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ABSTRACT. The preparation and physical properties of short DNA duplexes that contat@-aethyl—

N“C interstrand cross-link are described. Duplexes that contain an interstrand cross-link between mismatched
C—C residues and duplexes in which the C residues efGG— or —GC— step are linked to give
“staggered” interstrand cross-links were prepared using a ndtbthyl—-N4C phosphoramidite reagent.
Duplexes with the €C mismatch cross-link have UV thermal transition temperatures that af€ 25
higher than the melting temperatures of control duplexes in which the cross-link is replaced witG a G
base pair. It appears that this cross-link stabilizes adjacent base pairs and does not perturb the structure
of the helix, a conclusion that is supported by the CD spectrum of this duplex and by molecular models.
An even higher level of stabilization, 4%, is seen with the duplex that contains-&G— staggered
cross-link. Molecular models suggest that this cross-link may induce propeller twisting in the cross-
linked base pairs, and the CD spectrum of this duplex exhibits an unusual negative band at 298 nm,
although the remainder of the spectrum is similar to that of B-form DNA. Mismatche@ @r —CG—
staggered cross-linked duplexes that have complementary overhanging ends can undergo self-ligation
catalyzed by T4 DNA ligase. Analysis of the ligated oligomers by nondenaturing polyacrylamide gel
electrophoresis shows that the resulting oligomers migrate in a manner similar to that of a mixture of
non-cross-linked control oligomers and suggests that these cross-links do not result in significant bending
of the helix. However, the orientation of the staggered cross-link can have a significant effect on the
structure and stability of the cross-linked duplex. Thus, the thermal stability of the duplex that contains
a —GC— staggered cross-link is 10C lower than the melting temperature of the control, non-cross-
linked duplex. Unlike the-CG— staggered cross-link, in which the cross-linked base pairs can still maintain
hydrogen bond contacts, molecular models suggest that formation of @®- staggered cross-link
disrupts hydrogen bonding and may also perturb adjacent base pairs leading to an overall reduction in
helix stability. Duplexes with specifically positioned and oriented cross-links can be used as substrates to
study DNA repair mechanisms.

A variety of environmental and therapeutic agents react malian cells, a clear understanding of the molecular mech-
with DNA to produce interstrand cross-links. These lesions, anisms that are involved is still lacking. Such understanding
which prevent DNA strand separation during transcription could be of considerable importance in designing effective
or replication, are potentially lethal to the cell{3) and therapeutic agents whose mode of action depends on inter-
are considered to be therapeutically important lesions in strand cross-link formation.
cancer chemotherapy) Cells have evolved methods of
repairing or otherwise circumventing these lesiof. (
Although a number of repair pathways, including homolo-
gous recombination and nucleotide excision repair, have bee
implicated in cross-link repair in bacteria, yeast, and mam-

Mechanistic studies of repair processes both in vitro and
in cells would be facilitated significantly by the availability
of substrates of defined chemical structure. One way to

nprepare such substrates involves reaction of a DNA duplex
with a cross-linking agent. Thus, for example, oligodeoxy-
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chloroethyl)nitrosourea (BCNULQ), and malondialdehyde  Tris, 89 mM boric acid, and 0.2 mM ethylenediaminetet-
(20). Drawbacks of this approach include low reaction yield raacetate buffered at pH 8.0. Native polyacrylamide gel
and the potential generation of multiple side products such electrophoresis was carried out on 20 &0 cm x 0.75

as monoadducts which complicate purification of the cross- or 20 cmx 40 cm x 0.75 cm gels containing 12 or 20%
linked duplex. polyacrylamide in TBE. The running buffer was TBEP-

A more direct approach involves de novo synthesis of the labeled oligonucleotides were detected by autoradiography
cross-linked duplex on an automated DNA synthesizer. The or by phosphorimaging. Mass spectra were obtained at the
cross-link is first introduced during the synthesis of one John Hopkins University School of Medicine Mass Spec-
strand of the oligonucleotide duplex, creating a branch point trometry Facility or at the Scripps Research Institute Mass

at the 3-end of the oligomer. Selective deprotection and

chain extension then allows synthesis of the complete cross-

linked duplex. This approach was first used to prepare an
oligodeoxyribonucleotide duplex containing &G+N2G
nitrous acid cross-link1).

We recently described the de novo syntheses of short DNA
duplexes that contain an*8—ethyl—N“C interstrand cross-
link (22). This C-C cross-link mimics the BCNU-generated
G—C cross-link and a recently described-C mismatch
cross-link found in DNA that was treated with mechloroet-
hamine, a bifunctional alkylating ager3, 24). A convert-

Spectrometry Facility.
5'-O-(Dimethoxytrityl)-3-O-(trimethylsilyl)-2-deoxyuri-
dine (L.4). To a suspension of the nucleositid (4.0 g, 7.52
mmol) in methylene chloride (75 mL) were added triethy-
lamine (5 mL, 35.3 mmol, 4.7 equiv) and then trimethylsilyl
chloride (2.38 mL, 18.8 mmol, 2.5 equiv), and the mixture
was allowed to stir at room temperature for 1 h. The reaction
was quenched by the addition of methanol (10 mL); the
solution was stirred for an additional 10 min and then
extracted with two portions (200 mL each) of saturated
sodium bicarbonate followed by two portions (200 mL each)

ible nucleoside approach was used to introduce the cross-Of saturated sodium chloride. The organic layer was dried

link during automated synthesis of the cross-linked duplex.
In this paper, we describe an alternative approach to

synthesizing NC—ethyl—=N“C interstrand cross-linked du-

plexes which employs a?€—ethyl-N*C phosphoramidite

reagent. We have used this reagent to prepare a number of S

novel cross-linked duplexes, including duplexes that contain
an interstrand cross-link between two mismatchedCC
residues and duplexes in which the C residues efGG—

or —GC— step are linked to give “staggered” interstrand

cross-links. In addition to their syntheses and characteriza-

tion, we describe some of the physical properties of these
cross-linked duplexes.

