
biomolecules and even to smaller parts of these molecules
(1,2). The intense emission of low-energy (Auger) electrons

and residually charged nuclei that accompany the decay of
1251, 123I, and other AEs produces highly dense irradiation

within a very short range from the decay site and result in
significant damage to adjacent biomolecules (3â€”6).

We proposed targeting disease-causing genes with AEs,
thus performing antigene radiotherapy (7). For DNA
sequenceâ€”specificdelivery ofAEs, we usedsynthetic triplex
forming oligodeoxyribonucleotides (TFOs). Unlabeled TFOs
were previously proposed for modulation of gene expression
in an antigene strategy (8). This method was based on the
ability of oligopurine and oligopyrimidine (oligodeoxyribo
nucleotides, ODNs) to bind to polypurinepolypyrimidine
sequences in the major groove of DNA in a sequence
specific manner with formation of triple-helical structures

(9, 10). To improve the efficiency of oligonucleotide
mediated antigene therapies, ODNs have also been modified
with chemically active groups to cause irreversible damage
to the DNA target (11,12).

We originallylabeledTFOswith â€˜@I,a well-studiedAE
(13). The decay of â€˜@Iincorporated into DNA as an
iododeoxycytidine residue has been shown to result in
double-strand breaks that occur within 10 bp around the site
of decay (14). The decay of 125!incorporated into a TFO as a
iododeoxycytidine residue produces double-strand breaks
(DSBs)inthetargetduplexontriplexformationinvitrowith
an efficiency close to 1 break per decay (13). The combina
tion of the sequence specificity of TFO and the ability of
AEs to cause highly localized DNA breaks allows radiation
induced breaks to be confined to the TFO-targeted gene and
to produce minimal damage to the rest of the genome,
accomplishing, perhaps, the goal of antigene radiotherapy.

Using â€˜@Iallowed us to test the principle of antigene
radiotherapy in vitro, and we demonstrated that â€˜25I-labeled
TFOs are able to produce sequence-specific breaks in
purified plasmids and genomic DNA. However, to attempt
antigene radiotherapy in vivo, other AEs are required.

â€˜11Inhas medium-energy -y-ray emissions, a relatively
short half-life (2.8 d), and is bound to various carriers for use
in nuclear medicine scintigraphy. @Inhasbeen incorporated
into antisense oligonucleotides to evaluate their use for
noninvasive diagnosis of mammary tumors in mice (15).

We studied the fine structure of DNA damage produced by the
decayof 1111nincorporatedintoduplexandtriplex DNAstrandsto
evaluate the usefulness of this radionuclide for sequence
specific DNA cleavage. Methods: Oligodeoxyribonucleotides
(ODN5)were preparedwith 111Inattachedby diethylenetriamine
pentaaceticacid (DTPA)at the 5' end or 3' end through a long
chemical linker or to an internal nucleotide position through a
short linker.Subsequentformationof DNAduplexesandtriplexes
was confirmed by gel electrophoresis.The 111ln-inducedbreaks
were assayed in denaturingpolyacrylamidegel electrophoresis
with a single-nucleotideresolution.Results: 111In-Iabeledoligo
nucleotidesof high specific activity (740â€”1554 TBq/mmol)were
synthesized.The presenceof the bulky 1111n-DTPAgroup did not
impede duplex or triplex formation. LocalizedDNA breaks were
observed in all duplexes and triplexes formed. The majority of
DNA breaks in duplex formations were located within Â±10
nucleotidesfrom the site of attachmentof the 1111n-bearinglinker.
The yield of DNA breaks per decay was 0.38 in a duplex with
internally modified ODNs. This is nearly 2 times less than the
yield of DNAbreaksin the sameduplexwith 1@Iattachedthrough
the same linker.The yield of DNA breaks in the pynmidineand
purine strands of DNA tnplexes with 1111nattached to the
triplex-formingODNsthroughthe linkersofdifferentlength varied
from 0.05 to 0.10. The distributionof DNA breaks was wider in
comparison with the duplex experiment. The lower yields of
breaks per 1111ndecay compared with 1251may be not only the
resultof lowerdepositedenergybut also of the ionic repulsionof
the negativelycharged 1111n-DTPAgroup from the DNAstrands.
Conclusion:We haveshownthatdecayof111Inproduceshighly
localized DNA breaks. 111lnintroduced into triplex- and duplex
formingODNsthroughhydrocarbonlinkersproducessequence
specific DNAstrand breakswith an efficiencynearlycomparable
with that of 1251These findings are supportiveof our proposed
useof 1111n-ODNsfor gene-specificradiotherapy.
KeyWords:Augerelectrons;1111n;DNAdouble-strandbreaks
J NuclMed 2000;41:1093â€”1101

