
Cleavage of DNA without loss of genetic information
by incorporation of a disaccharide nucleoside
Koen Nauwelaerts, Karen Vastmans, Matheus Froeyen, Veerle Kempeneers,

Jef Rozenski, Helmut Rosemeyer1, Arthur Van Aerschot, Roger Busson, Jeffrey C. Lacey,

Ekaterina E®mtseva, Sergey Mikhailov, Eveline Lescrinier and Piet Herdewijn*

Rega Institute for Medical Research, Laboratory for Medicinal Chemistry, Minderbroedersstraat 10,
B-3000 Leuven, Belgium and 1UniversitaÈ t OsnabruÈck, Laboratory for Organic and Bioorganic Chemistry,
Barbarastrasse 7, D-49069 OsnabruÈck, Germany

Received September 12, 2003; Revised and Accepted October 16, 2003

ABSTRACT

A ribose residue inserted between the 3¢-OH of one
nucleotide and the 5¢-phosphate group of the next
nucleotide, functions as a site-speci®c cleavage site
within DNA. This extra ribose does not interrupt
helix formation and it protects duplex DNA against
cleavage by restriction enzymes. Cleavage can be
obtained with periodate and all ribose fragments
can be removed with sodium hydroxide. As a result
of this, an intact natural oligodeoxynucleotide is
obtained after ligation reaction, which means that
site-speci®c cleavage and recovering of intact DNA
occurs without loss of genetic information.

INTRODUCTION

Enzymes that cleave phosphodiester bonds of DNA play a
crucial role in cell metabolism. Some of these enzymes cleave
double-stranded DNA while others cleave single-stranded
DNA. Double-stranded DNA can be cleaved at speci®c sites
using restriction enzymes. These enzymes recognize speci®c
sequences of four to eight bases producing dsDNA fragments
with either blunt ends or sticky ends. Cohesive fragments
produced by the same restriction enzyme can always be stuck
together and joined permanently by the action of DNA ligase.
This technique has played a major role in the development of
recombinant DNA technology, i.e. the in vitro, site-speci®c
genetic recombination. Type I topoisomerases are enzymes
that catalyze the single-stranded cutting of dsDNA and
produce changes in the supercoiling of DNA. Other topo-
isomerases (type II) cut both strands in a DNA double helix.
As a chemical (non-enzymatic) alternative for this site-
speci®c cleavage of DNA, we investigated the use of a
disaccharide nucleotide.

DNA is built from nucleoside units connected via
phosphodiester bonds between the 3¢-position of one nucle-
oside and the 5¢-position of the next nucleoside (Scheme 1). A
possible way to introduce a cleavage site is to insert a chemical
group (i.e. ribose) between the 3¢-position of one nucleotide
and the 5¢-position of the other nucleotide. This chemical

group should not interrupt helix formation and should be prone
to chemical degradation. The cleavage reaction should result
in the formation of two natural oligonucleotides (one with a
free 3¢-OH function and the other with a 5¢-OPO3H2 group) so
that both ends are available for a ligation reaction, when
needed. This means that the complete ribose unit (or the entire
alternative chemical groups) should be removed during the
cleavage process. In this way, the cleavage reaction can be
carried out without loss of a nucleotide fragment (no loss of
genetic information). A molecule that might ful®l these
criteria is 3¢-O-b-D-ribofuranosyl-2¢-deoxy nucleotides, incor-
porated in the 5¢®5* direction (Scheme 1). Selective chemical
degradation leading to DNA strand cleavage is used in the
template-directed interference footprinting (1±4). In this case,
however, several base-modi®ed nucleotides are used to cover
the whole spectrum of natural nucleotides involved.

MATERIALS AND METHODS

Preparation of the modi®ed T*amidite

The modi®ed building block (5) was phosphorylated with
2-cyanotethyl-N,N-diisopropylchlorophosporamidite analo-
gous to previous procedures (6) following column chromato-
graphy with n-hexane/acetone/triethylamine (66:33:1) and
precipitated in cold hexane, in 83% yield. Rf (n-hexane/
acetone/triethylamine 49:49:2) 0.43. 31P NMR (CDCl3):
149.18; 149.86. ESI-MS (pos): 1055.4204 ([C58H63N4O13P +
H]+; calc. 1055.4207).

Oligonucleotide synthesis

Oligonucleotide synthesis was performed on an ABI 392A-
DNA synthesizer (Applied Biosystems) by means of the
phosphoramidite approach. The standard 1-mmol scale DNA
assembly protocol was used, except for a 3 min coupling time
with 0.12 M of the incoming amidite for the modi®ed
analogue. The standard 10 mmol scale protocol was used for
the NMR oligo with 10 min coupling time for the modi®ed
amidite. The oligomers were deprotected and cleaved from the
solid support by treatment with conc. aq. ammonia (50°C,
16 h). Following gel ®ltration on a NAP-10â column
(Sephadex G25, DNA grade, Pharmacia), puri®cation was
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achieved on a Mono-Qâ-HR-10/10 anion-exchange column
(Pharmacia) with a NaClO4 gradient in 0.2 M Tris±HCl buffer
containing 10% of CH3CN pH 7.0; the applied gradient
depended on the oligomer; ¯ow rate 2 ml min±1. The product-
containing fraction was desalted on a NAP-10â column and
lyophilized.

Thermal stability studies

Oligomer concentrations were determined by measuring the
absorbance in pure H2O at 260 nm and 80°C and assuming the
thymidine analogue to have the same extinction coef®cient in
the denatured state as thymidine. The extinction coef®cients

used were: dA, e = 15 000; dT, e = 8500; dG, e = 12 500; dC,
e = 7500. Tm values were determined in a buffer containing
0.1 M NaCl, 0.02 M potassium phosphate (pH 7.5), 0.1 mM
EDTA, with a 4 mM concentration for each strand. Melting
curves were determined with a Cary-100-bio spectrophoto-
meter. Cuvettes were maintained at constant temperature by
means of water circulation through the cuvette holder. The
temperature of the solution was measured with a thermistor
directly immersed in one of the cuvettes. Temperature control
and data acquisition were done automatically with an IBM-
compatible computer. The samples were heated at a rate of
0.2°C min±1, and no difference was observed between heating

Scheme 1. Structure of a natural phosphodiester linkage (A) and of a 5¢ ® 5* phosphodiester linkage by inserting a ribose residue between two consecutive
nucleotides (B). Also shown is the cleavage reaction using periodate (C) followed by degradation of the oxidized fragment with NaOH (D) and ligase of the
resulting oligonucleotide fragment (E).
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and cooling melting curves. Melting temperatures were
determined by plotting the ®rst derivative of the absorbance
versus the temperature curve.

