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Abstract—Disulfide cross-linking is being used increasingly more to study the structure and dynamics of nucleic acids. We have
previously developed a procedure for the formation of disulfide cross-links through the sugar-phosphate backbone of nucleic acids.
Here we report the preparation and characterization of an RNA duplex containing a disulfide interstrand cross-link. A self-com-
plementary oligoribonucleotide duplex containing an interstrand cross-link was prepared from the corresponding 2’-amino mod-
ified oligomer. Selective modification of the 2’-amino group with an aliphatic isocyanate, containing a protected disulfide, gave the
corresponding 2'-urea derivative in excellent yield. An RNA duplex containing an intrahelical, interstrand disulfide cross-link was
subsequently prepared by a thiol disulfide exchange reaction in nearly quantitative yield as judged by denaturing polyacrylamide gel
electrophoresis (DPAGE). The cross-linked RNA was further characterized by enzymatic digestion and the structure of the cross-
link lesion was verified by comparison to an authentic sample, prepared by chemical synthesis. The effect of the chemical mod-
ifications on duplex stability was determined by UV thermal denaturation experiments. The intrahelical cross-link stabilized the
duplex considerably: the disulfide cross-linked oligomer had a melting temperature that was ca. 40 °C higher than that of the non-

cross-linked oligomer. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

A major tenant in molecular biology is that under-
standing of the function of biomolecules is based on
structure. Given the importance of RNA in cellular
processes, it is not surprising that a large effort has been
devoted to structural studies of RNA. In comparison to
the study of tertiary structures of proteins, X-ray crys-
tallography and NMR spectroscopy have made minimal
impact on structural determination of complex RNA
molecules. For example, only four complex RNA
structures have been solved by X-ray crystallography,
that of t-RNA,"? the hammerhead ribozyme,>* the
P4-P6 domain of the Tetrahymena group 1 ribozyme>¢
and the hepatitis delta virus ribozyme.” Therefore, other
techniques have been extensively used for the study of
RNA structure, such as fluorescence resonance energy
transfer measurements (FRET),®'° electric birefrin-
gence,!! native gel electrophoresis and nucleotide ana-
logue interference mapping,'>!3 to name a few.
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In recent years, chemical cross-linking has been used to
study both structure and dynamics of RNA.!430 A
range of chemical and enzymatic methods have been
developed to incorporate cross-links into the helical
regions of DNA and RNA,'* usually through the
nucleotide bases. Examples include disulfide cross-linking
using the convertible nucleoside approach!>-!7 or other
mercaptoalkyl modifications,'®2? photocross-linking
with 4-thiouridine,®* 5-bromouridine,?® 5-methylene-
aminouridine,?° or 8-azidoadenosine.?’

We have previously developed a strategy for incorpora-
tion of site-specific disulfide cross-links in RNA, utiliz-
ing the efficient and selective modification of 2’-amino
groups with either aromatic isothiocyanates®® or ali-
phatic isocyanates.3!-32 The advantages of this approach
are that base-pairing is not perturbed, as might be the
case for cross-linking through the base-moiety, and the
2'-position is located close to the exterior of the helix,
oriented for an intermolecular or interhelical interac-
tions.?® This strategy was subsequently used to study
global conformations of the hammerhead ribozyme,?®
for building a model of the tertiary structure of the
hairpin ribozyme® and to study the internal dynamics
of a group I ribozyme.3°

We report here the application of the aforementioned
disulfide cross-linking method for stabilization of RNA
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duplex I by the formation of the interstrand, intrahelical
disulfide cross-linked RNA II (Scheme 1). The structure
of the cross-link lesion, obtained from enzymatic digests
of the cross-linked RNA, was determined by compar-
ison to an authentic sample prepared by chemical
synthesis. The presence of the cross-link significantly
stabilized the duplex structure as judged by a large
increase in the melting temperature of the RNA duplex.