EXPERIMENTAL PROCEDURES

5'-O-(Dimethoxytrityl)-2-deoxyuridine  {.1), 5-O-
(dimethoxytrityl)-3-O-(tert-butyldimethylsilyl)-2-deoxyuri-
dine (1.2), and 3-O-(dimethoxytrityl)-3-O-(tert-butyldim-
ethylsilyl)-4-(N-1-triazolyl)-2-deoxyuridine {.3) were prepared
as previously describe@®). 5'-O-(Dimethoxytrityl)deoxy-
ribonucleoside-30-(5-cyanoethyIN,N'-diisopropyl)phos-
phoramidites, 30-(dimethoxytrityl)deoxyribonucleoside-5
O-(-cyanoethyIN,N'-diisopropyl)phosphoramidites, and pro-

over anhydrous magnesium sulfate and, following filtration,
evaporated to yield a pink foam in quantitative yield. TLC:
R = 0.34 (5:95 methanol/chloroform) and 0.50 (10:90
methanol/chloroform).
-O-(Dimethoxytrityl)-3-O-(trimethylsilyl)-4-(N-1-triaz-
olyl)-2'-deoxyuridine {.5). To a suspension of 1,2,4-triazole
(8.01 g, 119 mmol, 16 equiv) in a dichloromethane/
acetonitrile mixture (1:1, 120 mL) was added triethylamine
(23 mL, 171 mmol, 23 equiv) and the mixture stirred at O
°C for 5 min. Phosphorus oxychloride (1.7 mL, 18.6 mmol,
2.5 equiv) was added dropwise, and the solution became a
thick white slurry. A solution ofL.4 (4.5 g, 7.46 mmol) in
acetonitrile (20 mL) was added, and the reaction mixture
turned pink immediately. After 40 min, the starting material
was completely converted to the triazole intermedib&
as evidenced by TLC. The reaction mixture was diluted with
methylene chloride and worked up as in the casé.dfto
yield the title compound..5as a foam (4.57 g, 94%). TLC:
R = 0.17 (3:2 toluene/ethyl acetate).
5'-O-(Dimethoxytrityl)-N-(2-aminoethyl)-2deoxycyti-
dine (L.6). The crude nucleosid&.5 (4.57 g, 7.08 mmol)
was taken up in 1,4-dioxane (85 mL). Ethylenediamine was
slowly added (19.7 mL, 304 mmol, 43 equiv). The solution

tected deoxyribonucleoside-controlled pore glass supportsturned bright yellow immediately, indicating the release of
were purchased from Glen Research (Sterling, VA) and the triazole moiety. The reaction mixture was allowed to stir
ChemGenes (Ashland, MA). Strong anion exchange (SAX) at room temperature for 1 h, and the solvent was removed
HPLC was carried out using a Dionex DNAPAC PA-100 under vacuum. Coevaporation with methanol followed by

column (0.4 cmx 25 cm) purchased from Dionex (Sunny-

ether resulted in the loss of the trimethylsilyl (TMS) group

vale, CA). Reversed phase HPLC was carried out using ato give one spot identified as the desired product. TIR;:

Microsorb C-18 column (0.46 cmm 15 cm) purchased from
Varian Associates (Walnut Creek, CA).

The SAX column was eluted with a 30 mL linear gradient
of sodium chloride in a buffer that contained 100 mM Tris
(pH 7.8) in 10% acetonitrile at a flow rate of 1.0 mL/min.
The C-18 column was eluted with a 20 mL linear gradient
of acetonitrile in 50 mM phosphate buffer (pH 5.8) at a flow
rate of 1.0 mL/min. The columns were monitored at 260
nm for analytical runs or 290 nm for preparative runs.
Denaturing polyacrylamide gel electrophoresis was carried
out on 20 cmx 20 cm x 0.75 cm gels containing 20%
acrylamide ad 7 M urea in TBE which contained 89 mM

= 0.067 (3:2 toluene/ethyl acetate) and 0.35 (8:2 methylene
chloride/methanol). The crude gum was purified by column
chromatography using a gradient of 0 to 2% methanol in
methylene chloride containing 2% triethylamine to afford
the desired product.6 as a light yellow foam (2.29 g, 54%
yield).
1{N*[5'-O-(Dimethoxytrityl)-3-O-(tert-butyldimethylsi-
lyl)-2'-deoxycytidylyl}-2-{ N*-[5'-O-(dimethoxytrityl)-2-
deoxycytidylyl} ethane 1.7). To a solution of nucleoside.6
(2.08 g, 1.87 mmol) in pyridine (20 mL) was added
triethylamine (1.5 mL, 10.6 mmol, 5.7 equiv), followed by
nucleosidel.3(1.07 g, 1.55 mmol, 0.8 equiv). The reaction
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Name Sequence Orientation were=>90%); (b) nucleoside phosphoramidite coupling times
L1 d-CGARAGTTTCG mismatched of 2 min for commercial phosphoramidites and 10 min for
GCTTTCARRGC-d ¢ ) the C-C cross-linked phosphoramidite; (c) capping, 1:1 (v/
4 AAACTTTGEE mismatehed o v) mixture of a 1:1:8 (v/v/v) acetic anhydride/collidine/
XLz ceerrrdana-a c-C o Foﬁ tetrahydrofuran mixture (solution A) and a 16:84 (w/v)
L CARCGTTCRE o T\ ] o 1-n_1ethy|-]H-imidazole/tetrahydrofuran mixture (solution B)
XL3 ceeTTGRARG-a staggered N del_lveret_j in two 10 s inprements each. fo!lowgd by a 10 s
4 cecceeoAnCeTTCas (N,H wait period; and (d) omd_apon, Q.l M |od|rje in a 2.5:2:1
XL4 coer i cecccee.d  Staraered (gN tetrahydrofuran/water/pyridine mixture, delivered in an 8 s
-0 ' o increment followed by a 15 s “wait”. The cyanoethyl groups
XLs d-GAAGGTTCGR -GC- }{_°?q were removed from the CPG-linked oligomers by treating
cecTTCeRRG-d stegeered © the support with 1 mL of anhydrous triethylamine (TEA)
xLo 8- CCCCCCGARGCTTCGG -Ge- for at least 12 h. The support was washed with 30 mL of
GGCTTCGAAGECCCCC-d  stageered anhydrous acetonitrile followed by anhydrous tetrahydrofu-