The synthesized oligonucleotides for biochemical experi-
ments are given in Figure 1, while Table 1 and Figure 1 show
the sequences of the oligonucleotides that were used for
hybridization studies. The Dickerson dodecamer (see Fig. 6)
was used for NMR structural analysis.

Mass spectrometry and exact mass measurements

Quadrupole/orthogonal-acceleration time-of-¯ight tandem
mass spectrometer (Q-Tof-2, Micromass, Manchester, UK),
equipped with a standard electrospray-ionization (ESI) inter-
face: the composition of the modi®ed oligonucleotides was
veri®ed by ESI-MS analysis of samples infused in IPrOH/H2O
1:1 at 3 ml min±1.

Molecular modeling

The modi®ed monomer with a thymine base was created using
Macromodel 5.0 (7). The geometry was optimized in the
Amber* force ®eld (8). The atomic charges to be used in the
Amber calculations were obtained from a Gamess run (9)
followed by a RESP calculation (10). The parameter database
used in Amber is the 1999 parameter set (11). The monomer
was then ®tted onto the residues 8 and 20 of a B-duplex
ds(CGCGAATTCGCG) created by the Nucgen program. The

energy of the resulting duplex was then minimized, while
restraining the Watson±Crick hydrogen bonds and also by
®xing the positions of the non-modi®ed nucleotides. Eleven
counter-ions (Na+) were added and the duplex was inserted in
a box of TIP3P waters (12) with initial dimensions 51 3 48 3
69 AÊ . The solvent around the duplex was then relaxed by a
short energy minimization (1000 steps) using the Sander
program. Then a molecular dynamics run of 500 ps at 300 K
was started. All Sander MD calculations were performed with
Sander_classic using periodic boundary conditions and using
the particle mesh Ewald (PME) method for the summation of
the coulomb interactions. The average structure was ®tted on
the NMR structure by superimposing the atoms, r.m.s. = 2.3 AÊ

(Quat®t program in CCL software archives). To investigate
the possibility of introducing a modi®ed nucleotide in the
template strand without obstructing the incorporation of new
nucleotides in the primer strand, a modeling study was
performed. At this moment, no ternary complex structures of
the Klenow fragment of polymerase I of Escherichia coli
have been published (13). Therefore we selected the ternary
complex of DNA polymerase I from Thermus aquaticus (pdb
code 3KTQ) (14). Template nucleotide GT4 was replaced by
the nucleotide with the extra ribose sugar and the comple-
mentary incoming nucleotide triphosphate ddCTP was
replaced by an adenine phosphate. Both nucleotides were
modeled in the A conformation. A short energy minimization
in Amber revealed a clash between the extra ribose and
arg-746 which could not be resolved by simple energy
minimization. Manually repositioning the arginine side chain
by modifying the dihedral angles (c1 137, c2 ±27.6) removed
the con¯ict. A comparison of polymerase sequences (15) and a
detailed examination of the structures of Klenow fragment of
E.coli (1kfd) and Taq polymerase I (5ktq) reveals that arg-841
E.coli overlaps with arg-746 in Taq polymerase I, showing our
model based on Taq polymerase to be a good representation of
the active site in the E.coli polymerase I.

CD experiments

CD spectra were measured with a Jasco 600 spectropolari-
meter in thermostatically controlled 1 cm cuvettes connected
to a Lauda RCS6 bath. The oligomers were dissolved and
analyzed in a solution of NaCl (0.1 M) and K2HPO4 (0.2 M,
pH 7.5) at a concentration of 4 mM for each strand.

NMR analysis

Sample preparation. The modi®ed self-complementary oligo-
nucleotide strand was dissolved in D2O and the pD was
adjusted to 7.2. The sample was lyophilized and redissolved in
0.25 ml D2O, resulting in a concentration of the strand of
3.4 mM. The solution was brie¯y heated to 80°C and slowly

Figure 1. Sequences of primers and templates used in the enzymatic
reactions (1±7) as well as sequences used for Tm measurements which are
not indicated in Table 1 (8±10). T* indicates the incorporated disaccharide
nucleoside.

Table 1. Thermal stability of dsDNA and DNA´RNA duplexes with modi®ed (T*) and unmodi®ed
nucleotides

r(5¢-CCAGUGAUAUGC-3¢) d(5¢-CCAGTGATATGC)-3¢
Tm DTm mod±1 Tm DTm mod±1

d(5¢-GCATATCACTGG-3¢) 48.8°C ± 49.7°C ±
d(5¢-GCATATCACT*GG-3¢) (12) 45.0°C ±3.8°C 44.0°C ±5.7°C
d(5¢-GCAT*AT*CACT*GG-3¢) (13) 39.6°C ±3.1°C 33.4°C ±5.4°C
d(5¢-GCATAT*CACTGG-3¢) (14) 45.5°C ±3.3°C 44.4°C ±5.3°C
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cooled to room temperature to promote duplex formation. For
spectra in H2O, the sample was again lyophilized and
dissolved in 0.25 ml 90%H2O/10%D2O.

NMR spectroscopy. Spectra were recorded on a Varian 500
Unity spectrometer (operating at 499.140 MHz). Unless stated
otherwise, spectra were recorded at 20°C. Quadrature detec-
tion was achieved in States-Haberkorn hypercomplex mode
(16). Spectra were processed using the FELIX 97.00 software
package (Biosym Technologies, San Diego, CA) running on a
Silicon Graphics O2 R10000 workstation (IRIX version 6.3).

The 1D spectra in H2O were recorded using a jump-return
pulse as the observation pulse (17). The 2D NOESY in H2O
(mixing time = 200 ms; at 5°C) was recorded using the
watergate watersuppression (18) with a sweep width of
10 000 Hz in both dimensions, 80 scans, 2048 data points in
t2 and 256 FIDs in t1. The data were apodized with a shifted
sine-bell square function in both dimensions and processed to
a 2 K 3 1 K matrix.