Results and Discussion

Our approach to the synthesis of the disulfide cross-
linked oligoribonucleotide II, by linking two 2'-posi-
tions on opposite strands of the duplex, is an extension
of earlier reports from our laboratory.?®31:32 Self-com-
plimentary oligoribonucleotide I, containing a 2’-amino
nucleotide, was prepared by standard solid-phase
synthesis.>* The 2'-amino group is more nucleophilic
than the exocyclic amines of the bases and can, there-
fore, be selectively reacted with isocyanate 1 in high
yield to give the 2’'-urea modified oligomer III (Scheme
2).32 Oligoribonucleotide III was 5'-radiolabeled and the
disulfide reduced by DTT to yield the thiol-containing
oligomer V that was subsequently incubated with oli-
gomer III in an attempt to prepare oligoribonucleotide
II by a disulfide exchange reaction. DPAGE analysis of
the cross-linking reaction (Fig. 1) showed that oligo-
ribonucleotide IV (Lane 1) was converted to a new
product in approximately 95% yield (Lane 2) which had
electrophoretic mobility similar to that expected for oli-
goribonucleotide II. Incubation of this new product
with DTT reduced the cross-link to yield single stranded
RNA (Lane 3), providing further evidence for the iden-
tity of oligoribonucleotide II.

To provide enough material for further structural and
thermodynamic characterization of oligoribonucleotide
II, a large-scale synthesis was performed. Oligoribo-
nucleotide IIT was prepared as before and subjected to
conditions of duplex formation and treated with DTT.
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Scheme 1. Preparation of cross-linked oligoribonucleotide I1.
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Scheme 2. Preparation of interstrand disulfide cross-linked duplex
RNA II via a disulfide exchange reaction.
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Figure 1. Analysis of cross-linking reaction by DPAGE. Lane 1,
oligoribonucleotide III. Lane 2, after cross-linking reaction (oligo-
ribonucleotide II). Lane 3, reduction of cross-linked oligoribonucleo-
tide IT with DTT, followed by reaction with N-ethylmaleimide* to
prevent oxidative formation of cross-links during analysis by DPAGE.

Exposure to oxygen gave oligoribonucleotide IT in 90%
yield, as analysed by HPLC (data not shown).

For structural characterization of the cross-link lesion,
oligoribonucleotides III and II were enzymatically
digested and the digests analysed by HPLC (Fig. 2). For
oligoribonucleotide III (Fig. 2A), a strongly retained
compound was observed which had previously shown to
be compound 2.3? On the other hand, HPLC analysis of
digested oligoribonucleotide II (Fig. 2B) yielded a new
compound, which had retention time between that of
adenosine and compound 2, and was tentatively
assigned structure 3. To provide direct evidence for this
structure, compound 3 was synthesized, by treatment of
compound 2 with 0.5 equiv of DTT, and characterised
by 'H NMR and HRMS. Synthetic 3 and compound 3
found in the enzymatic digest were shown to be the
same compound by co-injection on HPLC (data not
shown).

To determine the effects of the chemical modifications
on the duplex stability, the thermal denaturation curves
of oligoribonucleotides I, IIT and II were obtained. The
melting curves for each sample demonstrated a single
cooperative and reversible melting transition. While
modification of the 2’-amino group in I with isocyanate
1 did not appreciably change the melting temperature of
the duplex, the presence of the cross-link had a sig-
nificant effect on the duplex stability (Table 1). In fact,
the melting temperature of the cross-linked duplex is
over 40°C higher than for the uncross-linked sample.
The increased thermal stability of the cross-linked
duplex, relative to the non-cross-linked duplexes, is
presumably due to a favorable entropy term for the free
energy of duplex formation.3>

There are three major advantages to the cross-linking
approach described here. First, the thiols are introduced
by post-synthetic modification of 2’-amino nucleotides
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Figure 2. HPLC analyses of the products from enzymatic digestion of oligoribonucleotide III (A) and oligoribonucleotide II (B).