Ficure 1. Sequences of the cross-linked duplexes. Thendl of ran. Thetert-butyldimethylsilyl group was removed from the
each strand of the duplex is denoted by the symbol d-. The StrUCturepartiaI duplex by treating the support with 1 mL of a 1.0 M
of the N*C—ethyl—NAC cross-link is shown at the right. - . S

solution of tetran-butylammonium fluoride in tetrahydro-
mixture was allowed to stir at room temperature overnight. furan (stored over molecular sieves) for 10 min (duplexes
The reaction was complete as judged by silica gel TRC [ XL2 andXL3) or 20 min (oligometXL1). The support was
= 0.26 (4.5:4.5:1 toluene/ethyl acetate/methanol)], and the then washed with 30 mL of anhydrous tetrahydrofuran and
solution was evaporated to dryness. Silica gel column 30 mL of acetonitrile. The last segment of the duplex was
chromatography of the reaction mixture using a gradient of then synthesized using'-phosphoramidites with a total
0 to 5% methanol in methylene chloride containing 2% detritylation exposure time of 120 s. Th&t8rminal trityl
triethylamine yielded 1.1 g (61%) df.7. TLC: R = 0.24 group was removed by the synthesizer.
(10:90 methanol/chloroform). EI-MS (matrix, NBA): calcd The oligomer-derivatized CPG was transferred from the
(M), 1199; found (MH), 1199.6. The protecting groups were reaction column to autosampler vials fitted with Teflon-lined
removed by treatind.7 with 80% aqueous acetic acid at 67 caps, and the protecting groups were removed by treatment

°C for 1 h. The retention time of the deprotected¢tC cross- with 0.4 mL of concentrated ammonium hydroxide for 6 h
link (11 min) usirg a 0 to 50%acetonitrile gradient was at 65°C. The cross-linked duplexes were purified by SAX
identical to that of previously prepared-C cross-link 22). HPLC. The retention times of the duplexes are shown in

1-{N*[5'-O-(Dimethoxytrityl)-3-O-(tert-butyldimethyl- ~ Table 1. In the case ofL2, the peak was quite broad and
silyl)-2'-deoxycytidylyl} -2-{ N*-[5'-O-(dimethoxytrityl)-2- the duplex was not pure. Consequently, the HPLC fractions
deoxycytidylyl-30O-(5-cyanoethyl-N,Ndiisopropyl)- containing duplexXL2 were combined and further purified
phosphoramiditélethane .8). To a solution of nucleoside by preparative gel electrophoresis on a 20% denaturing gel.
1.7 (0.51 g, 0.43 mmol) in dry methylene chloride (4 mL) This additional purification resulted in the loss of material
was addedN,N-diisopropylamine tetrazolide (0.123 g, 0.72 which accounts for the low yield of the duplex. The purified
mmol, 1.7 equiv) followed by 2-cyant;N,N',N'-tetraiso- oligomers were desalted using C-18 SEP PAK cartridges
propylphosphorane (354L, 1.06 mmol, 2.5 equiv). The (Waters Inc.) as previously describe2P). The amounts of
solution was stirred for 90 min at room temperature. The purified oligomers that were obtained are shown in Table 1.
product was detected by silica gel TL&F 0.47 and 0.35 The cross-linked oligomers (0Aygo Unit) were character-
(5:90:5 methanol/ethyl acetate/triethylamine)]. Dry methylene ized by digestion with a combination of snake venom
chloride was added to stop the reaction, and the reactionphosphodiesterase (0.28 unit) and calf intestinal phosphatase
mixture was worked up in the same manner as described(5 units) in a buffer containing 10 mM Tris (pH 8.1) and 2
for 1.4to give a foam. The product was purified by silica mM magnesium chloride as previously describ2®)( The
gel column chromatography using a methanol/ethyl acetate/resulting mixture of nucleosides was analyzed by reversed
triethylamine gradient from 0, 99.5, and 0.5% to 3, 96.5, phase HPLC and the ratio of nucleosides determi2&i (
and 0.5% to yield 0.302 g of a white foam (50%). EI-MS The results are given in Table 1. The molecular weight of
(matrix, NBA): calcd (M), 1400; found (MH), 1399.83p each cross-linked oligomer was determined by MALDI-TOF
NMR (acetoneds): 6 150.91, 150.69. mass spectrometry, and the results are shown in Table 1.

Syntheses of Cross-Linked Duplexé&ée cross-linked UV Thermal Denaturation StudieBlolar extinction coef-
duplexes, the sequences of which are shown in Figure 1,ficients for the oligonucleotides and cross-linked duplexes
were assembled on an Applied Biosystems model 392A were calculated from those of the mononucleotides and
synthesizer using standard cyanoethyl phosphoramidite chemdinucleotides according to nearest-neighbor approximations
istry (25, 26). Long chain alkylamine-controlled pore glass (units = 10* M~ cm™?) (27). Non-cross-linked duplexes
(CPG) was used as the solid support. The nucleosidewere prepared by mixing equimolar amounts of the interact-
phosphoramidites were prepared in anhydrous acetonitrileing strands and lyophilizing the resulting mixture to dryness.
at a concentration of 0.15 M for thé-Bhosphoramidites or ~ The resulting pellet was then redissolved in 90 mM sodium
0.3 M for the 3-phosphoramidites. Assembly of sequences chloride, 10 mM sodium phosphate, and 1 mM EDTA (pH
was carried out as follows: (a) detritylation, 2% dichloro- 7.0) to give a final concentration of AM in each strand.
acetic acid in dichloromethane delivered in four 10 s The cross-linked duplexes were dissolved in the same buffer
increments, each followed by a 10 s “wait” period, (visual to give a final concentration of AM. The solutions were
observation of the trityl eluates gave condensation yields thatthen heated to 63C for 15 min, cooled slowly to room
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Table 1: Amounts, Retention Times, Nucleoside Ratios, and Mass Spectral Data for Cross-Linked Duplexes

cross-linked Asco retention nucleoside nucleoside ratio mass
duplex units time (min}y composition expected observed expected observed
XL1 34.18 25.7% dC 4.00 3.85 6656 6661
dG 2.00 2.13
dT 1.00 1.00
dA 1.00 1.06
dC-dC 1.00 1.00
XL2 0.40 25.39 dc 1.00 1.00 6039 6042
dG 1.00 0.85
dT 2.00 2.09
dA 2.00 1.72
dc-dC 0.67 0.26
XL3 31.0 26.48 dc 4.00 4.07 6081 6085
dG 6.00 5.77
dT 4.00 4.00
dA 4.00 3.68
dc-dC 1.00 1.00
XL4 4.10 22.5% dc 4.00 3.85 9628 9628
dG 2.00 2.13
dT 1.00 1.00
dA 1.00 1.06
dC-dC 1.00 1.00
XL5 26.00 25.91 dcC 1.00 1.00 6081 6077
dG 1.50 1.48
dT 1.00 0.98
dA 1.00 1.00
dC-dC 0.50 0.42
XL6 2.70 22.37 dc 3.50 3.83 9628 9624
dG 2.00 2.09
dT 1.00 1.00
dA 1.00 1.20
dC-dC 1.00 1.00

a Strong anion exchange HPLEWith 0.0-0.5 M sodium chloride in 0.1 M Tris (pH 7.8) and 10% acetonitrilgvith 0.0—-0.7 M sodium
chloride in 0.1 M Tris (pH 7.8) and 10% acetonitrile.

