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N4C—Alkyl —N“C Cross-Linked DNA: Bending Deformations in Duplexes that
Contain a—CNG— Interstrand Cross-Link
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ABSTRACT. Short DNA duplexes containing a 1,3'GHalkyl—N*C interstrand cross-link that joins the

two C residues of a=CNG— sequence were prepared using either a phosphoramidite or convertible
nucleoside approach. The alkyl cross-link consists of 2, 4, or 7 methylene groups. The duplexes, which
contain a seven-base-pair core anglTA complementary '3overhanging ends, were characterized by
enzymatic digestion and MALDI-TOF mass spectrometry. Ultraviolet thermal denaturation studies showed
that the duplexes denature in a cooperative manner and that the length of the cross-link affects the thermal
stability. Thus, the transition temperature of the ethyl cross-linked duple3C 42 16°C higher than the
melting temperature of the corresponding non-cross-linked control, whereas the transition temperatures
of the butyl and heptyl cross-linked duplexes, 73 and°C2 respectively, are 4647 °C higher. The
reduced molecularity of denaturation of the cross-linked duplexes versus melting of the non-cross-linked
duplex most likely accounts for these differences. Examination of molecular models suggests that the
ethyl cross-link is too short to span the distance between the two C residues at the site of the cross-link
in B-form DNA without causing distortion of the helix, whereas less and no distortion would be expected
for the butyl and heptyl cross-links, respectively. The circular dichroism spectra, which show greatest
deviation in the ethyl cross-linked duplex from B-form DNA, are consistent with this expectation.
Anomalous mobilities on native polyacrylamide gels of multimers produced by self-ligation of each of
the cross-linked duplexes suggest that the ethyl and butyl cross-linked duplexes undergo bending
deformations, whereas multimers derived from the heptyl cross-linked duplex migrated normally. The
bending angle was estimated to be&,203°, and O for the ethyl, butyl, and heptyl cross-linked duplexes,
respectively. Thus, it appears that the degree of bending in th&sedikyl—N*C cross-linked duplexes

is controlled by the length of the cross-link.

Many clinically important cancer chemotherapeutic agents interstrand cross-link9¢11). The N\C—ethyl-N*C cross-
react with DNA to produce interstrand cross-lini%. (These link is very stable chemically, and DNA duplexes containing
lesions are potentially lethal because they can inhibit both this cross-link are readily synthesized on an automated DNA
DNA transcription and replication2¢-4). There has been  synthesizer in quantities sufficient for a variety of physical
considerable interest in studying how interstrand cross-links and biochemical studies. Although such cross-links are not
affect the structure of DNA and how interstrand cross-links found as products of DNA alkylation, they can serve as
are repaired by cells. . _ useful and easily manipulated models of DNA having alkyl

A variety of bifunctional alkylating agents, nitrogen interstrand cross-links. In addition, the chemistry allows one
mustards in particular, react withGNC— sequences in g place the cross-link in a variety of orientations. Thus, we
DNA to produce l,3-KG—aIkyI—N7_G interstrand Cross-  have prepared duplexes that contain the interstrand cross-
links. Short DNA duplexes that contain such cross-links have |ink petween two mismatched-eC residues and duplexes
been synthesized and these duplexes have provided substrateﬁ%wing staggered cross-links in which the C residues of a
for repair studiesg, 6) and studies of the physical properties —CG— or —GC— step are joinedX(1). It is clear from these

of the duplexes, 8). However, the inherent chemical studies that the orientation of the cross-link significantly

. . 7 N7~ i
instability of N'G ."’%”‘V' NG |nter§trand cross links makes affects the thermal stability and the structure of the duplex.
such duplexes difficult to work with, and this places some

limitations on the types of studies that can be carried out. In the present studies, we describe the syntheses and
We recently described the syntheses and physical proper-conformational properties of short DNA duplexes that contain
ties of short DNA duplexes that contairfGethyl—N4C 1,3-N‘C—alkyl—N“C interstrand cross-links. This cross-link,
which contains 2, 4, or 7 methylene groups, joins the C
" This research was supported by a grant from the National Cancer éSidues of a-CNG— sequence in the duplex. Ultraviolet
Institute (CA082785). A.M.N. and C.J.W. were each supported in part thermal denaturation experiments show that the length of
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Research Council of Canada (NSERC). the cross-link influences the thermal stability of the duplex.
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that the degree of bending is controlled by the length of the Scheme 1: Preparation of Cross-Linked Dupléxes