he use of Auger-electronâ€”emitting radionuclides (AEs)
for radiotherapy affords a unique opportunity to deliver
ionizing radiation not only to specific cells but to specific
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In additionto being a â€˜yemitter, 1111nis an AE with total
energy of Auger electrons that is about half that of â€˜@I(16).
1111nbound nonspecifically to plasmid DNA produced more
single-strand breaks than nonbound 111Inin solution. The
experiments were performed in aqueous solution using

@InCl3,in the absence or presenceof diethylenetriaminetri
pentaacetic dianhydride (DTPA dianhydride), a metal chela
tor thatformsa negativelychargedIn-DTPAcomplexand
uses ionic repulsion to prevent the binding of In to DNA
(17). However, the fine structure of DNA damage produced
by 1111ndeliveredtoDNA inasequence-specificmannerhad
not yet been examined. Nor was information available
regarding the ability of 1111n-labeledODNs to form DNA
triplexes.

Inthis articlewe reportthe sequence-specificDNA breaks
produced by decay of â€˜DInattached to duplex- or TFOs
throughlinkersof variouslengths,and we compareour
results to those previously obtained with â€˜@I-ODNs.

MATERIALS AND METhODS

Synthesis of Oligodeoxyrlbonucleotides
ODNs were synthesized on an AB1394 DNA synthesizer (PE

Applied Biosystems, Foster City, CA) and purifiedas described
previously (13). The structures and sequences of the amine

modified oligonucleotides NH2-ODN-(l-4) are shown in Figure
lA. The 3'-hexanol modificationwas introducedinto ODN-l and
ODN-2 through the use of a hexanol-modified, controlled-pore

glass(CPG)support(18).The 5-(3-aminopropyl)-2'-deoxyuridine
modification was introducedinto ODN-l and ODN-2 using the
corresponding phthalimide-protected phosphoramidite (19). ODN-3
was modified with 5'-aminohexyl using N-MMT-hexanolamine
phosphoroamiditelinker(Glen Research,Sterling,VA). The6-ami
nohexyl-2-methoxymodification was introducedinto ODN-4 us
ing 3'-aminomodifierC7 CPG(GlenResearch).

Synthesis of â€œIn-ODN-l
Conjugation of DTPA with Oligodeoxyribonucleotides. ODN

solutions (57â€”245@imoI/L)were prepared in 0.3â€”0.5mol/L sodium
bicarbonate (pH 8.4). To these solutions, fresh cyclic DTPA
dianhydride (cDTPAA) solutions (27.6â€”98.2mg/mL and 0.08â€”0.28
mmol/mL) prepared in dry dimethyl sulfoxide (DMSO) were
added in 3 equal portions at 15-mm intervals. The conjugation
reaction was continuedfor 15 mm after the last portion of the
cDTPAA solution was added. The total concentration of cDTPAA
was 280â€”1260-foldgreater than the concentration of ODNs. The
DTPA-conjugatedODNs were then purified with spin G-50
columns(5 PrimeI 3 PrimeInc., Boulder,CO)prewashedwith 0.2
molIL sodiumacetateand 0.02 mol/L sodiumcitrate buffer (pH,
4.5). The spincolumnchromatographywasrepeatedseveraltimes
until free DTPAwas completely removed. The concentration of the
purified DTPA-ODN conjugates was determined by ultraviolet
spectroscopy (Hewlett Packard Co., Gloucester, VA).To determine
the percentage of ODN conjugated to DTPA a small fraction of
DTPA-ODNconjugates was labeled with [-y-32P]-adenosinetriphos
phate (AlP) using T4 polynucleotide kinase (New England Bio
labs, Beverly, MA) following the manufacturer's protocol and