Table 1. Melting temperatures of oligoribonucleotides I, IIT and IT

Oligoribonucleotide duplex Melting temperature (°C)

1 18.2
111 17.6
II 61.4

that can be incorporated into the oligomers using com-
mercially available phosphoramidites. This reduces the
synthetic effort and enables the length of the linker to be
easily varied. Second, the 2’-amino nucleotides can be
incorporated at internal positions in the nucleic acid.
Thus, the position of the cross-links can be altered and
is not restricted to the oligomer termini. Third, the
cross-links are formed between sugar residues and
therefore, interference with base-pairing is minimized.

In conclusion, we have shown that interstrand disulfide
cross-links can be efficiently formed between the sugar
phosphate backbones of the two strands in duplex RNA
by either a disulfide exchange reaction or by oxidation
with oxygen. The structure of the cross-link lesion was
determined by comparison to an authentic sample, pre-
pared by chemical synthesis. The disulfide cross-link
was shown to considerably increase the thermal stability
of the duplex RNA. This approach should find use in
the structural engineering of nucleic acids and will
complement similar approaches that utilise disulfide
cross-linking through the base-moiety, either at the
duplex termini'®2%-22 or at internal positions.!>16:19.23.35

Materials and Methods

General

Reactions of compound 1 with the 2’-amino group was
carried out under an argon atmosphere. Flash column
chromatography was performed on silica gel 60 (Merck,
Darmstadt, Germany) with particle size less than
0.063mm. 'H and '3C NMR spectra were recorded in
DMSO-dg on a Bruker AM 360L instrument at 360.13
and 90.55MHz. Chemical shifts are reported in ppm,
relative to DMSO-d;s as internal standard at & 2.50 ppm
in 'H and 8 39.5ppm in '3C NMR. Coupling constants
(/) are reported in Hertz. High resolution, accurate
mass spectra (HRMS) were recorded on a VG analytical

Autospec-T tandem mass spectrometer using electron
impact ionization.

Oligoribonucleotides were prepared by automated chem-
ical synthesis using phosphoramidites from MilliGen/
Biosearch, except for the incorporation of the trifluoro-
acetylamino-5'-dimethoxytrityl — uridine-3’-cyanoethyl
phosphoramidite.?® Work up of oligoribo-nucleotides as
well as conditions for DPAGE was as described by
Tuschl et al.3” Concentrations of the oligoribonucleo-
tides were calculated using a molar extinction coefficient
of 6600 M~! cm~!/nucleotide.

HPLC was carried out on a Waters Associates system
with a model 6000A pump, a model 680 automated
gradient controller, a model 730 data module and a
model 481 LC spectrophotometer. Separations were
performed on reverse phase material 5pm ODS Hyper-
sil (MZ Analysetechnick, Mainz, Germany), in a col-
umn of dimension 250x4mm. Solvent gradients for
analytical HPLC (enzymatic digestion) were run at
2mL/min. Elution was performed with a linear gradient
of 100 mM triethylammonium acetate, pH 7.0, contain-
ing from 0 to 16% acetonitrile over 15 min, followed by
an increase to 70% acetonitrile over 5min, which was
then maintained for 10 min, with a subsequent return to
the starting conditions (0% acetonitrile). For pre-
parative HPLC purification of modified oligoribo-
nucleotides, the following modifications to the
analytical conditions were made: flow-rate 4 mL/min,
100 mM triethylammonium bicarbonate, pH 7.0, was
used instead of 100 mM triethylammonium acetate, pH
7.0, and during the elution the conditions were left at
16% acetonitrile for 5min. The 2’-amino-modified oli-
goribonucleotide II was 5-3?P-labelled using T4 poly-
nucleotide kinase and [y-3?P] ATP.3® Radioactivity in
gels was quantified by a Fuji Bio-Imaging Analyzer
BAS-2000.