temperature, and stored at'@ overnight before measure- based software supplied by the manufacturer (JASCO, Inc.)
ments were taken. Prior to the thermal run, samples wereand transferred into Microsoft Excel for presentations.
degassed by placing them in a speed-vac concentrator for 2 Self-Ligation of Cross-Linked Duplexes and Gel Analysis.
min. Denaturation curves were acquired at 260 nm at a Cross-linked duplexeXL2, XL3, andXL5 (0.21 nmol) were
heating rate of 0.8C/min, using a Varian CARY model 3E  each 5end labeled with ¥P]-phosphate as previously
spectrophotometer fitted with a six-sample thermostated cell described 22). The polynucleotide kinase was inactivated
block and a temperature controller. The data were analyzedpy heating. Each labeled cross-linked duplex (50 pmol) was
in accordance with the convention of Puglisi and Tind2g) ( incubated in the presence of 5 units of T4 ligase in a buffer
and transferred to Microsoft Excel. that contained 50 mM Tris-HCI (pH 7.5), 10 mM magnesium
Circular Dichroism Spectra and CD Spectroscoir- chloride, 100 mM sodium chloride, 10 mM dithiothreitol, 1

cular dichroism spectra were obtained on a Jasco J-700mM ATP, and 25g/mL bovine serum albumin. The ligation
spectropolarimeter equipped with a NESLAB RTE-111 reactions were allowed to proceed overnight at°C6for
circulating bath. Samples were allowed to equilibrate for XL3 andXL5, whereasXL2 was incubated for 1560 min
5—10 min at 5°C in 90 mM sodium chloride, 10 mM sodium  at 16°C.

phosphate, and 1 mM EDTA (pH 7.0), at a final concentra- A 2 uL aliquot of each ligation reaction mixture was added
tion of 2 uM in each strand for the cross-linked duplexes to an equal volume of 80% glycerol containing bromophenol
and ca. 3.6uM for control duplexes. Molar extinction blue and xylene cyanol tracking dyes and loaded directly
coefficients for oligonucleotides were calculated from those onto a 12% nondenaturing polyacrylamide gel (20xm0

of the mononucleotides and dinucleotides according to cm x 0.75 cm). The gel was run at approximately 650 V
nearest-neighbor approximations (uritd0* M~ cm™?) as for 5 h at 4°C until the bromophenol blue tracking dye had
reported for the UV denaturation studies. Each spectrum wasmigrated 23 cm from the top of the gel. The wet gel was
an average of five scans. Spectra were collected at a rate ofwutoradiographed fdl h at—80 °C with a double intensify-
100 nm/min with a bandwidth of 1 nm and a sampling ing screen. The distances that the ligated oligomers migrated
wavelength of 0.2 nm using fused quartz cells (Hellma, 165- were determined and compared to the migration distances
QS). The CD spectra were recorded from 350 to 200 nm at of oligomers produced by ligation of the self-complementary
5°C. The molar ellipticity was calculated from the equation oligomer M1 [d-CGGGATCCCG] and the duplemm2

[6] = 6ICI, wheref is the relative ellipticity (millidegrees),  [d-GGGCAAAAAACGGCAAAAAAC/D-CCGTTTTTTGC-

C is the molar concentration of oligonucleotides (moles per CGTTTTTTGC] as described by Koo and Crothe2s)(

liter), andl is the path length of the cell (centimeters). The  Digestion with Restriction Enzyme3ross-linked duplexes
data were processed on a personal computer using WindowsXL3 and XL5 and their non-cross-linked parents were 5
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end labeled with ¥P]-phosphate as previously described
(22). Duplex XL3 and its parent were each dissolved in 9
uL of a solution containing 5 mM potassium acetate, 2 mM
Tris-acetate, 1 mM magnesium acetate, 0.1 mM dithiothrei-
tol, and 10ug of bovine serum albumin (pH 7.9). The
solution was heated at 10C for 5 min and cooled slowly
to room temperature, andidl (3 units) of Acll was added.
Duplex XL5 and its parent were each dissolved iml9 of

a solution containing 5 mM sodium chloride, 1 mM Tris-
hydrochloride, 1 mM magnesium chloride, and 0.1 mM
dithiothreitol (pH 7.9). The solution was heated at @
for 5 min and cooled slowly to room temperature, anel 1
(20 units) of Hindlll was added. Each of the reaction
mixtures was then divided into four aliquots (B) which
were incubated fo4 h at 16°C, overnight at 16C, for 4 h

at 37°C, or overnight at 37C. The products of each reaction

Noronha et al.

This reagent was prepared as shown in Schemée-0- 5
(Dimethoxytrityl)-Z-deoxyuridine {.1) was converted to
either theO*-triazolyl-3-O-tert-butyldimethylsilyl (1.3) or
O*triazolyl-3-O-trimethylsilyl (1.5) derivative. Treatment
of 1.5 with ethylenediamine resulted in removal of the
trimethylsilyl group and displacement of the triazole moiety
to give N*-(2-aminoethyl)-50-(dimethoxytrityl)-2-deoxy-
cytidine (1.6). Reaction ofl.6 with 1.3 gave the protected
N“C—ethyl-N“C cross-link (.7) which was converted to
its 3-O-(5-cyanoethyIN,N'-diisopropyl)phosphoramidite de-
rivative (1.8).