A

5'-AACGT@ GAGGGGCAT-OPO@-O(CH@J,OH NH2-ODN-1

NH2-ODPI-2

9AAAGA000AGGGAGGGAAGGG-3' NH2-ODN-3

5'.GGGAAGGAGGAAAGAGGGAGGGAGGGAAGGG'Â°r

B

NH2-ODN (14)â€”s-'. DTPA-PIH-ODN (1-4) _L â€˜111n-DTPA-NH-ODN(1-4)

9Â°@GGGAAGGAG

FIGURE 1. (A) Sequences of amine
modified oligonucleotides used for syn
thesis of â€œIn-ODN(1-4).(B) Scheme for
synthesis of â€˜11In-ODN(1-4).Reagents: (a)
cDTPA,DTPA,(b)111lnC13.
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analyzed by denaturating polyacrylamide gel electrophoresis
(PAGE). The gel was fixed in 10% acetic acid and dried. The
intensityofthe bandscorrespondingto the32P-ODNand32P-DTPA
ODN were measured with a BAS 1500 Biolmaging Analyzer (Fuji,
Stamford,CT) asdescribedpreviously(13).

111InLabeling with DTPAConjugates of
Oligodeoxyribonucleotides

An aliquot(1â€”4pL) oftheseconjugates(1.03â€”4.12pmol/L) was
then radiolabeled with a 15-fold molar excess of â€œInchloride
(26â€”103.6MBq, 15.5â€”62pmol in 2.5â€”10pL ofO.05moIILHC1)for
1 h at room temperature. The pH of the solutions was adjusted to
4.5 by the addition of 2 mollL sodium acetate when necessary. The
molar excess of free â€˜BInion was then quenched by adding 5
mmoLILDTPA and incubating for 10 mm. The â€œtIn-labelingyield
was determined by reverse-phase (Rp) thin-layer chromatography
(TLC) (5 x 20 cm, eluate 10 mmol/L sodium phosphate [pH, 6.7];
Uniplate;RPS-FAnaltechInc., Newark,DE) andby size-exclusion
high-performanceliquid chromatography(HPLC) equippedwith a
Supelco G2000SW column and an on-line flow radioactivity
detector (Bioscan Inc., Washington,DC). The radioactivity on
Rp-TLC was scanned with a Bioscan System 300 Imaging Scanner
detector (Bioscan Inc.). The radioactivity peaks corresponding to
â€œIn-DTPA-ODNsand â€œIn-DTPAwere scraped off from the TLC
plateandcountedina-ycounter(PackardCo.,DownersGrove,IL).
The remaining â€œIn-labeledproductswere subjectedto the spin
column chromatographyuntil â€œIn-DTPAwas completely re
moved. The radiochemical pUrity of the products was confirmed by
Rp-TLCandsize exclusion as HPLCdescribedabove.

Duplex Preparation
The 42-mer target (ODN-5) was labeled with [-y-32P]-ATPusing

T4 polynucleotide kinase (New England Biolabs), following the
manufacturer's protocol. The product was purified on MicroSpin
G-50 column (Amersham Pharmacia Biotech Inc., Piscataway, NJ),
and its final concentration was estimated to be 200 nmollL. The
32P.0DN5 (0.25 pmol, 1.25 @.tL)and â€˜@In-ODN-l(0.65 pmol, 24

@ 55 kBq) wereannealedat37Â°Cfor 10mmin 1X STEbuffer(50
mmol/L Tris HC1 [pH, 7.5], 1 mmol/L ethylenediaminetetraacetic
acid [EDTA], 150 mmol/L NaC1)followed by slow cooling to
20Â°C.Formation of the duplexes was confirmed in 20% nondena
turating PAGE. The samples were frozen at â€”70Â°Cfor dose
accumulation. Control oligonucleotide 32P-ODN-5was subjected
tothesamefreeze,thaw,anddenaturationastheduplex.