Synthesis of compound 3. A solution of substance 232
(30 mg, 66 umol) in DMSO (100 puL), Tris—HCI (50 mM
aq, pH 8.0, 100 pL) and water (400 uL) was treated with
DTT (3.9mg, 25.3 umol, 0.385 equiv). After stirring for
4.5h at room temperature the solvent was removed in
vacuo. The residue was dissolved in CH,Cl, and the
product purified by flash-column chromatography using
CH,ClI, with a 0-30% gradient of MeOH, giving 3 as
colorless powder (12.1 mg, 40%). '"H NMR (DMSO-d):



272 S. Alefelder, S. T. Sigurdsson | Bioorg. Med. Chem. 8 (2000) 269-273

§ 2.64 (2H, t, J=6.6, SCH,), 3.20 (2H, m, NHCH,),
3.56 (2H, m, H5'), 3.90 (1H, m, H4'), 4.03 (1H, m, H3),
429 (1H, m, H2'), 5.18 (1H, t, J=5.0, 5-OH), 5.66 (1H,
d, J=8.1, H5), 5.80 (1H, d, J=8.6, H1"), 5.85 (1H, d,
J=428,3-OH), 6.12 (1H, d, J=8.7, 2’-NH), 6.54 (1H, t,
J=5.8. CH,NH), 7.87 (1H, d, J=8.2, H6), 11.18 (1H, s,
H3). 3C NMR (DMSO-dg): 8§ 38.0, 38.4, 55.0, 61.7,
70.7, 86.2, 86.6, 101.9, 140.9, 150.9, 157.3, 163.1. HRMS:
690.7104 (CalCd 690.7109 for C24H34N801282).

Reaction of oligoribonucleotides with isocyanates. Reac-
tions of (2-isocyanato) 2-pyridyl disulfide 13! with oli-
goribonucleotide 5-ACUA(2’-NH,U)AGU-3' (I) were
performed essentially as described earlier.>> A solution
of oligoribonucleotide I (2mM in 233 pL 70 mM borate
buffer, pH 8.6) was treated with 1 in DMF (30 mM,
233 uL) in an ice/salt bath at —8 °C. The reaction was
incubated for 4h, extracted with dichloromethane
(3x150 uL) to remove the organic material, and oligo-
ribonucleotide II was purified by preparative HPLC.
The conversion of oligomer I (retention time 18.84 min)
to oligomer II (retention time 14.11 min) occurred in
82% yield as monitored by analytical HPLC.

Cross-linking of 2’-amino-modified oligoribonucleotides.
Cross-linking of the RNA-oligonucleotide III on an
analytical scale were using the following procedures. A
solution of oligomer III (3.5uM) was 5'-32P-labelled
with y-3?P-ATP (0.5 mCi) and T4 polynucleotide kinase
in a volume of 10 uL. This reaction mixture was diluted
with water (20 pl) and treated with DTT (5 uL, 250 mM
in water) for 1 h to obtain oligoribonucleotide V. Excess
DTT was removed by extracting the aqueous phase with
ethyl acetate (3x100 nuL). After the solvent was removed
in vacuo, oligoribonucleotide V (0.5 pmol) was mixed
with a solution of oligoribonucleotide III (1.25 pmol) in
water (8puL), boric buffer (12uL, pH 8.6), MgCl,
(500mM, 3puL) and NaCl (1M, 2uL) for subsequent
annealing and cross-linking. Annealing was performed
by heating the solution to 56 °C for 5min followed by
slow cooling to 25°C over a period of 2.5h. The cross-
linking reaction was performed by further incubation
overnight at 25°C and DPAGE analysis revealed 95%
conversion to oligoribonucleotide II. The product was
precipitated by addition of cold absolute ethanol (1 mL)
followed by centrifugation (14.000rpm, 4°C, 30 min).
The product was dissolved in water (25 uL) and stored
at —80°C.