cross-link. d-TGACTTT-CPG d-U*TGACTTT-CPG
1 2

MATERIALS AND METHODS 3\& A/‘l

5'-O-Dimethoxytrityl-3-O-(5-cyanoethyl-N,Ndiisoprop- d-X-CTGACTTT-CPG
yl)phosphoramidites, 3-dimethoxytrityldeoxyribonucleoside-
5'-0O-(5-cyanoethyl-N,Ndiisopropyl)phosphoramidites, and Llc
protected deoxyribonucleoside-controlled pore glass supports TBSTDMT
were purchased from Glen Research Inc, Sterling, VA, or 5
ChemGenes Inc, Ashland, MA:-®-Dimethoxytrityl-3-O-
tert-butyldimethylsilyl-4-(N-1-triazole)-2deoxyuridine 9)
and 1-[N-(5'-O-dimethoxytrityl-3—O-tert-butyldimethyl- R —
silyl-2'-deoxycytidylyl)]-2-[N*-(5'-O-dimethoxytrityl-2-de- CI:‘,
oxycytidylyl-3'-O-(5-cyanoethyl-N,N-diisopropyl)phos- 4CTG-Ac
phoramidite)]ethane1(l), 3, were prepared as described
previously. Oligonucleotide syntheses were carried out on 6
an ABI Model 392 DNA synthesizer.

Analytical reversed-phase HPLC was carried out on a
Microsorb-C-18 column (0.46 X 15 cm) purchased from

. . d-GTCTGACTTT
Varian Associates, Walnut Creek, CA. The column was

eluted at a flow rate of 1.0 mL/min with a 20 mL linear AAACAGAATG-d
gradient of 2-20% acetonitrile in 50 mM sodium phosphate 7

buffer, pH 5.8. Analytical and preparative strong anion XL (n)
exchange (SAX) HPLC was carried out on a Dionex n=240r7
DNAPAC PA-100 column (0.4 cnx 25 cm) purchased from 2U* is O*—triazole-2'-deoxyuridine.

Dionex Corp., Sunnyvale, CA. The column was eluted at a b .
A X : y reversed-phase HPLC. The productH@-aminobutyl)-
flow rate of 1.0 mL/min with a 30 mL linear gradient of 0.0 2'-deoxycytidine, eluted at 8.2 min.

M to 0.5 M sodium chloride in a buffer containing 100 mM 5'-O-Dimethoxytrityl— 3 -O-tert-butyldimethyisilyl-4-K

Tris-hydrochloric .acid, pH 7.8, and 10% gcetonitrile. The (2-aminoheptyl)-2deoxycytidine (4, &= 7). 5-O-Dimethoxy-
column was monltored at 260 nm (analytical runs) or 290 trityl-3'-O-tert-butyldimethylsilyl-4-(N-1-triazole)-2deoxy-
nm (preparatlv.e runs). ] ~uridine nucleoside (1.8 g, 2.5 mmol) was dissolved in 1,4-
Polyacrylamide gel electrophoresis (PAGE) was carried gioxane (25 mL) and reacted with 1,7-diaminoheptane (1.2
out under denaturing conditions on 20 con20 cm x 0.75 mL, 8.25 mmol) as described above. After workup and
cm gels containing 20% acrylamidedai M urea in a buffer  extraction, the organic layer was dried over anhydrous
(TBE) that contained 89 mM Tris, 89 mM boric acid, and  sodjum sulfate and then concentrated to a light yellow foam
0.2 mM gthylened|am|netetraacetate, pH 8.0. Native PAGE (1.7 g). UV max in methanol, 233 and 275 nR.(SiO):
was carried out on 20 cmx 40 cm x 0.75 cm gels that g 26 in methylene chloride/methanol, 9:1 (v/v): 0.57 in
contained 12% polyacrylamide in TBEZP]-Labeled oligo-  gjyene/ethyl acetate/methanol, 4.5/4.5/1.0 (v/vIv). ESI MS
nucleotides were detected by autoradiography or by phos-cgicd. M 756.43, found MH 757.
phorimaging. Several milligrams of the product were treated with 0.1N
Mass spectra were obtained at the Johns Hopkins Uni- hydrochloric acid fo 1 h at 65°C and analyzed by reversed-
versity School of Medicine Mass Spectrometry Facility or phase HPLC. The product,*N(7-aminoheptyP-2'-deoxy-
at the Scripps Research Institute Mass Spectrometry Facility.cytidine, eluted at 15.5 min.
5'-O-Dimethoxytrityl-3-O-tert-butyldimethylsilyl-4-’(2- Syntheses of Cross-Linked Duplex@&se cross-linked
aminobutyl)-2-deoxycytidine (4, = 4). 5'-O-Dimethoxy- duplexes were prepared as outlined in Scheme 1 and as
trityl-3'-O-tert-butyldimethylsilyl-4-(N- 1-triazole)-2deoxyuridine described previouslyy( 11). For duplexes containing the
nucleoside (2.0 g, 2.87 mmol) was dissolved in 1,4-dioxane N*C—ethyl~N*C cross-link, 2 umol of support bound
(29 mL). 1,4- Diaminobutane (0.727 mL, 7.18 mmol) was heptamer], was reacted with 0.15 M cross-link phosphor-
added slowly, and the reaction solution was stirred at room amidite 3 for 10 min on the DNA synthesizer to give
temperature for 1 h. The solvent was then evaporated to aoligomer 5 (X = DMT). Duplexes containing either the
syrup under high vacuum. The gum was redissolved in ethyl N*C—butyl— or hepty-N*C cross-link were prepared by
acetate (100 mL) and extracted with 5% sodium bicarbonatereacting 2umol of support-bound octame2, which has a
(2 x 100 mL); the excess amine appeared in the aqueous5'-terminal G—triazole—deoxyuridine, with 21 mg (0.029
layer, as identified on ninhydrin-treated TLC plates as a white mmol) of 4 (n = 4) or 23 mg (0.030 mmol) o4 (n=7) in
spot at the baseline on a lavender-colored background. ThelOOuL of dry pyridine for 100 hrs at 48C. These reactions
organic layer was dried over anhydrous sodium sulfate andwere carried outri a 4 mL autosampler vial fitted with a
then concentrated to a light yellow foam (1.01 g). UV max Teflon-lined screw top (Fisher Scientific). At the end of the
in methanol, 233 and 275 niR; (Si0O;): 0.24 in methylene  reaction, the controlled pore glass was transferred back to
chloride/methanol, 8:2 (v/v). ESI MS calcd. 714.38, found the ABI synthesis column, and the suppdt(X = OH),
MH* 715. Several milligrams of the product were treated was washed with two, 10 mL portions of acetonitrile. The
with 0.1N hydrochloric acid fol h at 65°C and analyzed  5'-ends of5 were extended simultaneously using 0.15 M
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Table 1: Amounts, Retention Times, Nucleoside Ratios, and Mass Spectral Data for Cross-Linked Duplexes