Triplex Preparation
The ODN-6 was labeled with [@y-32P]-ATPusing T4 polynucleo

tide kinase (New England Biolabs), and the ODN-7 was labeled
with [a-32P]-deoxyadenosine triphosphate (dATP) using terminal
transferase from calf thymus (Boehringer Mannheim, Indianapolis,
IN). The products were purified on a MicroSpin G-50 column
equilibratedwith STE buffer (50 mmol/L Tris HC1 [pH 7.5], 1
mmol/L EDTA, 150 mmol/L NaC1), and concentration was esti
matedto be0.75 pmoL/pL.Fifteenpmol32P-ODN-6and15pmol
ODN-7 (D1 duplex) or 15 pmol 32P-ODN-7and 15 pmol ODN-6
(D2 duplex) were annealedat 75Â°Cfor 2 mm in lx Pol buffer (10
mmol/L Tris HC1, pH 7.5, 10 mmol/L MgCl2, 50 mmol/L KC1, 1

mmol/L dithiothreitol [DIT]) followed by slow cooling to room
temperature. The labeled duplex was finally purified by 20%
nondenaturatingPAGEasdescribedpreviously(20), andthe final
concentration of each was estimated to be 0. 1 pmolfl.tL.To form
triplexes, the D1 and D2 duplexes (0.8 pmol, 8 @iLeach) and

â€œIn-ODN-2, â€œIn-ODN-3,or â€˜@In-ODN-4(1.6 pmol, 1.37 MBq,
6 giL) were mixed in 1X binding buffer (50 mmol/L Tris HC1 [pH,
8], 10mmol/L MgCl2,and1mmol/L spermidine)in a total volume
of 16 @iLto form triplexes (Tl, â€˜@In-ODN-2+ D1; T2, WIn
ODN-2 + D2;T3, â€œIn-ODN-3+ Dl; T4, â€œIn-ODN-3+ D2,T5,
â€œIn-ODN-4+ Dl; T6, @In-ODN-4+ D2).The structures of the
triplexes are shown in Figure 2. After incubation at 37Â°Cfor 24 h,
the samples were analyzed by the band shift assay (21) in 20%
native PAGE in Tris-borate-EDTA containing 5 mmol/L MgCl2.
The intensities of the bands, corresponding to the duplexes and
triplexes, were measured, and the percentage of radioactivity
associated with triplex structures was calculated. The samples were
frozen at â€”70Â°Cfor dose accumulation. Control duplexes D1 and
D2 were subjectedto the samefreeze,thaw, and denaturationas
triplexes.

Fragmentation Analysis
After 12 d, the samples were analyzed for fragmentation of the

target by 12% denaturing PAGE. Sequencing reactions were
performed as described previously (22). The gels were fixed in 10%
acetic acid and dried. The locations of the bands relative to the
sequenceof the ODN-5 for duplexandODN-6 andODN-7 for
triplex were determinedby comparisonwith the Maxam-Gilbert
G-sequencing lane. The bands corresponding to the breaks in
32P0DN5 for duplex and 32P-ODN-6and 32P-ODN-7for triplex
were measured using BAS 1500 Biolmaging Analyzer software
(Fuji) and, after subtraction of the corresponding areas in the blank
control (32P-ODN-5for duplex and D1, D2 duplexes for triplexes),
expressed as a percentage of the total radioactivity in the lanes,
including the top band of undamagedfragment. Data from 3
independentexperimentswere normalizedby the percentageof
radioactivity associated with duplex and triplex structures. Then
theaveragesandstandarddeviations(a) werecalculated(Fig.3B,
Figs. 4 and 5).

RESULTS

Oligodeoxyribonucleotide Conjugation and Labeling
The amine-modified ODNs were conjugated with the

cyclic anhydride of DTPA as has been described by others
(15,23) for radiolabeling with â€œInusing procedures routine
for antibody labeling (24,25). The percentage of unconju
gated ODN was determined by labeling an aliquot of ODNs
with [â€˜y-32P]-ATPbefore and after conjugation, and the
samples were analyzed by denaturing PAGE (Fig. 3A, lines
1 and 2). The DTPA-NH-ODN conjugates migrate slower in
the PAGE. In the ODN-l sample (Fig. 3A, line 2), 90% of
the material migrates slower than the unconjugated ODN
(Fig. 3A, line 1). Two bands correspond to the products of
conjugation (arrows). The lower of the bands, which con
tans 90% of the conjugated ODN, was assumed to be the
expected product. We believe that the upper band is a
product of double conjugation. Although the exact chemical
nature of theseproducts has not been determined, the PAGE
assay allowed optimization of the conditions of conjugation.