The 2D DQF-COSY (19), TOCSY (20) and NOESY (21)
spectra in D2O were recorded with a sweep width of 4200 Hz
in both dimensions. The residual HDO peak was suppressed
by low power, on resonance, presaturation during 800 ms. The
DQF-COSY spectrum consisted of 2048 data points in t2 and
1024 increments in t1. The data were apodized with a shifted
sine-bell square function in both dimensions and processed to
a 2 K 3 2 K matrix. Both 31P-decoupled (on resonance,
continuous decoupling) and 31P-coupled spectra were recor-
ded under the same conditions. For the TOCSY experiment, a
clean MLEV17 (22) version was used, with a low power 90°
pulse of 25.8 ms and the delay set to 72.8 ms. The total TOCSY
mixing time was set to 65 ms. The spectrum was acquired with
32 scans, 2048 data points in t2 and 256 FIDs in t1. The data
were apodized with a shifted sine-bell square function in both
dimensions and processed to a 2 K 3 1 K matrix. The NOESY
experiments were acquired with mixing times of 50, 100, 150
and 250 ms, 32 scans, 2048 data points in t2 and 400
increments in t1.

A 1H-31P HETCOR (23) spectrum was acquired with 64
scans, 2048 data points in the proton dimension, t2, and 256
increments in the phosphorus dimension, t1, over sweep
widths of 4200 and 1600 Hz, respectively. The data were
apodized with a shifted sine-bell square function in both
dimensions and processed to a 2 K 3 1 K matrix.

NMR derived restraints. Distance restraints were derived from
NOESY spectra recorded with 50, 100 and 150 ms mixing
times, using the FELIX 97.00 based on the build-up curves,
inter-proton distances were calculated. A relatively wide
experimental error (620%) was used on the calculated inter
proton distances. The calibration of NOE cross peak
intensities was done against the H5±H6 cross peaks as an
internal standard and resulted in 320 intra-residue restraints
and 96 inter-residue (six of which are inter-strand). Hydrogen
bond restraints were used in stable base pairs and are
implemented as NOE distance restraints.

Sugar puckers of the deoxyriboses in the DNA strand were
inferred from the strong H1¢ to H2¢ (~9 Hz) and weak H3¢ to
H4¢ (~2±3 Hz) scalar couplings and indicate S puckering of the
sugar rings. The inserted ribose however shows coupling
constants, characteristic for N type sugars [JH1¢-H2¢ (~3.2 Hz),

JH2¢-H3¢ (~6.4 Hz), JH3¢-H4¢ (~8.4 Hz)]. A pseurot analysis of
this coupling data shows an equilibrium between N (70%) and
S (30%) conformers (24,25). Dihedral restraints on H1¢-C1¢-
C2¢-H2" (157 6 20°) and H2"-C2¢-C3¢-H3¢ (±35 6 20°), to
de®ne the S-type ribose conformation, and on H1*-C1*-C2*-
H2* (99 6 20°) and H2*-C2*-C3*-H3* (38 6 20°), to de®ne
the N-type ribose conformation, were used for the structure
determination.

The b torsion angles of the duplex were restrained (to 180 6
30°) based on the observable four bond JH4-P(n) couplings
(~4 Hz), indicating a W-shaped conformation of the atoms
P-O5¢-C5¢-C4¢. The small passive couplings observed in the
H5¢ to H5" cross peaks in the DQF-COSY spectrum and the
nicely resolved H4¢-P(n)-cross peak in the 2D 1H-detected
[1H,31P] correlation spectrum, allowed us to restrain the g
torsion angles in the DNA duplex to 60 6 35°. The e torsion
angles were restrained (to 230 6 70°) based on steric
arguments. The 31P chemical shifts were used to restrain a
and z torsion angles (0 6 120°). The torsion angles q1, q2, q3,
q4, q5 and q6 were not restrained.

Since both strands of the duplex showed identical NMR
properties, symmetry restraints were applied on the C1¢ atoms
of all deoxyribose moieties (26,27).

Structure determination. All structure calculations were
performed with X-PLOR V3.851 (28). The topallhdg.dna
and parallhdg.dna ®les were adapted to include the modi®ed
residue. In the topology ®le, a new residue, consisting of a
thymidine with an extra ribose ring attached to its 3¢ end, was
introduced. This residue was subsequently patched into the
oligonucleotide sequence in a way comparable to the
treatment of RNA and DNA in the standard X-PLOR program.
The modeled structure of the modi®ed duplex was used to
derive energy constants.

After the torsion angle molecular dynamics round (29), the
majority of the structures (62%) had converged to very similar
structures with similar total energies (274±384 kcal mol±1) and
no violations of the NOE and dihedral restraints. The 25
lowest energy structures were used for further re®nement
during the `gentle molecular dynamics' round.

The ®nal re®nement started with a 20 ps constant tempera-
ture molecular dynamics simulation at 300 K (20 000 steps of
0.001 ps) and was followed by a 200-step conjugate gradient
energy minimization of the average structure of the last 10 ps
of the 20 ps simulation.

An analysis of the obtained 3D-structure with the computer
programs X3DNA and CURVES 5.3, was used to compare the
modi®ed structure with the structure of the non-modi®ed
Dickerson dodecamer, that is extensively described in litera-
ture (30). Finally, some visual representations of the molecule
were obtained with Molscript 1.4 and Bobscript 2.4.

Biochemical experiments

KFexo± DNA polymerase I reactions. Hybridization was
performed combining the 5¢-end labeled primer with their
template in a molar ratio of 1:2.5. Strains were denatured by
heating at 70°C for 10 min and annealed by slow cooling to
room temperature during 2.5 h. Reactions were initiated by
adding 3 ml of enzyme dilution to a reaction mixture of 6 ml
consisting of hybrid, reaction buffer (supplied with the
enzyme) and 6 ml of triphosphate building block. The highly
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puri®ed 2¢-deoxyribonucleoside triphosphates used in the
incorporation assay were from Pharmacia.

The incorporation experiments were set up to investigate
whether the Klenow fragment of DNA polymerase I without
3¢-5¢ exonuclease activity (KFexo±) (Promega) was able to
incorporate a natural nucleotide building block into hybrid 1:2
(Fig. 1) opposite its unnatural complement in the template and
to further extend with natural nucleotides. In these series of
insertion assays, ®rst dATP was added. The reaction mixture
(10 ml) contained 50 nM hybrid 1:2, 10 mM dATP, reaction
buffer and 0.5 U per ml KFexo±. The sample was incubated at
37°C. After 30 min, 4 ml of dTTP (25 mM) or dCTP (25 mM) or
dGTP (25 mM) or dCTP + dTTP (all 25 mM) or dGTP + dTTP
or dCTP + dGTP (all 25 mM) or dCTP + dTTP + dGTP (all
25 mM) was added and the reaction was quenched after 1 h.