The cross-linked duplexes were synthesized as shown in
Scheme 2. One arm of the duplex was first synthesized on
a controlled pore glass support, antiON-ethyl—N“C cross-
link phosphoramiditel .8 was used to introduce the cross-
link at the B3-end of the oligomer to give2.1 The

were analyzed by PAGE on a 20% gel run under denaturing dimethoxytrityl groups were removed by brief treatment with

conditions.

RESULTS

Syntheses of Cross-Linked DuplexHse structure of the
N“C—ethyl-N“C cross-link and the sequences of the du-
plexes containing the cross-link are shown in Figure 1.

2% dichloroacetic acid in methylene chloride. The upper and
lower strands of the duplex were extended in thdifection
simultaneously by repetitive coupling with protected nucleo-
side 3-phosphoramidites to give the branched Y-intermedi-
ate, 2.2a Following addition of the last nucleotide, the
dimethoxytrityl groups of2.2a were removed and the'-5

Duplexes were prepared that contain several different hydroxyl groups were “capped” by reaction with acetic

orientations of the RC—ethyl-N*“C cross-link. The cross-
linked Cs in duplexeXL1 andXL2 are directly opposite
each other and thus constitute & C mismatch. Examination
of molecular models suggests that the ethyl linker is

anhydride to give the acetylated Y-intermedi&2e2b.

The tert-butyldimethylsilyl (TBDMS) group was then
removed from2.2b by treating the support with anhydrous
tetran-butylammonium fluoride (TBAF) in tetrahydrofuran.

sufficiently long to span the distance between the C exocyclic Because fluoride-mediated desilylation can result in cleavage

amino groups with minimal distortion of the DNA helix. This

of adjacents-cyanoethylphosphotriester linkage?), the

C—C cross-link approximates the structure of the interstrand protected oligomer was first treated with anhydrous triethy-

N3C—ethyl—NG cross-link formed when a-6G base pair
reacts with BCNU 19) and the recently reported 38—
ethyl=N3C cross-link formed by the reaction of a—C
mismatched base pair with mechloroethamirs, (24).
Duplex XL1 contains 10 base pairs plus the-C cross-
link, whereasXL2 contains seven base pairs and three
unpaired bases at theé-8nd of each strand. These duplexes
are similar to previously reported-€ cross-linked duplexes
that contain 5overhanging ends.

DuplexesXL3 andXL4 each contain a “staggered™S—
ethyl-N“C cross-link that connects the C residues on
opposite strands of the-CG— sequence. Although the

lamine to convert the triester groups to phosphodiester
linkages. A similar strategy was used previously in the
synthesis of branched oligoribonucleotide?®,(30). The
efficiency of removing the TBDMS group appeared to
depend on the structure of the Y-intermediate. For example,
70% desilylation of the Y-intermediate #1.2 was observed
after TBAF treatment for 10 min, whereas 45% desilylation
of the Y intermediate oXL1 was observed after 20 min.
The complete duplex2.3 was prepared by repetitive
coupling of the 3end of the Y-intermediate with protected
nucleoside 5phosphoramidites. To maximize these coupling
yields, the phosphoramidites were used at a concentration

distance between the exocyclic amino groups of the two C of 0.3 M instead of the usual concentration (0.15 M) used
residues (4.22 A) is somewhat greater than that betweenfor nucleoside 3phosphoramidites. In addition, it was found
mismatched C residues (3.88 A), molecular models suggestto be necessary to increase the total detritylation time to 120
that the ethyl linker can span this distance without seriously s to effect complete removal of thé-@-dimethoxytrityl

distorting the helix. DuplexXXL3 contains eight base pairs
and two unpaired bases at theedid of each strand. Duplex

groups.
The cross-linked oligomers were deprotected by treating

XL4 contains 12 base pairs and four unpaired C residues atthe support with concentrated ammonium hydroxide at 65

the B-end of each strand.

Like XL3 andXL4, duplexesXL5 andXL6 also contain
a staggered #C—ethyl-N*C cross-link. However, this cross-
link connects the C residues on opposite strands-oG&£—

°C. The duplexes were purified by strong anion exchange
HPLC using a sodium chloride gradient in buffer that
contained 100 mM Tris-HCI and 10% acetonitrile. The
duplexes, whose retention times are shown in Table 1, eluted

sequence. Because the distance between the C residues ias single peaks and were obtained in varying yields. Duplex
the B-form is~5.65 A, the presence of this cross-link would  XL2, which was obtained in the lowest yield, was particularly
be expected to introduce significant distortions into this difficult to purify by HPLC due most likely to three
duplex. DuplexXL5 contains eight base pairs and a two- 3'-overhanging G residues. The major side product in these

base 3overhang, whereas duplt.6 contains 12 base pairs
and a four-base'®verhang.

syntheses, the deprotected form ®f2b, resulted from
incomplete desilylation of the TBS-protected Y-intermediate.

The cross-linked duplexes were synthesized using the Samples of each duplex were digested with a combination

protected NC—ethyl~N“C cross-link phosphoramidite.8.

of snake venom phosphodiesterase and calf intestinal phos-
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hydrolyzed to its component nucleosides and tHE€-N
ethyl-N“C cross-link in ratios consistent with the structure
of the particular duplex. In addition to this characterization,
the molecular weight of each duplex, as determined by
MALDI TOF mass spectrometry, was consistent with the
structure of the duplex. These data are also shown in Table
1.

Thermal DenaturationUltraviolet thermal denaturation
experiments were carried out to assess the effects of the
various cross-links on duplex stability. Denaturation curves
for cross-linked duplexeXL1—XL3 and XL5 are shown
in Figure 2. DuplexeXL1 andXL2, which contain cross-
linked C—C mismatches, both have sigmoidal denaturation
profiles. The midpoint of the transition curvé,) of XL2,
which in addition to the €C cross-link has six AT base
pairs, is 32°C. This value is similar to that observed
previously, 29°C, for the duplex d(AAAC*TTTCCCQG)

mM sodium phosphate, and 1 mM ethylenediaminetetraacetateyyhere C* is a G-C cross-link 22). DuplexXL1 on the other

buffer (pH 7.0) were heated at 0°€/min.

hand has a much higheF, (65 °C). Furthermore, the

phatase, and the digests were analyzed by C-18 reversedlenaturation curve oKL1 is much sharper and displays
phase HPLC. As shown in Table 1, each duplex was approximately twice the hyperchromicity of that of duplex
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5ACO-AAACTTTGGG CPG Ficure 3: Polyacrylamide gel electrophoresis of cross-linked
duplexes. Cross-linked duplex#42 (lane 1),XL3 (lane 2), and
2.2b XL5 (lane 3) and a control oligomer, dJ (lane 4), were each