To obtain â€œIn-DTPA-NH-ODNs with maximum specific
activity, a 15-fold molar excessof â€œIn-chloridewas added
to the solution of DTPA-NH-ODNs. The excessof free â€œIn
ion was quenched by adding DTPA and was removed by
several repeated gel filtration chromatographies. PAGE
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1111n-DTPA-NH-OEN-2
ODN-6 ATTCTCTATi
OEN-7 TAA.G&G.&TAT

T2
1111n-DTPA-NH-OEN-2
Ofl@-6 ATTCTCTATJ
ODN-7 TAAGA.Q@TA1

T3
1111n-DTPA-NR-OEN-3
ODN-6 ATTCTCTAI

ODN-7 TA&G&QATJ

T4

1111n-DTPA-NE-OESI-3
01*1-6 ATTCTCTAT

ODN-7 TAAG&G&TA

T5

lii-.â€”

ODN-6
OVN-7

T6

1111n-DTPA-NH-OEN-4
OEN-6 AtU@CTCT@

ODN-7 TA*.G@.QM

3.
@TT

IAA

3,
@1@1

w

3.
CT@
GAl

3.

3.

3.
FIGURE2. Sequencesof triplexes.X, V.
and Z indicate position of 111ln-labeled
residues.

analysis of 1'11n-DTPA-NH-ODN-l is shown in Figure 3A
(lane 3). We believe that the lower band is a product of â€œIn
incorporationinto single-DTPAâ€”conjugatedODN, whereas
the upper band results from â€œInincorporation into double
DTPAâ€”conjugatedODN (upper of the marked bands on lane
2) The radiochemical purity of the products was confirmed
by Rp-TLC, size-exclusion HPLC, and denaturating PAGE
as described previously in this article. The measured specific
activities of all â€œIn-labeledODNs ranged from 740 to 1554
TBq/mmol.

Breaks in the Complementary Strand of a Duplex
The â€œ11n-ODN-l(Fig. 1) was annealed to complementary

ODN-5 to form a duplex (Fig. 3B). The ODN-5 was 5'-end
labeled with 32P for the subsequent breaks analysis in
denaturating PAGE. The nondenaturating PAGE analysis of
the sample revealed that 95% of the ODN-5 formed
duplexes (data not shown). The samples were frozen and
kept at â€”70Â°Cfor dose accumulation.

After 12 d of storage, the sample was analyzed for
fragmentation by 12% denaturating PAGE as shown in
Figure 3A, lane 4. The location of the bands relative to the
sequence of the ODN-5 was determined by comparison with
the Maxam-Gilbert G-sequencing lane (lane 6). Therefore, a
break at a given position indicates the complete removal of
the corresponding base (22). Bands corresponding to the
shorter fragments as a result of the breaks are bracketed (Fig.

3A, lane 4). The intensities of the bands were measured and,
after subtraction of the corresponding areas in the blank
control (32P-ODN-5, lane 5), expressed as a percentage of
the total radioactivity in the lanes, including the top band of
undamaged fragment. These values are termed frequencies
of breaks (F,). The total frequency (F) of â€œIn-decay
induced cleavage of 32P-ODN-5, calculated as the sum of the
frequencies of breaks corresponding to individual bases (F1),
was 12.6% for the â€œIn-duplex. The fraction of â€œInthat
decayed in N days can be calculated as:

1 â€”2-Nffit@,

where T,,@= 2.8 d and is the half-life of the isotope. Thus,
after N = 12 d, 94.9% of the â€œIndecayed. Taking into
account that the efficiency of incorporation of â€œIninto
ODN-l was 36% and that only 95% of ODN-5 was bound to
â€œIn-ODN-l, we calculated the yield of strand breaks per
decay as:

B = 0.1261(0.949 x 0.36 x 0.95) = 0.38.