Large-scale preparations of cross-linked RNA-oligo-
nucleotide II was performed with minor modifications of
the procedure described by Sigurdsson et al.?® A solu-
tion of oligoribonucleotide III (I1mM) in Tris—HCI
(50mM, pH 8.0, 8 uL.) and NaCl (1 M, 1 uL) was heated
to 56 °C for 5min followed by slow cooling to 25°C over
a period of 2.5h. DTT (50 mM aq, 1uL) was added to
the solution containing oligoribonucleotide IV and
incubated for 1h at 37°C. The resulting solution was
extracted with ethyl acetate (2x200 pL) and precipitated
at —20°C for 4 h after addition of ethanol (1 mL). After
centrifugation (14,000 rpm, 4 °C, 30 min) the RNA pel-
let was collected and dissolved in a Tris—=HCI buffer
(50 mM Tris—HCI, pH 8.0, 18 uL) and NaCl (1 M NaCl,

2uL) and incubated for 30h at 25°C under an atmo-
sphere of oxygen. The cross-linking reaction was mon-
itored by analytical HPLC, precipitated by addition of
cold ethanol after 90% conversion to the desired pro-
duct and purification by preparative HPLC yielded oli-
goribonucleotide II (0.6 mM, 60%).

Enzymatic digestion of oligoribonucleotides III and II.
Enzymatic digestion was performed as described by
Connolly.?® A solution of the oligoribonucleotide
(0.3mM) in Tris—HCI buffer (54puL, 50mM, pH 8.0)
containing MgCl, (10mM) at 37°C was treated sequen-
tially with snake venom phosphodiesterase (6 uL,
0.003 U/uL, incubation for 18 h) and alkaline phospha-
tase (6puL, 1U/uL, further incubation at 37°C for
30 min), followed by HPLC analysis.

Determination of duplex melting temperatures (7).
Thermal denaturation curves were acquired on a Varian/
Model Cary 1 UV/vis-spectrophotometer equipped
with a thermoelectrically controlled cell holder and
interfaced to a computer. Oligoribonucleotides (5—
15uM in duplex concentration) in sodium HEPES buf-
fer (10mM, pH 7.5) containing 140 mM NaCl were
heated from 10-85°C at 0.5°C/min. The values for Ty,
were determined by calculating the first derivative of the
melting curve.

Acknowledgements

We are grateful to Professor F. Eckstein, in whose
laboratory this work was carried out. We thank Ralf
Mauritz for help in obtaining melting curves, K. Eckart
for HRMS analyses and U. Kutzke for expert technical
assistance. Supported by the Deutsche Forschungs-
gemeinschaft.

References

1. Kim, S. H.; Rich, A. Science 1968, 162, 1381.

2. Moras, D.; Comarmond, M. B.; Fischer, J.; Weiss, R.;
Thierry, J. C.; Ebel, J. P.; Giege, R. Nature 1980, 288, 669.

3. Wedekind, J. E.; McKay, D. B. Ann. Rev. Biophy. Biomol.
Struct. 1998, 27, 475.

4. Murray, J. B.; Terwey, D. P.; Maloney, L.; Karpeisky, A.;
Usman, N.; Beigelman, L.; Scott, W. G. Cell 1998, 92, 665.

5. Cate, J. H.; Gooding, A. R.; Podell, E.; Zhou, K. H.;
Golden, B. L.; Kundrot, C. E.; Cech, T. R.; Doudna, J. A.
Science 1996, 273, 1678.

6. Cate, J. H.; Hanna, R. L.; Doudna, J. A. Nature Struct.
Biol. 1997, 4, 553.

7. Ferre-D’Amare, A. R.; Zhou, K. H.; Doudna, J. A. Nature
1998, 395, 567.

8. Tuschl, T.; Gohlke, C.; Jovin, T. M.; Westhof, E.; Eckstein,
F. Science 1994, 266, 785.

9. Walter, N. G.; Hampel, K. J.; Brown, K. M.; Burke, J. M.
EMBO J. 1998, 17, 2378.

10. Walter, F.; Murchie, A. I. H.; Duckett, D. R.; Lilley, D.
M. J. RNA 1998, 4, 719.

11. Friederich, M. W.; Vacano, E.; Hagerman, P. J. Proc.
Natl. Acad. Sci. USA 1998, 95, 3572.

12. Bassi, G. S.; Murchie, A. I. H.; Lilley, D. M. J. RNA4 1996,
2, 756.



S. Alefelder, S. T. Sigurdsson | Bioorg. Med. Chem. 8 (2000) 269-273 273

13. Ortolevadonnelly, L.; Kronman, M.; Strobel, S. A. Bio-
chem. 1998, 37, 12933.

14. Verma, S.; Eckstein, F. Ann. Rev. Biochem. 1998, 67, 99.
15. Ferentz, A. E.; Keating, T. A.; Verdine, G. L. J. Am.
Chem. Soc. 1993, 115, 9006.