cross-linked nucleoside nucleoside ratios mass
duplexes amouht RP composition expected observed expected observed

XL(2) 16.0 (164) 25.0 dC 1.00 1.00 6079.1 6079.5
dG 2.00 2.04
dT 3.00 2.87
dA 3.00 2.96
dC-dC 0.50 0.73

XL(4) 3.4 (20) 24.1 dc 1.00 1.00 6107.2 6108.2
dG 2.00 2.04
dT 3.00 3.07
dA 3.00 2.75
dC-dC 0.50 0.52

XL(7) 3.0 (20) 23.9 dc 1.00 1.00 6149.3 6149.5
dG 2.00 1.96
dT 3.00 2.94
dA 3.00 2.68
dc-dC 0.50 0.53

a Amount of pure cross-linked duplex that was purified by SAX HPLC. The numbers in parentheses indicate the amount of crude duplex that
was purified.? Retention times (min) of cross-linked duplexes on SAX HPLC using a0.B M linear gradient of sodium chloride.

solutions of protected nucleosid&'-phosphoramidites and  at a rate of 100 nm/min with a bandwidth of 1 nm and
a coupling time of 2 min. The synthesizer was programmed sampling wavelength of 0.2 nm using fused quartz cells
to acetylate the "sends of the partial duplex after removal (Hellma, 165-QS). The molar ellipticity was calculated from
of the last DMT groups to givé (Y = TBS). The support  the equation§] = 6/CI, where@ is the relative ellipticity
was treated with 1 mL of anhydrous triethylamine at room (mdeg),C is the concentration of the oligonucleotide (mol/
temperature for 16 h. The support was washed with dry L) and| is the path length of the cell (cm). The data were
acetonitrile, followed by dry THF, and then dried under processed on a PC computer using software supplied by the
vacuum; It was then treated with 1 mlf d M solution of manufacturer. Each spectrum shown in Figure 3 is the
tetran-butylammonium fluoride in tetrahydrofuran for 20 average of 5 scans.
min at room temperature. This solution had been stored Thermal Denaturation ExperimentSolutions, 1uM each
previously ove 4 A molecular sieves. Synthesis was strand, of each cross-linked duplex and of the control non-
continued on lumol portions of each support. Thé-&nd cross-linked duplexC(0), were prepared in a buffer contain-
of partial duplex6 (Y = OH) was extended by reaction with  ing 90 mM sodium chloride, 10 mM sodium phosphate, 1
0.3 M solutions of the appropriate protected nucleoside mM EDTA, pH 7.0. The molar extinction coefficients of
5'-phosphoramidites for 2 min. the oligonucleotides and cross-linked duplexes were calcu-