Digestion reactions. Hybridization of the 5¢-end labeled
primer with its template was performed as described above
in a molar ratio of 1:1. Enzymatic reactions were started by
addition of enzyme dilution to the reaction mixture. The ®nal
reaction volume contained 0.1 mg hybrid 3:4 or 3:5 or 2:4 or
2:5 and 1 or 10 U MboI or DpnII (all from New England
Biolabs). The aliquots were incubated at 37°C. After 10, 30
and 120 min, the reaction was quenched.

Oxidation reactionÐPAGE. 100 pmol [32P]oligonucleotide 2
was dissolved in 100 ml NaIO4 (500 mM) and incubated at
37°C for 3.5 h. The oligonucleotide was precipitated by
adding 100 mL LiClO4 (2 M) and 1 ml acetone. The mixture
was stored at 4°C for 30 min. The sample was centrifuged for
5 min and the upper layer was removed. Subsequently, the
sample was treated with base by addition of 18 ml of NaOH
(0.1 M) (sample reaches pH 12). After 1 h at room
temperature, the sample was adjusted to pH 7 by addition of
2 ml of KH2PO4 (1 M). The hybrid mixture was prepared by
addition of 27.5 ml of H2O and 2.5 ml of oligonucleotide 4
(10 mM). The mixture was heated for 10 min at 75°C followed
by slow cooling to room temperature. The ligation reaction
was performed at room temperature in 15 ml reaction volume
containing 12 ml hybrid mixture, 1.5 ml 103 T4 DNA ligase
reaction buffer (provided with the enzyme) and 1.5 ml T4
DNA ligase (400 U ml±1, New England Biolabs). After 1 h, an
aliquot was removed from the reaction mixture and mixed
with a double amount of loading buffer. Then 1.5 ml of MboI
restriction enzyme (10 U ml±1, New England Biolabs) was
added and the sample was kept at room temperature for 60 min.
The reaction was quenched after 30 and 60 min by addition of
a double amount of loading buffer. The samples were analyzed
using PAGE and phosphor imaging.

Oxidation reactionÐmass spectrometry. In two separate
tubes, 10 nmol oligonucleotide 2 was dissolved in 200 ml
NaIO4 (500 mM) and incubated at 37°C for 3.5 h. The
oligonucleotide following was precipitated by addition of
200 ml LiClO4 (2 M) and 1 ml acetone. The mixture was stored
for 30 min at 4°C. After centrifugation of the sample for 5 min,
the upper layer was removed. One sample was dissolved in 5 ml
of water, whereas the other sample was treated with base.
Then 30 ml of NaOH (0.1 M) was added (sample reaches
pH 12). After 1 h at room temperature, the sample was
adjusted to pH 7 by addition of 4 ml of KH2PO4 (1 M). Both

samples were desalted by means of a NAP-5Ô column
(Pharmacia) and further puri®ed with RP-HPLC (Purospherâ
Star RP-18 endcapped, 3 mm, Merck) using a gradient of
0±0.015 TEAB in 30 min. The samples were then lyophilized.

Mass spectrometric analysis of oligonucleotides. Oligo-
nucleotides were characterized and their purity was checked
by HPLC/MS on a capillary chromatograph (CapLC, Waters,
Milford, MA). 150 mm 3 0.3 mm columns (LCPackings, San
Francisco, CA) were used. Oligonucleotides were eluted
with a triethylammonium-1,1,1,3,3,3-hexa¯uoro-2-propanol/
acetonitrile solvent system. Flow rate was 5 ml min±1.
Electrospray spectra were acquired on an orthogonal
acceleration/time-of-¯ight mass spectrometer (Q-Tof-2,
Micromass, Manchester, UK) in negative ion mode. Scan
time used was 2 s. The combined spectra from a chromato-
graphic peak were deconvoluted using the MaxEnt algorithm
of the software (Masslynx 3.4, Micromass, Manchester, UK).
Theoretical oligonucleotide masses were calculated using the
monoisotopic element masses.

Electrophoresis. During enzymatic incorporation assays,
samples were removed and reactions were terminated by
adding a double volume of loading buffer (95% formamide,
0.05% Bromophenol Blue, 0.5 xylene cyanol, and 50 mM
EDTA). The products were heat denatured at 70°C for 5 min
and separated on a 0.4 mm 20% denaturing polyacrylamide
gel, in the presence of a 100 mM Tris±borate and 2.5 M EDTA
buffer, pH 8.3, at 2000 V for ~2 h. Visualization of the
polymerized products was done with a phosphor imager. The
amount of radioactivity in the bands representing the respec-
tive polymerized products of enzymatic reactions was
determined with Optiquant image analysis software
(Packard, Perkin Elmer).

RESULTS

Oligonucleotide synthesis and hybridization studies

Preparation of the nucleoside phosphoramidites as well as
incorporation into oligonucleotides was straightforward and
according to standard procedures.

Hybridization studies revealed considerable destabilization
of DNA duplexes upon incorporation of the modi®cation
(DTm = 5.5°C mod±1) and slightly less within a dsRNA context
(DTm= 3.5°C mod±1) (Table 1). The sequence did not seem to
have a lot of in¯uence, as incorporation of the modi®cation
between two pyrimidines likewise resulted in a 5.7°C mod±1

drop in stability for the duplex 9:10 in comparison with the
control duplex 8:10 (data not shown).

The modi®ed Dickerson dodecamer, used in the NMR
studies, shows a biphasic melting transition at sodium chloride
concentrations of 0.01 M (Tm1 < 30°C and Tm2 = 65°C at
260 nm) and 0.1 M (Tm1 = 30°C and Tm2 = 69°C at 260 nm)
whereas a biphasic transition of the unmodi®ed control
sequence could only be seen at 0.01 M (Tm1 = 40°C and
Tm2 = 62°C at 260 nm). At higher salt concentrations both
melting transitions overlap and only one transition is
observed. The lower Tm corresponds to the transition from a
duplex into two hairpins while the higher Tm results from
denaturation of the hairpin into a single strand (31,32).
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Our results show the ®rst transition of the modi®ed strand to
occur at a lower temperature than the ®rst melting transition of
the control sequence, indicating a destabilization of the duplex
structure due to the insertion of the extra ribose moiety. This
corresponds to the destabilization seen in duplexes that are not
able to form hairpin structures (Table 1). For the second
melting transition, the modi®ed sequence displays a higher Tm

than the control. Thus, introduction of the studied modi®cation
increases the stability of the hairpin structure. These results are
in agreement with the increase in thermal stability of hairpin
structures by the introduction of a propanediol linker (abasic
site) in the backbone of the loop (33).