The bar graph in Figure 3B shows the yields of strand
breaks per decay of â€œInand â€˜@Ifor individual bases (Bi)

(calculated as Bi = Fi X B/F) for the duplex bearing the
short internal linker (Fig. 1A) (the data for â€˜@I-duplex,
bearing the same linker, are from Karamychev et al. [26]).
The maximum of the breaks distribution is shifted 4 bases
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FIGURE 4. Yieldof DNA strandbreaks
per decay of 111Inand â€˜al.*Data from (20).
Datafrom (26).
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towardthe5' endof thetargetstrandfromthepositionof the
attachment of the linker (Fig. 3B). The yield of strand breaks
perdecayof â€œInfor theduplexbearingtheshortinternal
linker (Fig. 1A) was nearly 2 times less than the yield of
strandbreaksper decayof â€˜@Ifor theduplexbearingthe
same linker (Fig. 4).

Breaks In a Duplex Produced by TFOs
Internally labeled triplex-forming â€œIn-DTPA-NH-ODN-2,

5'-end labeled â€œ1In-DTPA-NH-ODN-3, or 3'-end labeled
â€œIn-DTPA-NH-ODN-4were synthesized from DTPA-NH
ODN(2-4) intermediates as describe above (Fig. 1). To form
triplexes we used the same target sequence as in our
previous study with â€˜@I(20). 32P-ODN-6 and ODN-7 (D,

FIGURE5. Distributionandrelativeinten
sity of breaks at individual bases in punne
strand (triplexesT2, T4, T6) and pyrimidine
strand (tnplexesTi ,T3, T5). Relativeinten
sities are shown In same scale for punne
andpynmidinestrand.SDsanda areshown
by vertical bars. X, V. and Z Indicate posi
tions of 1111n-labeledresidues in the triplex
triad.
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â€˜I
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:@

.1

I
:i
.1

I
.1

I
I

0.002
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0.006

duplex) or 32P-ODN-7 and ODN-6 (D2 duplex) were an
nealed to form the target duplexes with the â€œIn-DTPA-NH
ODN(2â€”4)(Fig. 2).

Triplex formation between â€œIn-TFOs and the duplexes
was confirmed by band shift in 20% native PAGE (Fig. 6).
By measuring the intensities of the bands corresponding to
the 32P-duplexesand 32P-triplexes,we calculated that 95% of
the radioactivity for T3, T4, T5, and T6 triplexes; 47% for
Ti triplex; and 27% for T2 triplex were associated with
triplex structures. The triplex samples were kept for 12 d at
â€”70Â°Cfor dose accumulation. After that time, the triplexes
were disrupted by adding EDTA that chelated magnesium
required for their stabilization. The samples were then
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distance, as was done for â€˜@I-DNA,triplex, or DNA-protein
complexes (20,27). Ifthe â€œInor l251were moved away from
the DNA to the length of the fully extended linker, we could
calculate the maximum distance from the radionucides to
the position of attachment of the linkers (11.3 A for the short
linker, 1251;13.2 A for the short linker, â€œIn;15.6 A for the
long linker, â€˜@I;18 A for the long linker, â€œIn)and, in
principle, roughly estimate the relationship between the
yield of DNA strand breaks and these distances.

Based on the position of the maxima of the distributions
of strand cleavage, we can predict the position of â€˜BInor â€˜@I
and speculate on the conformation of the linker. For
example, for both isotopes tested, the maxima of the breaks
distribution in 1of the duplex DNA strands is shifted 4 bases
to the 5'-end of the complementary strand from the linker
bearing base(Fig. 3B). According to x-ray data, the distance
between the neighbor bases in B-DNA is 3.4 A. Therefore,
the distance between the first and the fifth bases should be
3.4 A X 4 = 13.6 A, whichcorresponds to the length of the
fully extended linker ( 11.3 A for the short linker, â€œ-SI;13.2 A
for the short linker, â€œIn).This suggests that the linker
â€œstretchesâ€•along the DNA duplex so that the distance
between the ribose of the fifth nucleotide to the 5'-end and
the radionuclide atom becomes the shortest distance. The
data presented in Figure 4 show that there is a small
difference in terms of the yield of DNA strand breaks per
decay between the duplex where â€˜@Iis directly attached to
the C-S position of cytosine (0.8 breaks per decay) and the
duplexwhereâ€œSIis attachedto thebasethroughtheshort
linker (0.66 breaks per decay). We can thus assumethat the
distances between the 1251or 1111nand the nearest atoms of
the ribose-phosphate backbone (the major target for Auger
electrons [28â€”31])are nearly the same. Therefore, we have
good agreement between the probability of DNA breaks and
the energy of the Auger electrons from â€œInand â€˜@Ifor the
duplex-bearing isotopes on the short linker.