The protecting groups were removed from each duplex lated using nearest-neighbor approximatioh®).( Thermal
by treating the support with 0.4 mL of concentrated am- denaturation experiments were run in a Cary 3E-t\é
monium hydroxide fo4 h at 65°C. Between 82 and 164  spectrophotometer fitted with a thermostated sample holder
Az Units of each duplex were obtained. Portions of each and temperature controller. The absorbance at 260 nm was
cross-linked duplex?, were analyzed and purified by SAX  monitored as the samples were heated from 5 t6®at a
HPLC as shown in Figure 2. The purified duplexes were rate of 0.4°C/min. Denaturation curves were generated by
desalted using C-18 reversed-phase SEP PAK cartridges agplotting the relative hypochromicity, defined as ¢ as-c)/
described previously9j. Each duplex migrated as a single (ayrc), Where ais the absorbance at temperattir@s.c is
band on a denaturing 20% polyacrylamide gel after phos- the absorbance at the initial temperature 6{C3 andagec
phorylation withy-[3?P]-ATP catalyzed by polynucleotide is the absorbance at the final temperature of@Qversus
kinase 0). temperature.

The duplexes were digested to their component nucleosides Ligation ExperimentsCross-linked duplexeXL(2), XL-
and cross-link by treatment with a combination of snake (4), andXL(7), a non-cross-linked control duple€(0), of
venom phosphodiesterase and alkaline phospha@asehe the same sequence, and dupiék, d-GGGCAAAAAACG-
digests were analyzed by C-18 reversed-phase HPLC, andGCAAAAAAC/A-CCGTTTTTTGCCGTTTTTTGC {3) (210
the nucleoside ratios were determined as shown in Table 1.pmol), were each phosphorylated with[3?P]-ATP in the
Nucleoside ratios obtained by this procedure are generallypresence of polynucleotide kinase as described previously
within £0.1 of the expected values. The duplexes were (9). The enzyme was inactivated by heating at'65for 10
further characterized by MALDI TOF mass spectrometry. min. A 50 pmol aliquot of each duplex was incubated with
The results are given in Table 1. 5 units of T4 DNA ligase in a buffer that contained 50 mM

Circular Dichroism Spectroscopsolutions of each cross-  Tris, pH 7.5, 10 mM magnesium chloride, 100 mM sodium
linked duplex, 2«M strand, and the control non-cross-linked chloride, 10 mM dithiothreitol, 1 mM ATP, and 2&g/mL
duplex, C(0), 3.6 uM strand, were prepared in a buffer of bovine serum albumin. Reactions containi¥b(7) or
containing 90 mM sodium chloride, 10 mM sodium phos- C(0) were incubated for 5 min at room temperature, whereas
phate, 1 mM EDTA, pH 7.0. The samples were equilibrated reactions containingkL(2), XL(4) or M1 were incubated
for 5—10 min at 5°C, and their CD spectra were recorded overnight at 16°C. A 2 uL aliquot of each reaction was
on a Jasco J-700 spectropolarimeter equipped with adiluted with 2 uL of 80% glycerol, and the solution was
NESLAB RTE-111 circulating bath. Spectra were collected loaded onto a 12% polyacrylamide gel. The gel was run at
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FIGURE 1: Structures of the fC—alkyl—N“C interstrand cross-
link (C—C), protected RC—alkyl—N4*C cross-link phosphoramidite
(3), and protected N-(aminoalkyly-2'-deoxycytidine 4).

650 V for approximatel 5 h at 4°C and then autoradio-
graphed. The distances that the ligated cross-linked oligomer

migrated were measured and compared to the distance

migrated by oligomers produced by ligation of the non-cross-
linked control duplexC(0).

Molecular ModelsMolecular models of an 11-mer duplex,
d-CCGGTCTGACC/d-GGTCAGACCGG, containindG-
alkyl—N“C interstrand cross-links were built using Hyper
Chem molecular modeling software. The cross-linked du-
plexes were geometry optimized using the AMBER force
field. For ease of visualization, nucleotides on either side of
the cross-link were removed as shown in Figure 7.

RESULTS

Syntheses of Cross-Linked Duplexiése general structure
of the interstrand cross-linked duplexesg, is shown in
Scheme 1 and the structure of théON-alkyl—N“C cross-
link, 1, is shown in Figure 1. The cross-link joins the two
deoxycytidine residues on opposite strands efGIrG—/—
GAC— sequence. The duplexes are designateXlgs),
where(n) indicates the length of the8—alkyl—N“C cross-
link. A control duplex,C(0), was also prepared that lacks
the cross-link.

