ends of PNA that are the sites of
DTPA attachments and, therefore, the positions of 111In.
These data demonstrate that the DTPA conjugated to
both amines at the C terminus and N terminus, and that
the bound 111In atoms were distributed almost equally
between the termini.

In our previous studies [12], the DNA strand breaks
per decay in a duplex model caused by DNA-DTPA-
[111In] with a short C-3 linker attached in an internal po-
sition were as high as 0.38. There was a decrease in the
yield of breaks when longer linkers (C-6 or C-7) at-
tached in the terminal positions were used (0.05–0.06
strand breaks per decay in each DNA strand). Thus, the
yield of breaks in the target DNA greatly depends on
both the length and the position of the linker. Therefore,
we expect that the use of a short internal linker for
DTPA-[111In] conjugation to PNA will greatly improve
the yield of breaks in future studies.

DNA strand breaks by PNA 2

In order to enhance the total yield of breaks per PNA
oligomer, we used PNA 2 with three lysines at the C ter-
minus (Table 1). After conjugation with cDTPAA, the
corresponding PNA-DTPA complex was labeled with
111In, and the PNA-2/DNA duplex was made as de-
scribed above. According to the ion-exchange HPLC and
gel electrophoresis results, the conjugation yield of 
cDTPAA to PNA 2 was >80%. Based on mass spectra
analysis, we estimated that 23% of conjugates had one
DTPA attached to PNA, 21% had two DTPAs attached to

842

European Journal of Nuclear Medicine and Molecular Imaging Vol. 31, No. 6, June 2004

control DNA (lane 1) or 111In-labeled PNA 1 (lanes 4
and 5). The positions of breaks were determined by com-
parison with the Maxam-Gilbert G-sequencing lanes
(lanes 6 and 7) [10]. In the case of the radiolabeled PNA
1, breaks were distributed along the PNA-binding region
of target DNA, with the regions of increased intensity at
the ends (bracketed in Fig. 6). We determined the yield
of breaks in this experiment as the percent of radioactivi-
ty of bands corresponding to breaks in relation to the to-
tal radioactivity, including the band of undamaged frag-
ment [12]. When target DNA was labeled by 32P at the 5′
end, the yield of breaks was 5.30%; when target DNA
was labeled by 32P at the 3′ end, the yield of breaks was
5.40%; the average total yield of breaks was 5.35%. The
control DNA-DTPA-[111In] produced breaks in the target
DNA with 1.9% yield (lane 1 in Fig. 6).

Fig. 7A–C. Distribution of PNA 1-DTPA-[111In]-induced strand
breaks in target DNA 1-32P-5′ (A, from lane 4 of Fig. 6) and target
DNA 1-32P-3′ (B, from lane 5 of Fig. 6), as well as the distribution
of PNA 2-DTPA-[111In]-induced strand breaks in target DNA 2
(C)



PNA, 40% had three DTPAs attached to PNA and 16%
had four DTPAs attached to PNA. Thus, on average 2.5
DTPAs per PNA 2 were conjugated. The gel-shift assays
showed that about 90% of PNA-DTPA was labeled by
111In, and the target DNA was bound completely to form
duplex (data not shown).

After 10 days (~91% of the 111In decayed) the target
DNA strand breaks were determined by sequencing gel-
electrophoresis as described for PNA 1 (data not shown)
and a 6.8% yield of breaks was obtained. Thus, the yield
of strand breaks per decay was 6.83%/(90%×91%)=
0.083 for DNA duplex with 111In-labeled PNA 2. This
indicates that 111In delivered by PNA 2 caused a higher
yield of DNA strand breaks per decay than the corre-
sponding PNA 1. Interestingly, only one maximum of
strand breaks was observed (Fig. 7C). This suggests that
either DTPA was attached mainly to the amino groups of
the lysines of PNA 2 at the C terminus and/or 111In was
preferably bound to the C-terminal DTPA. We conclude
that addition of extra lysines to PNA increases the num-
ber of amino groups for DTPA conjugation, which in-
creases the radioactivity that PNA can carry, resulting in
the higher yield of DNA strand breaks. Our data also
demonstrate that the 111In-loading efficiency and, there-
fore, yield of breaks, were higher for PNA 2 at the ly-
sine-tagged PNA carboxy terminus.

Concluding remarks

In summary, the cDTPAA moieties are readily conjugat-
ed to common mixed-base PNA oligomers at both termi-
ni through available PNA amino groups and PNA-DTPA
conjugates can be effectively purified from the unreacted
DTPA by HPLC. As a result, PNA can be loaded with
111In at high yield. The radionuclide, when delivered by
PNA-DTPA conjugate to a specific site on single-strand-
ed DNA, produces more breaks in target DNA per decay
than when it is delivered by the corresponding DNA-
DTPA conjugate.

Given the improved sequence specificity and binding
affinity of PNA [21, 35], its chemical and biological sta-
bility [21, 27, 28, 29], and our latest data showing that
site-specific breaks can be directed by radiolabeled
ODNs to RNA strands as well [17], we expect that it will
be possible to use PNA oligomers as radionuclide-carry-
ing vehicles in antisense radiotherapeutic experiments.
Recently, there has been significant progress in PNA cel-
lular delivery that has substantially reduced the initial
skepticism regarding the therapeutic and in vivo diag-
nostic use of PNAs [31, 36, 37, 38]. In addition, due to a
neutral backbone, PNA appears to lack general toxicity
and nonspecific protein binding [39, 40].

Although only one PNA sequence was involved in
our proof-of-principle study, we do not expect any sub-
stantial limitations on the use of other PNAs for similar
purposes, even given the well-known fact that not all

PNA sequences can readily be made. First, a range of
possible sites normally exists for specific antisense/anti-
gene application. Second, only the purine-rich PNAs
(>60% purines) are usually difficult to synthesize or to
handle, with G-rich oligomers typically being the worst.
Yet, a study of very G-rich PNA recently reported by
Datta et al. [41] found no problems while working with
this PNA oligomer.

As to the possibility of using the radiolabeled PNAs
in antigene approaches to treat malignant cells in a man-
ner similar to treatment with radiolabeled triplex-form-
ing ODNs [15, 17], the ability of mixed-base PNAs to
invade duplex DNA under certain conditions is worth
mentioning [42, 43, 44, 45]. Employment of mixed-base
PNA in combination with PNA openers [46, 47] repre-
sents one more alternative for targeting oncogenes with
radiolabeled PNAs. In this connection, recent advances
in tissue/cell-specific PNA targeting [ 48, 49, 50] de-
serve attention. An alternative approach for DNA/RNA-
targeted delivery of radioisotopes based on the use of
other nonionic DNA analogues, morpholino oligomers
[51, 52], is worthy of note in this context. These synthet-
ic oligomers are also promising for future antisense/anti-
gene radiotherapy trials although they exhibit some in-
stabilities [51] and hybridize to nucleic acids less effi-
ciently than PNAs [53].
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