Higher concentrations of the modi®ed strand, as present in
the NMR sample (3.4 mM), tend to increase Tm1. At 20°C, a
stable duplex structure could be observed by NMR spectro-
scopy as spectra show stable base pair formation and regular
base stacking in the central AT rich region of the modi®ed
Dickerson sequence.

Structural characterization using CD spectrometry

Circular dichroism may give initial information on the helix
types that are involved during hybridization of nucleic acids.
Before starting the NMR experiment, CD spectra were taken
from the Dickerson dodecamer with and without incorporation
of a disaccharide nucleoside at position 8 (20). Both spectra
are very similar with a positive Cotton effect around 220 and
290 nm and a negative Cotton effect around 250 nm (see
Supplementary Material). The intensity of the bands is
decreased by increasing temperature and the natural double-
stranded DNA is showing somewhat higher temperature
stability, in agreement with its higher Tm. The similarity of
both spectra suggests that there are no major differences in the
geometries between both duplexes and that NMR analysis
should mainly focus on the differences around the insertion
site of the disaccharide nucleotide.

Structure determination by NMR spectroscopy

A high resolution structure of a modi®ed Dickerson dodeca-
mer with the self-complementary sequence: 5¢d(CGCGA-
ATT*CGCG)-3¢ was determined using NMR spectroscopy
(see Fig. 6). The modi®cation is represented by T* and
consists of an extra sugar ring, that is inserted at the regular
phosphodiester linkage between T8(T20) and C9(C21). The
atom numbering, chemical structure and main torsion angles
of the modi®ed part of the duplex are de®ned in Scheme 1 and
Table 2. The selected sequence, 5¢d(CGCGAATT*CGCG)-3¢,
is identical to the sequence used in the molecular modeling

studies and contains all four different nucleobases, occurring
in DNA.

Non-exchangeable protons in the modi®ed Dickerson
dodecamer could be assigned starting from a standard
anomeric to aromatic proton walk (26,27). Sequential
connectivities for the entire DNA strand could be achieved
(Fig. 2) and provided assignments for H1¢, H5, H6 and H8
protons. The other protons of the spin systems were assigned
from TOCSY, DQF-COSY and NOESY spectra (34). The 31P
resonances were assigned from the 2D 1H-detected [1H,31P]
correlation spectrum (HETCOR). Strong coupling could be
observed between P and H3¢ of the previous residue and
between P and H4¢ of the next residue (see Supplementary
Material). The C9(21) phosphorus is strongly down®eld
shifted. Comparison of the resonance frequencies from the
modi®ed duplex to those of the corresponding signals from the
non-modi®ed dodecamer in similar experimental conditions,
reveals that altered proton and phosphorus shifts are situated at

Table 2. De®nition of the torsion angles in nucleotides depicted in Scheme 1

Backbone torsion
angle

Involved atoms Endocyclic torsion
angle

Involved atoms

q1 C4¢-C3¢-O3¢-C1* n0 C4*-O4*-C1*-C2*
q2 C3¢-O3¢-C1*-C2* n1 O4*-C1*-C2*-C3*
q3 C3*-C4*-C5*-O5* n2 C1*-C2*-C3*-C4*
q4 C4*-C5*-O5*-P n3 C2*-C3*-C4*-O4*
q5 C5*-O5*-P-O5¢(n+1) n4 C3*-C4*-O4*-C1*
q6 O5*-P-O5¢(n+1)-C5¢(n+1)

Atoms (n+1) belong to the adjacent C9(21) residue.

Figure 2. Portion of the 2D NOESY spectrum obtained in D2O (250 ms
mixing time, 20°C) showing the aromatic to H1¢ cross peak region. The
sequential walk along the H1¢ and aromatic H6/H8 protons in the DNA
strand is traced out by the continuous line. Peaks with a signi®cant fre-
quency shift compared to the non-modi®ed helix are boxed. Assignments of
cytosine H5 are indicated by broken lines. Assignment of marked cross
peaks: H2:A6(18)-H1¢:C21(9) (1), H2:A6(18)-H1¢:T*20(8) (2), H2:A5(18)-
H1¢:T*20(8) (3) and H2:A5(18)-H1¢:T19(7) (4).
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the modi®cation site [residues T*8(20) and A5(17)]. These
local changes in resonance frequencies can be related to local
structural changes at the site of modi®cation, while the rest of
the duplex is hardly in¯uenced by the extra ribose in the
sugar-phosphate backbone.

In the deoxyriboses, strong COSY peaks were observed
from H1¢ to H2¢, H2¢ to H2" and from H5¢ to H5" whereas the
inserted ribose showed strong COSY peaks from H3¢ to H4¢
and from H5¢ to H5". One-dimensional imino-proton spectra
recorded at various temperatures in 90% H2O/10% D2O
showed ®ve sharp signals and one broad signal between 12.5
and 14 p.p.m. (see Supplementary Material). The ®ve sharp
signals could be assigned via imino-H1¢ and imino-to-Adenine
H2 cross peaks in the 2D watergate-NOESY, which was
con®rmed by an imino-to-imino sequential proton walk
(results not shown). The remaining signal belongs to
G12(24):H1. Fraying at the helix ends causes the broadening
of this signal. The thermal stability of imino protons is
characteristic for stable base pairing in the central part of the
duplex that includes the modi®ed site. Typical NOE inter-
actions of the base protons with a continuous aromatic to
anomeric and aromatic to aromatic proton walk is observed
and is indicative of regular base-stacking in a B-type helical
structure. To calculate the structure of 5¢-d(CGCGAAT-
T*CGCG)-3¢ we performed torsion angle molecular dynamics
(29) followed by a re®nement of 25 selected structures using
the NMR-derived restraints in X-PLOR 3.851, as described in
Materials and Methods. During the structure calculation,
experimental restraints were implemented to retrain inter-
proton distances and sugar conformations. In the modi®ed
region, NOE contacts could be observed between H1*:
T*8(20) and H3¢:T*8(20), H1*:T*8(20) and H4¢:T*8(20),
H1*:T*8(20) and H5":T*8(20), H3*:T*8(20) and H4¢:C9(21)
and between H3*:T*8(20) and H5":C9(21). During calcula-
tion, the structures converged to a family of structures with
similar geometry. Structure determination statistics are listed
in Table 3.