The cross-linked duplexes were prepared on a DNA

Noronha et al.
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Ficure 2: Strong anion exchange HPLC profiles of crude(2)
(panel A), XL(4) (panel B), andXL(7) (panel C). The column,
which was monitored at 260 nm, was eluted with a gradient of
0.0-0.5 M sodium chloride in 100 mM Tris-HCI, pH 7.8, 10%
acetonitrile, at a flow rate of 1.0 mL/min.

e

20

with protected M—(4-aminobutyl}- or N*—(7-aminohept-
yl)—2'-deoxycytidine 4. We have previously used this
convertible nucleoside approach to prepaf€Nethyl—-N“C
cross-linked duplexes9). Approximately 77% of2 was
converted tcb when reacted with the aminobutyl derivative
of C. Similar extents of conversion were seen previously
for reaction with the aminoethyl derivative of ®)( In
contrast, only 54% o2 was converted t6 when the reaction
was carried out using the aminoheptyl derivative of C.

The dimethoxytrityl group(s) were removed from cross-
link derivatized oligomel5, and each send of the cross-
link was extended in the' Blirection to give, after acetylation
of the B-hydroxyl groups, branched oligoméiY = TBS).

ecause both 'S5ends are extended simultaneously, only
symmetrical sequences can be synthesized by this method.
Oligomer 6 was treated with anhydrous triethylamine to
remove the cyanoethyl phosphate protecting groups, a step
that is required to prevent unwanted chain cleavage during
subsequent removal of theert-butyldimethylsilyl (TBS)
group O, 14—16). The TBS group was removed froénby
treating wih 1 M tetran-butylammonium fluoride. Ap-
proximately 84% of the TBS group was removed from the
N“C—ethyl-N“C cross-linked oligomer, whereas virtually
quantitative removal was observed for th&ON-butyl—N“C
and N'C—hepty-N*C cross-linked oligomers.

The branched oligomes (Y = 3'-OH) was extended in
the 3-direction by coupling with protected-®-dimethoxy-
tritylnucleoside-50-phosphoramidites. The protecting groups
were removed, and the oligomer was cleaved from the
support by treating with concentrated ammonium hydroxide
at elevated temperature. Figure 2 shows chromatograms of
the crude cross-linked oligomers. The peak at 11.8 min in
chromatogram A i®-TGACTTT, which resulted from a low
coupling yield when using phosphoramidi®e The major
side product observed in the synthesis XE(7) was
unextended branched oligom@(Y=0H), whose retention

synthesizer as shown in Scheme 1. Each synthesis wagime is 19.5 min, as shown in chromatogram C. Each cross-

initially carried out on a 2umol scale. Two methods were
used to introduce the cross-links. In the first method,
protected NC—ethyl-N*C phosphoramidit& (11), whose

linked duplex was purified by preparative strong anion
exchange HPLC. The duplexes were characterized by
enzymatic digestion and by MALDI-TOF mass spectrometry,

structure is shown in Figure 1, was coupled to support-boundas shown in Table 1.

heptamerl to give octame (X = DMT) which contains
the cross-link. Alternatively, octaméy (X = 5'-OH) was
prepared by reacting ©© triazol-U-derivatized oligomeR

Circular Dichroism Studies.Circular dichroism (CD)
spectra were obtained for each of the cross-linked duplexes
and the non-cross linked control at°® under the same
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Ficure 3: Circular dichroism spectra @(0) (——), XL(2) (—), 008 TEMPERATURE
XL(4) (— — =), andXL(7) (---). Spectra were recorded af€ in

FiGURE 4: Thermal denaturation aZ(0) (@), XL(2) (m), XL(4)
(a), and XL(7) (O). The denaturation curves were obtained in a
buffer containing 90 mM sodium chloride, 1 mM EDTA, 10 mM
sodium phosphate, pH 7.0.

buffer containing 90 mM sodium chloride, 1 mM EDTA, 10 mM
sodium phosphate, pH 7.0.

buffer conditions used in the thermal stability experiments.
_Underthese conditions, the oligomers shoulld bg completely The ligation products of control duple&(0) yielded a

in the duplex form. The spectra are shown in Figure 3. The gojes of oligonucleotides whose chain lengths differ by
control duplex,C(0), _dlsplays a spectrum consistent with multiples of 10 base pairs, as shown in lane 2. Multimers
that of B-form DNA with a maximum at 279 nm, a minimum generated by self-ligation d¥11 (lane 1) showed reduced
at 246 nm, and a crossover at 259 nm. The C.D spectra Ofmobility relative to the oligomers of the same chain length
XL(4) andXL(7) are similar, each having a relatively sharp produced by self-ligation ofC(0) (lane 2). Multimers
positive band with maxima at 279 and 282 nm, respectively, generated from cross-linked duplex¥s(2) (lane 3) and
and a slight shoulder at 263 nm. In contrast(2) has a XL(4) (lane 4) also showed reduced mobility, whereas

very broad positive band with a maximum at 279 nm and a ) ,jtimers generated from{L(7) (lane 5) co-migrate with
very prominent shoulder at 262 nm. All three duplexes have the control.

a negative band whose minimum is between 245 and 251
nm. In addition, dupleXL(4) shows a small negative band
at 300 nm. The molar ellipticities of the positive bands of
XL(2) andXL(4) are similar to that of control duple®(0),
whereas the molar ellipticity oXL(7) is 1.6 times greater
than that ofC(0).