STBDMS-CAAA-OA 5-end labeled with}-32P]JATP and subjected to electrophoresis

on a 20% polyacrylamide gel run under denaturing conditions. XC
and BPB are xylene cyanol and bromophenol blue dyes, respec-

(i) Desilylate (TBAF/THF)
(i) Extenstion (Nucleoside -5'-O- Phosphoramidites)

tively.
5ACO-AACTITGGG cPG consist of 20 nucleotides, each have approximately the same
electrophoretic mobility as that of d{J). In contrast, cross-
3CCCTTTCAAA-OAC 23 linked duplexXL3 has a significantly faster mobility on the

gel. Similar behavior was observed whéb4 andXL6 were
subjected to electrophoresis under the same conditions. Thus,
XL4, which contains a-CG— staggered cross-link, migrates

Table 2: Thermal Denaturation of Cross-Linked Duplexes and
Their Non-Cross-Linked Controls

Tm (°CY? Tm (°CY more rapidly tharXL6 (data not shown).
duplex  contrdl  cross-link duplex contr®l cross-link Circular Dichroism Spectra.Circular dichroism (CD)
XL1 40 (27 65 XL3 32 81 spectra of cross-linked duplexéd.1, XL3, andXL5 and
XL2 <5 (<0)° 32 XL5 30 20 their non-cross-linked parents were recorded &€5n the

a Experiments were carried out in buffer containing 90 mM sodium Sam? buffer that was “Se,o,' for the thermal der,]aturatlon
chloride, 10 mM sodium phosphate, and 1 mM ethylenediaminetet- Studies. Under these conditions, both the cross-linked and
raacetate buffer (pH 7.0). The concentration of each strand ws 2 non-cross-linked oligomers should be in their base-paired,
® Duplexes in which G-C base pairs replace the cross-liflduplex duplex form. BothXL1 and the non-cross-linked version of
in which a G-C mismatch replaces the cross-link. this duplex have very similar CD spectra as shown in Figure

4A. The C-C cross-linked duplex has maxima at 278 and
XL2. As shown in Table 2, the transition temperatures of 218 nm and a minimum at 250 nm. The spectrum of the
both XL1 and XL2 are approximately 253C higher than parent duplex is shifted to a slightly longer wavelength and
the melting temperatures of the corresponding non-cross-has a smaller positive and negative molar ellipticity. Overall,
linked duplexes, which have a—5 base pair in place of the spectra of both duplexes are similar to that of canonical
the N*C—ethyl-N*C cross-link. B-form DNA (31).

Duplex XL3, which contains a-CG— staggered cross- The CD spectrum of dupleXL3, which contains a-CG—
link, has a very sharp thermal denaturation curve with a staggered cross-link, is distinctly different from thatafl
remarkably high transition temperature (82). In contrast as shown in Figure 4B. The spectrum contains two maxima
to this behavior, dupleXXL5, which contains a—GC— at 276 and 222 nm and two minima at 298 and 253 nm.
staggered cross-link, has very low thermal stability. As seen Although the parent duplex has maxima at 280 and 221 nm
in Figure 2, the transition curve, the midpoint of which is and a minimum at 249 nm, it lacks the negative peak at 298
20 °C, is very broad, although the overall hyperchromicity nm seen in the cross-linked duplex. In addition, the molar

of this duplex is the same as that ¥1.3. Despite the

ellipticity of XL3 at 276 nm is approximately 66% of that

presence of a covalent cross-link, the thermal stability of of the non-cross-linked parent at the same wavelength.

XL5 is lower than that of its non-cross-linked parent, the

Tm of which is 30°C.
The unusually high thermal stability ofL3 is reflected

Duplex XL5, which contains a~GC— staggered cross-
link, is qualitatively similar to that oXL1 and to its non-
cross-linked parent as shown in Figure 4C. However, in this

by its behavior on a denaturing polyacrylamide gel. As shown case, the cross-linked duplex has a greater molar ellipticity

in Figure 3, cross-linked duplexesL2 and XL5, which

at 278 and 210 nm than the non-cross-linked duplex.
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Ficure 4: Circular dichroism spectra of (A) cross-linked dupkixl (—) and its non-cross-linked parent (— —), (B) cross-linked duplex
XL3 (—) and its non-cross-linked parent (— —), and (C) cross-linked dupleXL5 (—) and its non-cross-linked parent (— —). Spectra
were recorded at 8C in a buffer containing 90 mM sodium chloride 10 mM sodium phosphate, and 1 mM ethylenediaminetetraacetate

buffer (pH 7.0).

Self-Ligation Experiment®uplexesXL2, XL3, andXL5 Duplex XL2 underwent rapid self-ligation. As shown in
have complementary,’-®verhanging ends and can poten- lane 2 of Figure 5A, a ladder of multimeric products was
tially undergo self-ligation. The duplexes were phosphory- observed after incubation for 15 min at 16. Incubation
lated with polynucleotide kinase, and the phosphorylated overnight resulted in the formation of high-molecular weight
duplexes were incubated with T4 DNA ligase in the presence products as shown in lane 3 of Figure 5B.
of ATP. The reaction mixtures were then analyzed on Duplex XL3 also underwent self-ligation, as shown by
nondenaturing polyacrylamide gels as shown in Figure 5. the ladder in lane 4 of Figure 5B. The reaction appeared to
Two additional duplexesM-1, a self-complementary 10- proceed at a slower rate than tie2 reaction, and no high-
mer, andM-2, a 21-mer that contains a six base-pair A molecular weight circular products were observed even after
tract 28), were also self-ligated and served as size markersovernight incubation. As shown in lane 5 of Figure 5B,
on the gel. essentially no multimeric products were observed when
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90 - so linked duplex M2 (A), which contains an A tractR_ was
i - determined as the ratio of the migration distance ofnoligomer
40 - of chain lengthn to the migration distance of the oligomer of the
60 W _— cross-linked duplex of chain length
50 W -
30 .. - ligation products of duplekI-2, the ligation ladder of which
40 S — is shown in lane 2 of Figure 5B, exhibited a strong positive
deviation fromR_ = 1.00 as the chain length of the oligomers
30 e - increased. This deviation is consistent with bending induced
20 .. e by the presence of the six-base A tract in dugiéx (28).
DISCUSSION
20 = -
We previously described the syntheses of(@ cross-
linked duplexes similar in structure to that L1 (22).
. These were prepared using a convertible nucleoside approach
which transforms ar©*triazoylyldeoxyuridine residue lo-
10 . cated on the first'3arm of the nascent, support-bound duplex
10 » i to the C-C cross-link. The cross-linked duplexes shown in