Although the mechanism of DNA cleavage by Auger
electrons is complicated and not completely understood, it is
commonly suggested that the main targets in the DNA
molecule are deoxyriboses and phosphate groups (28â€”31).It
is worth noting that the bands corresponding to â€˜@I-and
1l â€˜In-decayâ€”induced breaks comigrate with the products of

Maxam-Gilbert sequencing reaction and, therefore, may
have the same chemical structure. Thus, the corresponding
base and deoxyribose are completely eliminated, and the
5'-end of broken DNA has a terminal phosphate group (22).

The yield of DNA strand breaks in the pyrimidine and
purine strands of the triplexes with â€œInattached to the
TFOs through the linkers ofdifferent length varies from 0.05
to 0. 10 (Fig. 4). The yields of DNA strand breaks produced
by l251attached to the â€˜ff0through the linkers of the same
length were 9-fold higher (pyrimidine strand, long linker,
5'-end) or 1.6-fold higher (pyrimidine strand, short linker,
internal position) (Fig. 4). These differences in the yield of
DNA strand breaks could be explained in terms of the
surface charges of the triplex and â€˜â€œIn-DTPAlinker.

@1 234 5 6 7 8 91O@

FIGURE 6. Analysisof triplexformationbetween111In-DTPA
NH-ODN-2,3,4 and @P-IabeIedduplexes in nondenaturating
PAGE. Lanes: (1) 111ln-DTPA-NH-ODN-3;(2) â€œ1ln-DTPA-NH
ODN-4; (3) duplex D1 (@P-ODN-6 + ODN-7); (4) duplex D2
(@P-ODN-7+ ODN-6); (5) triplexT5 (111ln-DTPA-NH-ODN-4+
duplex D1);(6) triplex T6 (111ln-DTPA-NH-ODN-4+ duplex D2);
(7) triplex T3 (1111n-DTPA-NH-ODN-3 + duplex D1); (8) triplex T4
(1111n-DTPA-NH-ODN-3+ duplex D2);(9) triplex Ti (111ln-DTPA
NH-ODN-2 + duplex D1); (iO) triplex T2 (1â€•ln-DTPA-NH
ODN-2+ duplexD2).Arrowindicatespositionof â€œ1ln-iabeled
oligonucleotides.Positionsof duplexesand tripiexesare marked
with D andT, respectively.

analyzed for fragmentation in 12% denaturing PAGE. The
yields of the strand breaks for all the triplexes determined as
described above for duplexes are summarized in Figure 4.

DISCUSSION

The yield of ODN-targeted DNA strand breaks produced
by thedecayof â€˜l'Inwasdeterminedasa functionofthe type
of linker structure and its position. The simple and efficient
method of the synthesis of â€˜@In-labeledoligonucleotides
with high specific activity from an amino-modified oligo
nucleotides was used. We showed that these labeled ODNs
were able to form duplexes and triplexes with their comple
mentary target sequences.The conditions of triplex forma
tion used here were similar to our earlier studies of
â€˜@I-modifiedTFOs of the same sequences (26). The efficien
cies of triplex formation at comparable concentrations in all
cases were similar, or even better. Therefore, we deduce that
â€œIn-bearinglinkers do not impede triplex formation.