Thermal Stabilities of Cross-linked Duplex&se thermal
stabilities of the cross-linked duplexes were determined by
UV melting experiments. In contrast to conventional du-

plexes, the very nature of the covalent cross-link preCIUdeSdeviations. The deviation was greatest¥ar(2). In contrast

cqmplete separation of the cpnsntuent strands.' The denatur-to this behavior, dupleXL(7) gave essentially a straight
ation curves are shown in Figure 4. The transition temper- line with anR_ of 1.00

atures were concentration-independent, as expected for a
unimolecular process. DISCUSSION

DuplexXL(2) denatures in a cooperative manner, although
the transition curve is rather broad. The transition temperature The —CNG— cross-linked duplexes described in these
is 42 °C, which is higher than the melting temperature, 26 studies are in some respects similar to the 1/G-Nalkyl—
°C, of the non-cross-linked control dupl€(0). Duplexes N’G —GNC- type interstrand cross-links found when DNA
with the butyl and heptyl cross-links also show cooperative reacts with bifunctional alkylating agents such as mechlor-
thermal denaturation. However, the breadths of these transi-ethamine 7) or phosphoramide mustar@id). Thus molecular
tions are sharper and the transition temperatures are muchmodels suggest that the alkyl chain of the cross-link resides
higher than those of the corresponding ethyl cross-linked in the major groove of the helix, and the*Nalkyl-C
duplex. The transition temperature Xt (4) is 73°C, while residues can participate in Watse@rick base pairing with

The relative lengthdR , of the ligation products from each
duplex were determined by comparing their mobilities with
those from the multimers produced by ligation of control
duplexC(0) (13, 17). These relative lengths were then plotted
against the actual length of the multimers as shown in Figure
6. As expected, the ligation productsif. show a positive
deviation fromR_ = 1.00, consistent with bending induced
by the presence of the Ag— tracts in the oligomerslQ).
Cross-linked duplexesL(2) andXL(4) also showed positive

that of XL(7) is 72°C. their complementary G residues in the opposite strand.
Ligation StudiesThe cross-linked duplexes and non-cross-  The N‘C—alkyl—N“C cross-link was introduced during
linked control duplex were eacH-Bnd labeled with ¥P]- synthesis of the duplex either as the protected phosphora-

phosphate, and each duplex was then ligated &Clésing midite (11) or by a convertible nucleoside approa&) &s

T4 DNA ligase. In addition, a 21-mer duple¥|1, that outlined in Scheme 1. Chain extension of cross-link inter-
contains two—Ag— tracts (L3) was ligated under the same mediate5 in the B-direction was carried out after selective
conditions. The products of the ligation reactions were removal of the dimethoxytrityl group(s) fros. Removal
separated on a nondenaturing polyacrylamide gel as showrof the tert-butyldimethylsilyl group from the resulting
in Figure 5. branched6 was affected by treating the support with a
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Ficure 6: Relative chainlengthR|) vs actual chainlength of the
self-ligation products oM1 (@), XL(2) (a), XL(4) (@), andXL-
(7) (O).

the NC—ethyl-N*C phosphoramidite. The major side
product in the syntheses ofL(7) was d-GTCTGACTTT,
whose retention time is 19.1 min (Figure 2C). This oligomer
resulted from incomplete reaction, 54%,2vith protected
N4—(7-aminoheptyl-2'-deoxycytidine4. The higher extents
of conversion, seen with the*N(2-aminoethyl}- and N*—
(4-aminobutyl}-2'-deoxycytidines, 7680% @), most likely
reflect the greater reactivity of the shorter aminoalkyl arms.
Each of the cross-linked duplexes can potentially form a
helix containing 7 base pairs. The circular dichroism spectra
of the three cross-linked duplexes, which are similar to that
of canonical B-form DNA 19), are consistent with helix
formation. Further evidence for helix formation comes from
ultraviolet thermal denaturation experiments. Thus, each of
BPB — . o~ - . - 20 the duplexes show A versus temperature profiles that are
suggestive of cooperative denaturation. The duplex having
the ethyl cross-link shows a broad, sigmoidal-shaped transi-
tion curve, which is much broader than the corresponding
Ficure 5: Self-ligation of cross-linked duplexes:Bhosphorylated melting curve observed for the non-cross-linked control.

duplexes were ligated using T4 DNA ligase as described in Material iti ;
and Methods. The ligation products Bl (lane 1).C(0) (lane 2), However, the transition temperature for denaturation of the