Ficure 5: Self-ligation of cross-linked duplexes-Bhosphorylated Fhlgure 1 Weréa rﬁ)ée_parhe?_bNy 422:n alternlz?l tll\(/ € ﬁ roc?]dure t%gt uses
cross-linked duplexes and non-cross-linked control duplexes tN€ Protecte ethy=N"C cross-link phosphoramidite,
were ligated at 16C in the presence of T4 DNA ligase as described 1.8, to introduce the cross-link directly during the synthesis
in Experimental Procedures and the reaction mixtures subjectedof the duplex. This phosphoramidite is easily synthesized
to electrophoresis on a 20% polyacrylamide gel run under non- from readily available components and provides a convenient

denaturing conditions. Panel A shows the ligation products of non- ; ; i
cross-linked dupleM1 (lanes 1 and 3) and cross-linked duplex reagent for the construction of a variety of cross-linked

XL2 (lane 2). Panel B shows the ligation products of non-cross- duplexes having either blunt of-5r 3-overhanging ends.
lined duplexM1 (lane 1), A-tract duplem2 (lane 2), and cross- The two dimethoxytrityl groups located on thé-tgy-

linked duplexesxL2 (lane 3),XL3 (lane 4), andXLS (lane 5).  droxyls of the cross-link can be removed in the presence of
DuplexXL3 was ligated for 15 min (Aor overnight (B), whereas

XL2 and XL3 were each ligated overnight. Oligoméd1 is the .3-tert-butyIQ|methyIS|IyI group. Thls selective depro-
d(CGGGATCCCG), and dupleM? is d(GGGCAAAAAACG- tection allows simultaneous synthesis of the tWa@ns of
GCAAAAAAC)/d(CCGTTTTTTGCCGTTTTTTGC). the duplex to give a Y-shaped intermediate that terminates

its 3-end with the TBDMS group. The'®limethoxytrityl

duplexXL5 was incubated with T4 DNA ligase and ATP. groups on each of the'arms of the Y-intermediate were

The relative lengthsR, of the ligation products of  removed and replaced with-&cetyl groups before synthesis
duplexesXL2 andXL3 were determined by comparing their Of the duplex was continued.
electrophoretic mobilities to those of oligomers formed by = Removal of the TBDMS group by treatment of the
ligation of duplexM-1 (28, 32). Ligation of duplexM-1 Y-intermediate with TBAF resulted in variable yields of
produces a series of oligonucleotides that differ by multiples desilylation with the different oligomers. This variation
of 10 base pairs as shown in lanes 1 and 3 of panel A andappears to be a function of the number of nucleotides
lane 1 of panel B of Figure 5. The relative lengths were surrounding the cross-link. Thus, the Y-intermediatXb®
plotted against the actual chain length of the oligomers contains three 'snucleotides (AAA) on each branch of the
produced by ligation. As shown in Figure 6, ligation products cross-link. On the other hand, the Y-intermediateXafl
from bothXL2 and XL3 gave essentially linear plots with  contains five 5nucleotides (GCAAA) on each branch of
only a slight deviation from am_ of 1.00 over the chain  the cross-link. The increased charge density in the backbone
length range of 26150 base pairs. In contrast to this of XL1 compared to that ifrXL2 could result in stronger
behavior, a similar plot oR_ versus the chain length of the charge repulsion between the oligomer and the negatively
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c-C

-CG-

Ficure 7: Molecular models of a self-complementary duplex, d[(CCAGTCACTL @)at contains a mismatched-C, a C-G staggered,

or a G-C N*C—ethyl—=N*C cross-link (shown in green). The models were built using Hyper Chem molecular modeling software and
energy minimized using the Amber force field.

charged fluoride ion and thus account for the reduced level duplexes in which the cross-link is replaced with &G

of desilylation. Steric factors may also play a role in base pair. Similar enhancements in stability have been
incomplete desilylation. Thus, prolonged treatment with observed in duplexes that contain a terminal disulfide cross-
TBAF did not significantly increase the amount of desily- link (35) or a covalently linked base pai36), and in
lation, suggesting that some portion of the TBDMS groups duplexes that contain internal psoral&T)(or mitomycin C

on the support-bound oligomer are not accessible to the(14) interstrand cross-links. The most likely reasons for this
reagent. It may be possible to improve overall yields by increased stability are the reduction in molecularity and the

choosing a different'3protecting group. Thus, the allyloxy-
carbonyl group has been used to protect th©H group
during the synthesis of a nitrous acid cross-linked DNA
duplex 1) and a DNA duplex containing a covalently cross-
linked base pair33). Despite the variable yields resulting
from incomplete desilylation, our procedure provided suf-
ficient quantities of cross-linked oligomers for physical and
biological studies.

Duplexes XL1 and XL2 contain an ethyl cross-link

reduction in entropy that result from the presence of the
cross-link 85).

The CD spectrum oKL1 shows that this duplex is in a
B-conformation (see Figure 4). The close similarity of this
spectrum to that of the non-cross-linked parent again suggests
that the cross-link does not significantly perturb the overall
structure of the helix. Further evidence for this is found in
the ligation experiment. DupleXL2 has self-complementary
3'-overhanging ends that enable it to undergo self-ligation.

between two mismatched C residues on opposite strands ofSuch ligation produces a series of oligonucleotides each
the duplex. Examination of the molecular model shown in differing in length by 10 base pairs where the-C cross-
Figure 7A suggests that the ethyl cross-link should be links are in phase with the periodicity of the helix. Distortion
accommodated in the major groove of the duplex with or bending caused by the cross-link could thus be detected
minimal distortion of the helix and minimal steric interaction by anomalous mobility on a nondenaturing polyacrylamide
with its neighboring A-T base pairs. The shapes of the UV gel (32). As shown in Figure 6, there was essentially no
thermal denaturation profiles of these cross-linked oligomers deviation of the relative chain lengtR_, as a function of
suggest that both exist as duplexes and that the base pairsligomer chain length from a value of 1.00. This result
surrounding the cross-link melt in a cooperative manner (seesuggests that the-&C cross-link does not bend the helix to

Figure 2). The difference in the transition temperatures any significant extent.

betweenXL1 andXL2 (33 °C) is similar to the difference
in T, between the corresponding duplexes in which thedC
cross-links are replaced with-&C base pairs. Thus, the
higher stability of XL1 versus that ofXL2 most likely
reflects the presence of four additionat-G base pairs in
the former duplex. Replacement of the-C cross-link in
XL1 with a C—C mismatch results in a dramatic reduction
in the Ty, consistent with the destabilizing effect of~C
mismatches 34). Similar substitution inXL2 results in
complete loss of duplex formation.