Incorporation of dATP opposite unnatural complement
and further extension with natural nucleosides

In a series of insertion experiments, it was investigated
whether the natural adenosine nucleotide could be inserted
opposite its unnatural complement. Likewise, further elonga-
tion with natural nucleotides was examined (Fig. 3). In a ®rst
step, dATP was added to the reaction mixture containing a
®nal concentration of 50 nM hybrid 1:2, reaction buffer, 10 mM
dATP and 0.5 U per ml KFexo±. Lane 2 represents the
incorporation pro®le using dATP in the reaction mixture at a

reaction time of 30 min. It can be observed that the original
10mer primer is completely elongated with one building block
indicating that a natural adenosine nucleotide indeed can be
inserted ef®ciently opposite its unnatural complement. To
evaluate further extension with natural nucleotides following
incorporation, dTTP (lane 3), dCTP (lane 4) or dGTP (lane 5)
or a mixture of two (lanes 6±8) or three (lane 9) triphosphate
building blocks were subsequently added to the reaction
mixture. The results demonstrate that further elongation with
natural dNTPs is indeed successful.

Digestion reactions

To evaluate whether the modi®ed oligonucleotides 2 and 5 can
be recognized by restriction enzymes, hybrids 2:5 or 3:5 or 2:4
were exposed to MboI and DpnII, both having a recognition
site present in the hybrid (5¢-GATC-3¢) in which thymidine is
replaced with the unnatural analogue in chains 2 and 5. At
several time points, aliquots were removed from the reaction
mixture and the reaction was quenched. The resulting products
were separated by means of PAGE and visualized by phosphor
imaging (Fig. 4). The images obtained indicated the MboI was

Table 3. Structure determination statistics for each set of 25 structures
after re®nement with all experimental restraints and hydrogen bonding
between base pairs

All restraints

Total energy (kcal mol±1) 61.9 6 4.8
NOE violations (>0.5 AÊ ) 0
Dihedral violations (>5°) 0 6 0
RMSD from distance restraints (AÊ ) 0.027 6 0.001
RMSD from dihedral restraints (°) 0.198 6 0.052
RMSD from average structure for all heavy atoms (AÊ ) 0.566 6 0.093

Figure 3. Phosphor image representing the insertion of dATP opposite its
unnatural complement (T*) and further extension with natural nucleotides.
The reaction mixture contained 50 nM hybrid 1:2, triphosphate building
block, reaction buffer and 0.5 U per ml KFexo±. The sample was incubated
at 37°C. Lane 1 represents the blank reaction, lane 2: dATP (®nal concen-
tration 10 mM) was added to the reaction mixture and the reaction time was
30 min. Lanes 3±9 show insertion pro®les in the presence of dATP + dTTP
(lane 3), dATP + dCTP (lane 4), dATP + dGTP (lane 5), dATP + dCTP +
dTTP (lane 6), dATP + dGTP + dTTP (lane 7), dATP + dCTP + cGTP
(lane 8) and dATP + dGTP + dCTP + dTTP (lane 9).
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not active on either of the considered hybrids, except for the
control double-stranded DNA/DNA (3:4) (Fig. 4A1). In
contrast, DpnII was not only able to digest the natural
double-stranded DNA/DNA (3:4) (Fig. 4A2), but also cleaved
hybrids 2:4 (Fig. 4B2) and 3:5 (data not shown) although with
a lower ef®ciency in comparison to the natural substrate.
However, it did not succeed in digesting hybrid 2:5 containing
the modi®ed residue in both strands (data not shown).

Oxidation reactions

Two tests were designed to examine the susceptibility of
oligonucleotide 2 to speci®c cleavage by oxidation at the site
containing the modi®ed nucleotide followed by a removal of
the sugar residue in a hydrolysis using base treatment that
would lead to formation of two (natural) oligomers 6 and 7
having, respectively a free 3¢ hydroxyl group and a free 5¢
phosphate group. In a ®rst test, this reaction was evaluated
using PAGE and phosphor imaging. When oligonucleotide 2
indeed is cleaved and the sugar residue removed, a shorter
radioactively labeled 12mer chain (6) is obtained that can be
separated using PAGE and visualized using phosphor
imaging. To investigate whether the obtained cleavage
products had the desired 3¢-hydroxyl group (6) and 5¢-
phosphate group (7), a ligation reaction, using the 22mer
oligonucleotides 4 as complement, was performed in the
presence of T4 DNA ligase. T4 DNA ligase can only link two
chains in which the donor chain is provided with a free 3¢-
hydroxyl group and the acceptor chain carries a 5¢-phosphate

group. Since these ends are only generated when cleavage of
oligonucleotide 2 and concomitant removal of the sugar
residue is achieved, ligation indicates the success of this
reaction. First, oligonucleotide 2 was oxidized following a
previously published procedure (35). In contrast to the method
described in the literature, 100 ml NaIO4 (500 mM) was used
for the oxidation of 100 pmol of oligonucleotide 2 at a reaction
time of 3.5 h. Following oxidation, the oligonucleotide was
precipitated using LiClO4 and acetone. After storage of 30 min
at 4°C, the sample was centrifuged for 5 min and the upper
layer was removed. The obtained sample was treated with
NaOH (0.1 M) allowing cleavage of the oxidized product and
resulting in a removal of the extra sugar residue. This cleavage
was detected by separation of compounds in the sample by
PAGE and visualization with phosphor imaging. A spot could
be observed at a position referring to the natural 12mer DNA
6, but other cleavage products could also be seen (Fig. 5, lane
2). The yield of this cleavage reaction is almost quantitative
since only 3% of the original 22mer was not cleaved during
reaction. Figure 5, lane 3 shows the separation pro®le after
ligation of the products obtained after oxidation and base
treatment. A spot is generated at a higher position referring to
the natural oligonucleotide 2. The cleavage products, gener-
ated by oxidation and subsequent base treatment that could be
ligated, represent 29%. Lanes 4, 5 and 6 give digestion
patterns in the presence of MboI after 30 min (lane 4), 1 h
(lane 5) and 2 h (lane 6). The results show that the upper spot
has disappeared and a lower spot (referring to the natural 9mer

Figure 4. Digestion pattern in the presence of 0.1 mg hybrid 3:4 (A) or 2:4 (B) and 1 or 10 U MboI or DpnII (indicated on top of phosphor image). The
reaction temperature was 37°C and the reaction time 10 (lane 1), 30 (lane 2) or 120 min (lane 3).
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oligonucleotide) is generated. Since it was previously shown
that MboI was only able to digest the natural oligonucleotide 3
and could not cleave construct 2 (Fig. 4), this result further
con®rms the formation of the natural oligonucleotide 3
following ligation.