XL(2) (lane 3),XL(4) (lane 4), andXL(7) (lane 5) were subjected cross-linked duplex is 1_6°C_’ higher than _the melting
to electrophoresis on a 12% polyacrylamide gel run under non- temperature of th€(0). This difference most likely reflects
denaturing conditions. the reduced entropy due to the change in molecularity from

second order for melting dE(0) to first order for denatur-

solution of tetran-butylammonium fluoride in dry tetra-  ation of the cross-linked dupleX2().
hydrofuran. We have found previously that removal of this  DuplexesXL(4) andXL(7), in addition to having sharper
group occurred with yields ranging from 50% to 70% (  transition curves, have transition temperatures that are 47
11). Higher desilylation yields, ranging from 84% for the and 46°C higher, respectively. than the melting temperature
ethyl-linked oligomer to essentially quantitative removal for of C(0) and approximately 30C higher than the transition
the butyl- and heptyl-linked oligomers, were obtained with temperature of the ethyl cross-linked duplést,(2). This
the present set of oligomers. These results support thelarge increase in stability is comparable to that seen previ-
previous suggestion that steric crowding in the neighborhood ously for duplexes that contain-aCG— type N*C—ethyl—
of the TBS group plays a important role in its accessibility N*C cross-link (1).
to attack and removal by fluoride ioi1). Extension of6 The higher transition temperatures of the butyl and heptyl
after removal of the TBS group with protected nucleoside cross-linked duplexes relative to that of the ethyl cross-linked
5'-phosphoramidites gave the completed cross-linked duplexduplex, are consistent with the expected ability of these
7. longer linkers to more readily span the distance between the

The cross-linked duplexes migrated as single peaks ontwo strands of the helix. Examination of molecular models
strong anion HPLC and were readily purified by this method. shows the distance between the nitrogen atoms of the N
The main side product seen in the syntheseXldqP) was amino groups of the two interstrand C residues inGNG—
d-TGACTTT, whose retention time is 12.0 min (Figure 2A). sequence is approximately 7.2 A when the helix is in the
This oligomer resulted from incomplete coupling ofvith B-form conformation. The ethyl cross-link, which could
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for M1. A positively curved plot was also seen for the
ligation products of butyl cross-linkedL(4), although in

this case the magnitude of the curvature was approximately
one-half that seen witkXL(2) or M1. In contrast to this
behavior, the plot of the ligation products Xt (7) did not
deviate significantly fromR_ = 1.00, suggesting that the
FiGure 7: Molecular models of the-CNG— N*C—alkyl-N‘C heptyl cross-link does not produce bending deformations in
cross-link site. The ethylXL(2)), butyl (XL(4)), and heptyl the helix.

(XL(7)) cross-links are shown in green. Multimers produced by ligation of the cross-linked du-
plexes will contain, in addition to the cross-linksAsz—
tracts that are phased every 10 base pairs. Previous experi-
ments by Nadeau and CrotheB?) suggest such tracts will
not contribute to the bending deformations. To test this, the
mobilities of the ligation products &(0), which also contain
—As— tracts phased every 10 base pairs, were compared to
those generated by ligation of Bam H1 linker, d-CGG-
GATCCCCG, a marker frequently used in bending experi-
ments (3). The mobilities of the ligation products fro@(0)

and theBam H1 linker were in fact identical (data not
shown).

XL(2) XL{4) XL(T)

maximally span 3.8 A, is too short to span this distance.
Geometry optimization of B-form DNA that contains the
ethyl cross-link using the AMBER force field suggests
considerable perturbation of the cross-linked@base pairs
which could involve severe propeller twisting and displace-
ment of the C residues into the major groove (see Figure 7).
Such modeling cannot reliably predict more global confor-
mational changes such as bending of the DNA helix. That
structural perturbation does occur is reflected in the CD
spectrum of XL(2), which unlike the non-cross-linked
2nd 262 nm respesively. These dierences could resut from, The cross-ink induced deformation most likely resuls
' ' from static bending or anisotropic flexibility2{) and not

changes in local stacking interactions of the bases at or neatr, . . . : i
the site of the cross-link and/or a more global change in the from formation of a hinge jointk7) at the site of the cross

. link. Thus, multimers produced from self-ligation of duplexes

geometry of the h?l'x' ] ) ] in which the cross-link is phased every 14 base pairs did

The butyl cross-link, which can maximally span a distance ot show anomalous electrophoretic mobilities (data not
of 6.23 A, would be expected to cause less perturbation to shown). As discussed by Rink and Hopkis} the presence

helix geometry. This i_s _reflecf[ed in the_geome_try-optimized of a hinge joint would be expected to produce anomalous
model of DNA containing this cross-link, which suggests nopjlities independent of the phasing of the cross-link.
that modest propeller twisting or rolling of the cross-linked  The bending angles ofL(2) andXL(4) were determined