The transition temperatures B£.1 andXL2 are at least
25 °C higher than the melting temperatures of control

DuplexesXL3 andXL4 each contain a “staggered” ethyl
cross-link that connects the two C residues of a central
—CG— step in the duplex. Although the distance between
the N'C exocylic amino groups is somewhat greater than in
the case of the €C cross-linked duplexes, the molecular
model suggests (see Figure 7B) that the cross-link is
sufficiently long to span this distance with minimal perturba-
tion of the helix. The model also suggests that slight propeller
twisting of the cross-linked-CG— base sequence would
allow hydrogen bond contacts to be maintained between the
C—G base pairs. In fact, the presence of tH€G— staggered
cross-link produces an extremely stable duplex. The transition
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temperature of this duplex (8L) is 49°C higher than the
melting temperature of the corresponding non-cross-linked

Noronha et al.

XL6, which contains four additional ©C base pairs, is
readily ligated into plasmid DNA.

duplex, a result that suggests the staggered cross-link DuplexesXL4 andXL6 contain recognition sites fakcll
provides even greater stabilization of adjacent base pairs tharandHindlll restriction endonucleases, respectively. Although

does the &C cross-link. Consistent with this suggestion is
the observation that the transition temperaturXio8 is 49
°C higher than that oXL2, althoughXL3 contains only
one more base pair thaxlL2. Furthermore, the transition
temperature ofXL3, which contains four GC and four
A—T base pairs, is 16C higher than that oKL1, which in
addition to the cross-link has four-&C and six A-T base
pairs.

The extraordinary stability 0KL3 is also seen when the

both non-cross-linked parent duplexes were completely
cleaved afte4 h when incubated with their cognate endo-
nuclease at 16C, XL4 andXL6 were totally resistant, even
after incubation for 2 days (data not shown). The presence
of the ethyl cross-link in the major groove of each duplex
most likely accounts for this lack of reactivity. Previous
studies on a Dickerson dodecamer that contains disulfide
cross-links at either end of the duplex showed that the cross-
linked duplex is completely cleaved BcoRl endonuclease

duplex is electrophoresed under denaturing conditions on a(35).

polyacrylamide gel. DuplexesL2 andXL5, each of which
contains 20 nucleotides, migrate in a manner similar to that

CONCLUSIONS

of d-To,. Thus, the cross-linked duplexes behave essentially Cross-link phosphoramidité.8 is a convenient reagent

as single-stranded oligonucleotides under the denaturingthat can be used to place afQ¥-ethyl—

conditions of the gel. DupleXL3 on the other hand migrates
more rapidly through the gel. This behavior suggests that
despite the denaturing conditiond, 3 continues to migrate
like a base-paired or partially base-paired duplex. Similar
differences in migration were seen betwedd and XL6,
suggesting that duplex stabilization by th€ G— staggered
cross-link is not unique to shorter duplexes suchxas.

Unlike that of duplexXL1, the CD spectrum oXL3
differs from that of B-form DNA. This difference, which
takes the form of a negative band at 298 nm, is not seen in
the non-cross-linked parent duplex, the spectrum of which
is similar to that of the non-cross-linked parentXifl. The
negative band may arise from a local conformational change
in the helix, possibly due to propeller twisting of the cross-
linked base pairs. Further insight into this perturbation awaits
a more detailed analysis &fL3 by NMR spectroscropy.

Although the —CG— staggered cross-link appears to
perturb the structure of the helix, this perturbation is not of
sufficient magnitude to be detected by gel electrophoresis.
Thus, theR_ values of oligomers resulting from self-ligation
of XL3 do not deviate significantly from unity over a chain
length range of 26150 base pairs.

DuplexesXL5 andXL6 each contain a GC— staggered
cross-link. The distance between the twdQONexocyclic
amino groups in this sequence is 5.65 A in the B-form helix
which is greater than the length of the ethyl linker.
Consequently, this cross-link would be expected to disrupt
G—C base pairing at the cross-link site. The resulting
distortion could also affect the adjacentA base pairs as
shown by the molecular model in Figure 7C.

Not surprisingly, the-GC— staggered cross-link iKL5
destabilizes the duplex. The melting transitionXaf5 is 20
°C, which is 10°C lower than theT, of its parent non-
cross-linked duplex. The broad shape of the denaturation
curve relative to those of duplexed. 1 andXL3 suggests
reduced cooperativity. At ambient temperatuXé,5 most
likely exists in a partially denatured form. Despite the
destabilizing effect of the cross-link, the overall structure of
the cross-linked duplex at 8 appears to be similar to that
of the non-cross-linked parent duplex and B-DNA as
monitored by CD spectroscopy.

Attempts to self-ligateXL5 at 16°C were not successful.
This may be due to the partially denatured state of the duplex
at this temperature. However, we have found that duplex

N“C cross-link at

a specific site in a DNA duplex. The synthetic procedure
provides sufficient material for a variety of physical and
biological studies. Duplexes with uniquely oriented cross-
links can be prepared by altering the order of addition of
the bases surrounding the cross-link. The relative orientation
of the cross-link gives rise to duplexes of different structures
and stabilities. In preliminary experiments, we have found
that plasmid DNA containing these cross-linked duplexes
can be repaired iBscherichia coliThe results of these repair
studies will be reported in due course.

NOTE ADDED IN PROOF

Modifications were made to the name of compoun€
oligomerM1, and duplexM2, and Scheme 2 was replaced.
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