The formation of two natural oligonucleotides having,
respectively, a free 3¢-hydroxyl group (6) and a free 5¢-
phosphate group (7) upon oxidation and base treatment of
construct 2, was further proven using mass spectrometry.
After oxidation and base treatment for 1 h, the sample was
desalted and further puri®ed using RP-HPLC. The chromato-
gram showed two major peaks that were separately analyzed
by mass spectrometry. One peak was identi®ed as the desired
10mer oligonucleotide having a phosphate group at the 5¢
position (7), whereas the other peak referred to the desired
12mer with a free hydroxyl group at its 3¢ position (6). The
sample that was dissolved in water following the oxidation
reaction was also analyzed using mass spectrometry. The ESI-
MS and deconvoluted spectrum revealed the presence of the
uncleaved oxidized oligonucleotide 2 (see Supplementary
Material).

DISCUSSION

Cleavage of DNA using chemical reagents is base-speci®c and
not sequence-speci®c and results in the degradation of the
nucleotide at the cleavage site. The most important examples
of such cleavage reagents are used in sequencing methods.
Other examples are anti-tumoral agents degrading DNA of
fast growing cells (i.e. bleomycin). These cleavage reactions
result in loss of genetic information because the reagents are
chemically modifying the nucleotides. Cleavage of RNA at

speci®c sites can be done using ribozymes. The selectivity of
the cleavage site is determined by the selection of the
sequence of the oligonucleotide. However, due to the absence
of the 2¢-OH group, this approach is dif®cult to use for DNA.
The chemical cleavage of a phosphodiester bond within DNA
at a speci®c position and without loss of nucleobase informa-
tion, can be achieved using sugar-modi®ed nucleotides. Such a
method might be useful for the introduction of single-stranded
nicks in double-stranded DNA (i.e. for the insertion of
modi®ed oligonucleotide fragments) or for the introduction
of double-stranded nicks in double-stranded DNA (i.e. for
restriction site cleavage). An important related question is the
characterization of the duplex geometry at the modi®ed site,
which can be studied by NMR spectrometry.

The synthesis of the protected modi®ed nucleoside (3¢-O-b-
D-ribofuranosyl-2¢-deoxythymidine) was described previously
(5). The 5¢-position is protected with a monomethoxytrityl
group and the 2*-OH and 3*-OH groups are protected with a
benzoyl group. The 5*-OH group was converted into its
phosphoramidite. This reagent was used for the synthesis of
the oligonucleotides 2, 5 and 9 from Figure 1 and the modi®ed
oligonucleotides from Table 1. Oligonucleotide 11 (Fig. 6)
represents the Dickerson sequence and was used for structural
analysis. Mass spectrometry shows the correct incorporation
of the modi®ed nucleotide for all oligodeoxynucleotides (see
Supplementary Material).

From Table 1, it is clear that incorporation of a disaccharide
in an oligonucleotide leads to a decrease in duplex stability of
~3.4°C (with RNA as complement) and ~5.5°C (with DNA as
complement). Therefore, we started structural studies in order
to evaluate in which way the supplementary ribose unit
in¯uences local geometry of the duplex. In particular, the base
pairing system should be retained for the ®delity of the
polymerase reaction. CD analysis demonstrates that there is no
fundamental difference in geometry between natural DNA
duplex and the duplex with an inserted disaccharide
nucleotide. Molecular dynamics using the Dickerson dodeca-
mer, shows the formation of a stable duplex, from which the
extra ribose sugar adopts a 2¢-endo conformation. This
unexpected result motivates a more profound study using
NMR spectroscopy using the same Dickerson dodecamer.

Using all experimental NMR restraints, a structure calcu-
lation was performed. The structure closest to the average
structure of 25 re®ned structures is shown in Figure 6.
Obviously, insertion of an extra ribose in the phosphodiester
linkage between T*8(20) and C9(21) causes only minor
changes in the sugar phosphate backbone except from the
modi®ed site itself. The overall ®nal structure remains a
B-type helix. As in the original DNA Dickerson dodecamer,
all deoxyribose rings occur in their C2¢-endo puckering mode.
The inserted ribose shows C3¢-endo puckering. The extra
ribose increases the length of the T8(20)±C9(21) linkage with
several bonds. An overlay of the regular phosphodiester
linkage between T8(20) and C9(21) in the non-modi®ed
Dickerson dodecamer and the modi®ed linkage between
T*8(20) and C9(21), demonstrates that the `new' linkage is
able to mimic the connection of two nucleosides by a natural
phosphodiester bridge (Fig. 7). The extra ribose ring is folded
out of the sugar phosphate backbone. It allows to close the
gap between T*8(20) O3¢ and C9(21) O5¢ without major
changes in the positions of T*8(20) and C9(21) deoxyribose

Figure 5. Phosphor image evaluating the oxidation reaction followed by
ligation of the oxidized products and digestion with MboI. Lane 1 represents
oligonucleotide 2; lane 2 shows the sample after oxidation of oligonucle-
otide 2. Lane 3 gives the separation pattern after ligation reaction. Lanes 4,
5 and 6 give pro®les after digestion in the presence of MboI for 30 min
(lane 4), 1 h (lane 5) and 2 h (lane 6). **Oligonucleotides obtained after
oxidation and subsequent base treatment that could not be ligated using the
22mer oligonucleotide 4 as a complement.
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nucleosides in the duplex structure. This explains the normal
base pairing and stacking behavior observed in the NMR
spectra and the localized chemical shift changes.