C—G base pairs would result from insertion of the cross- sing the empirical relation developed by Koo and Crothers
link. Overall, the CD spectrum ofL(4) is consistent with (13, 17);

that of B-form DNA, with the exception of the unusual small
negative band at 300 nm, which suggests some perturbation - — —11(9.6 x 1092 — 0.4 12 1
of the helix geometry. (R 1(9.6 ) B x (A ()

As shown in Figure 7, the geometry optimized model whereR_ is the relative length of the multimel,is the actual
suggests that the heptyl cross-link is sufficiently long, 10.0 |ength of the multimer, anf is the absolute bending angle
A, to join the interstrand C residues without perturbing base of an Ag tract which has been determined to be approximate|y
pairing or base stacking interactions at the site of the cross-2¢° (13, 23) Equation 1 was appliedl?) to the 120 bp
link. This expected lack of perturbation is reflected in the multimers of XL(2) and XL(4) to give bending angles of
CD spectrum ofXL(7), which appears qualitatively quite  20° and 13, respectively. These angles may be compared
similar to those of the control dupléX(0) and B-form DNA. o those of DNA duplexes containing other types of inter-

To further investigate the effects of the cross-links on helix strand cross-links, including a transplatin-G cross-link,
geometry, each cross-linked duplex was self-ligated using 26° (24) or 2C° (25), a cisplatin G-G cross-link, 55 (26)

T4 DNA ligase, and the products were analyzed by native or 47 (27), and a mechlorethamine-&5 cross-link, 12.2

polyacrylamide gel electrophoresilj. All three cross- — 16.8 (8).
linked duplexes underwent self-ligation, although the kinetics It appears that the degree of bending is directly related to
of ligation were quite different. Non-cross-linked cont@l the length of the cross-link. This seems reasonable if the

(0) and cross-linked dupleXL(7) both generated substantial local, cross-link-induced distortions suggested by the geom-
amounts of longer oligomers after 5 min incubation at 16 etry optimized models could be relieved by bending the helix
°C. In contrast, overnight incubation was required to generatetoward the major groove. Thus, the shorter, ethyl cross-link
long oligomers from ligation oXL(2), XL(4) and —As— would be expected to create greater bending than the butyl
tract containing a 21-merV1. Multimers produced by  cross-link. Similar effects of linker length on bending were
ligation of XL(2), XL(4), or XL(7) have cross-links that are  recently reported by Kowalczyk et. al. for @GHalkyl—
phased every 10 base pairs. The reduced electrophoretidN®G intramolecular cross-link connecting two adjacent G
mobilities of the multimers derived froxdL(2) andXL(4) residues on one strand of a DNA duple&8). In this case,
suggest that the ethyl and butyl cross-links produce an overallthe order of bending was two-carbon cross-link30°) >
bending deformation in these molecules. In the cas€loef three-carbon cross-link (22> four-carbon cross-link (3.

(2), the degree of bending appears to be very similar to that No bending was observed for the duplex with the heptyl
produced by the-Ag— tracts in duplexM1. Thus, a plot of interstrand cross-linkXL(7). Here the cross-link is of

R. versus the size of the oligomer in base pairs gave a sufficient length to span the two C residues without introduc-
positively deflecting curve that is very similar to that seen ing local perturbations. Similar lack of bending has been
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observed in other cross-linked DNA duplexes. For example,
no detectable bending was observed in duplexes that
contained a mitomycin C20) or a trimethylene 30)
interstrand cross-link. Both of these cross-links reside in the
minor groove of the helix. We have reported previously that
DNA duplexes that contain a4@—ethyl-N*C cross-link
between mismatched-&C residues or the C residues in a
—CG— step do not show anomalous electrophoretic mobili-
ties. In these duplexes, the cross-links reside in the major
groove of the helix. Examination of molecular models of
the C-C mismatched cross-link suggests that the ethyl group
can readily span the two C residues without perturbing the
structure of the duplex. Similarly, the distance between the
two C residues of the—CG— staggered cross-link is
sufficiently short to be spanned by the ethyl cross-link. Thus,
in both cases, it appears unlikely that the presence of the
ethyl cross-links causes sufficient local structural perturba-
tions that would give rise to overall bending deformations
in the helix.

Our results with the—CNG— cross-linked duplexes
suggest that it may be possible to control bending deforma-
tions by varying the length of the cross-link. DNA duplexes
containing such cross-links might provide interesting sub-
strates for studying the effects of DNA bending on interac-
tions with nucleic acid binding proteins and proteins involved
in DNA repair. High-resolution NMR studies are currently
underway to better define the structure of these duplexes. In
addition, we are investigating their repair in prokaryotic and
eukaryotic cells.
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