The yield of strand breaks per decay of â€œInfor the duplex
bearing the short internal linker (Fig. 3B) was nearly 2 times
less than the yield of strand breaks per decay of @Ifor the
duplex bearing the same linker. The difference in the yield of
breaks clearly correlates with the difference in the calculated
average energy deposited by the electrons in a unit density
sphere 5 nm in radius around the decay sites of @â€˜Inand 125J
(16). The break distribution for the â€œInduplex was nearly

the sameas that for the â€˜@Iduplex.
In previous experiments we demonstrated that the yield of

strand breaks produced by @-@Istrongly depends on the
distance from the decay site to the DNA strand. It was shown

that the 7 A difference in distance from â€œSIto the DNA
strands resulted in 4-fold lower yield of strand breaks (20).
Therefore, for the calculation of probability of DNA strand
breaks, one must take into account not only the average
energy of the Auger electrons of â€œInor 1251but also the
distance from 1251or 1111natoms to the DNA strands.
Unfortunately, there are no simple methods for synthesis of
oligonucleotide derivatives with â€œIndirectly attached to the
baseorriboseringof theoligonucleotidetoprovidedatafor
calculating probabilities of DNA strand breaks in relation to
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Sahuet al. (17) have shown that formation of a negatively
charged In-DTPA complex prevents the binding of In to
DNA by ionic repulsion. Similarly, TFOs add more negative
charge to the surface of the DNA, perhaps preventing the
positioning of a â€œIn-DTPA group in close proximity to the

major groove of DNA. Thus, we suggest that â€œIn-DTPA
bearing groups are positioned somewhere around the site of
attachment at distances where ionic repulsion and steric
hindrance become minimal; and, that the 2 maxima of
breaks distribution of all triplexes tested most likely corre
spond to 2 different conformations of the linker relative to
the DNA.

The breaks distribution, determined as described above,
in both strands of the triplex with the internally labeled TFO
is considerably wider (Ti, T2, Fig. 5) than in the duplex with
the same linker (Fig. 3B). These distributions have 2
maxima positions which coincide in the purine (Ti) and the
pyrimidine (T2) strands. The first pair of the maxima is
shifted 3 nucleotides to the 3'-end of pyrimidine strand and
tothe5â€˜-endof thepurinestrand,andthesecondisshifted6
nucleotides to the S'-end of pyrimidine strand and to the
3'-end of purine strand relative to the position of the
1â€œIn-containing triad. The yield of the breaks in the first pair

of maxima is somewhat stronger than in the other pair.
The positions of the maxima of breaks distribution in the

pyrimidine and purine strands of the triplexes with â€œIn
attached to the S'-end ofTFO do not coincide. The strongest
maximum of breaks in the purine strand is shifted 2
nucleotides to the S'-end, whereas in the pyrimidine strand it
is shifted 1 nucleotide to the S'-end relative to the position of
â€œInattachment(T4, T3, Fig.5).

Thestrongestmaximumof breaksin thepurinestrandof
the triplex with â€œInattached to the 3'-end ofTFO is shifted
2 nucleotides to the 3'-end, whereas in the pyrimidine strand
it is shifted 2 nucleotides to the 3'-end relative to the
position of â€œIn-containingtriad (T6, T5, Fig. 5).

CONCLUSION

We have shown that â€œInincorporated into duplex and
triplex DNA structures in a sequence-specific manner pro

duces DNA strand breaks in close proximity to the site of
incorporation with an efficiency comparable with that of â€˜@I.
Our ability to produce â€œIn-TFOconjugates with a high
specific activity makes them very promising agents for trials
of antigeneradiotherapy.Aswithâ€˜@I(14), â€œ11nbecomesan
AE radionuclide that can be shown experimentally to
produce highly localized damage when positioned close to
DNA. 111Incan thus be considered for many of the therapeu
tic applications that have been proposed for â€˜@I(4), with the
greatadvantageof havingphotonsfor scintigraphyanda
considerably shorter half-life. It may also be important to
consider DNA binding by â€˜â€œIn-labeledradiopharmaceuti
cals used in nuclear medicine for more accurate calculations
of theirdosimetry,aswaspointedoutearlierfor â€˜@I(16,32).

The authors thank William Eckelman and Ludvig
Feinendegen for many fruitful discussions and helpful
suggestions.
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