Comparison of the helical parameters of the determined
NMR structure with that of the non-modi®ed Dickerson
dodecamer, which is described in the literature, shows a good
resemblance. A comparison of the propeller angle and helical

shift of both structures shows that signi®cant differences can
only be observed in the direct neighborhood of the modi®ca-
tion (Fig. 6). A comparison of the structure obtained by NMR
spectroscopy and the modeled structure shows an overall
similarity between the structures. This was demonstrated in an
overlay of the two structures (see Supplementary Material)
(RMSD = 2.635 AÊ ) and by comparison of the torsion angles
and puckering modes of the duplex and the modi®ed portion
(see Supplementary Material). However, as mentioned before,
the most striking difference between modeling and NMR
results, is the puckering of the second ribose in the
disaccharide residues 8 and 20. The deoxyriboses in both
NMR and modeling structures, adopt the south conformation,
as expected for monomers present in a B-helix. In the model,
the extra ribose has an average puckering amplitude of 183°
and a phase angle of 38°, corresponding to a 2¢-endo
conformation, while the NMR measurements result in an
amplitude of 36° and a phase angle of 46°, which represents a
3¢-endo conformation.

To investigate this discrepancy, we started a molecular
dynamics simulation from the average NMR derived structure
using the same parameters and conditions as in the model
above. After less than 100 ps, the extra ribose unit has ¯ipped
from the North to the South conformation, where it stays (for

Figure 6. A visual representation of the 3D structure obtained by NMR spectroscopy. Left structure: a ribbon was drawn through the C4¢ atoms of each
deoxyribose moiety. The inserted ribose is colored green. The ribbon shows a green color in the portion of the structure where only minor differences in
helical parameters exist between the modi®ed and non-modi®ed Dickerson dodecamer. A red color of the ribbon indicates a larger difference in helical
parameters. Right structure: space®ll representation of the structure. Bases and sugars are colored as a function of their chemical shifts. A large difference in
chemical shift between modi®ed and unmodi®ed molecules is indicated in red. Small differences are indicated by a green color. The inserted ribose is blue.
Phosphates are not drawn.

Figure 7. An overlay of the regular phosphodiester linkage between T8(20)
and C9(21) in the non-modi®ed Dickerson dodecamer (blue) and the
modi®ed linkage between T*8(20) and C9(21) (green). Sugar oxygens are
colored in red and phosphorus atoms in magenta.
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at least 400 ps of continued simulation). This ribose apparently
prefers the 2¢-endo conformation in the model and questions
may be asked if this force ®eld represents accurately this
disaccharide structure. From both structural studies, it is clear,
however, that the extra ribose is available in the duplex for
cleavage reactions and that the base pairing system is retained.

In the biochemical experiments, we investigated the use of
the modi®ed oligonucleotide 2, hybridized with 1, for the
incorporation of a natural nucleotide building block opposite
the unnatural complement. Further elongation of this oligo-
nucleotide was also studied. Opposite the disaccharide T* and
using KFexo± DNA polymerase 1, a deoxyadenosine nucleo-
tide was easily incorporated. Using a mixture of two
nucleoside triphosphates (dATP and dTTP; dATP and
dCTP; dATP and dGTP), we could show that further chain
elongation with conservation of Watson±Crick base pair
recognition is possible (lanes 3, 4 and 5 of Fig. 3). As must be
clear from lanes 6 and 9 (Fig. 3), the whole DNA sequence
could be ®lled in without major problems. Modeling experi-
ments were performed to explain why a polymerase can
successfully incorporate an adenosine residue opposite the
modi®ed T residue. The model reveals a clash between the
extra ribose and arg-746 which could be resolved by
repositioning the arginine side chain. Figure 8 shows a view
inside the active site of the DNA polymerase I of T.aquaticus.

Two restriction enzymes were evaluated (MboI and DpnII)
for their ability to cleave double-stranded DNA at the site
where the disaccharide nucleotide is incorporated (sequence
GATC). While MboI and DpnII were very ef®cient in cleaving
the natural dsDNA, the incorporation of the disaccharide
nucleotides (sequence GAT*C) slowed down the action of
DpnII and abolished the enzymatic function of MboI. In the
latter case, no cleavage could be detected. This enzyme was
therefore used to control the ligation reaction after the
cleavage at the extra ribose unit. Periodate is the preferred
reagent for cleavage of vicinal diol functions. When
oligonucleotide 2 was treated with periodate, a dialdehyde
compound is obtained (Scheme 1). This compound could be
detected using mass spectrometry. The dialdehyde oligo is
further treated with 0.1 M NaOH (pH 12) resulting in the
removal of the extra ribose unit and formation of two

oligonucleotides, one with a 3¢-OH function and the other
with a 5¢-O-phosphate group. The labeled oligo with the
3¢-OH group is a 12mer that can be detected by gel
electrophoresis. Both oligos were also identi®ed using mass
spectrometry. It should be stressed however, that periodate
cleavage of ribose nucleosides gives a mixture of ring-opening
and ring-closing products (36). Further treatment with NaOH
may increase the complexity of the mixture in a reaction that
has not been studied at the level of nucleotides and
oligonucleotides. It is clear that some of these products
cannot be used for the ligation reaction, using the 22mer
oligonucleotide 4 as complement.

Both oligonucleotides could be ligated with T4 DNA ligase
using oligonucleotide 4 as the template. As can be seen in
Figure 5, an oligonucleotide (lane 3) is obtained with
reconstitution of the original chain length. In a ®nal experi-
ment, we proved that this oligonucleotide is intact. Indeed,
hybridization with the oligonucleotide 4 and cleavage with
restriction enzyme MboI, allows us to obtain the expected
9mer fragment. The MboI would not cleave when the
disaccharide fragment was still present.

We can conclude that a regular DNA duplex can be
obtained by insertion of an extra ribose residue between the
3¢-OH of one nucleotide and the 5¢-O-phosphate of the next
nucleotide. The 5¢ ® 5* linked phosphodiester function
renders this oligonucleotide stable against restriction enzyme
cleavage at the insertion site. This oligonucleotide can be
chemically cleaved at the extra ribose unit with the generation
of a 3¢-OH function and a 5¢-O-phosphate group (the whole
supplementary ribose unit is removed) so that an intact natural
oligonucleotide is obtained after the ligation reaction. An
NMR structure only shows minor changes of helix parameters
at the insertion site because the ribose linkage is able to mimic
very well the backbone connection between successive
nucleotides of natural DNA. This disaccharide modi®cation
opens the possibility to chemically cleave DNA without loss
of genetic information and to renew the DNA in its original
state. It might therefore be used as a chemical restriction-site
cleaver, to insert oligonucleotide fragments into DNA, as a
sugar-alternative for interference footprinting or as an anchor
for reporting groups after assembly of the oligonucleotide.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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