16. Allerson, C. R.; Verdine, G. L. Chemistry and Biology
1995, 2, 667.

17. Allerson, C. R.; Chen, S. L.; Verdine, G. L. J. Am. Chem.
Soc. 1997, 119, 7423.

18. Osborne, S. E.; Ellington, A. D. Bioorg. and Med. Chem.
Lett. 1996, 6, 2339.

19. Goodwin, J. T.; Osborne, S. E.; Scholle, E. J.; Glick, G. D.
J. Am. Chem. Soc. 1996, 118, 5207.

20. Osborne, S. E.; Volker, J.; Stevens, S. Y.; Breslauer, K. J.;
Glick, G. D. J. Am. Chem. Soc. 1996, 118, 11993.

21. Osborne, S. E.; Cain, R. J.; Glick, G. D. J. Am. Chem. Soc.
1997, 119, 1171.

22. Cain, R. J.; Glick, G. D. Biochem. 1998, 37, 1456.

23. Maglott, E. J.; Glick, G. D. Nucleic Acids Res. 1998, 26,
1301.

24. Sontheimer, E. J.; Steitz, J. A. Science 1993, 262, 1989.
25. Willis, M. C.; Hicke, B. J.; Uhlenbeck, O. C.; Cech, T. R.;
Koch, T. H. Science 1993, 262, 1255.

26. Sergiev, P. V.; Lavrik, I. N.; Wlassov, V. A.; Doku-
dovskaya, S. S.; Dontsova, O. A.; Bogadonov, A. A.; Brima-
combe, R. RNA 1997, 3, 464.

27. Wower, J.; Hixson, S. S.; Zimmermann, R. A. Proc. Natl.
Acad. Sci. USA 1989, 86, 5232.

28. Sigurdsson, S. T.; Tuschl, T.; Eckstein, F. RNA 1995, 1,
575.

29. Earnshaw, D. J.; Masquida, B.; Miiller, S.; Sigurdsson, S.
T.; Eckstein, F.; Westhof, E.; Gait, M. J. J. Mol. Biol. 1997,
274, 197.

30. Cohen, S. B.; Cech, T. R. J. Am. Chem. Soc. 1997, 119, 6259.
31. Sigurdsson, S. T.; Seeger, B.; Kutzke, U.; Eckstein, F. J.
Org. Chem. 1996, 61, 3883.

32. Sigurdsson, S. T.; Eckstein, F. Nucleic Acids Res. 1996, 24,
3129.

33. Saenger, W. In Principles of Nucleic Acid Structure; Saen-
ger, W., Ed.; Springer-Verlag: Berlin, 1984; Chapter 10.

34. Beaucage, S. L. In Methods in Molecular Biology; Agrawal,
S., Ed.; Humana: Totowa, 1993; Vol. 20, pp 33-61.

35. Ferentz, A. E.; Verdine, G. L. In Nucleic Acids and
Molecular Biology; Eckstein, F.; Lilley, D., Eds.; Springer-
Verlag: Berlin, 1994; Vol. 8, pp 14-40.

36. Pieken, W. A.; Olsen, D. B.; Benseler, F.; Aurup, H.;
Eckstein, F. Science 1991, 253, 314.

37. Tuschl, T.; Eckstein, F. Proc. Natl. Acad. Sci. USA 1993,
90, 6991.

38. Richardson, C. C. In Procedures in Nucleic Acid Research;
Cantoni, G. L.; Davies, D. R., Eds.; Harper and Row: New
York, 1971; Vol. 2, pp 815-828.

39. Connolly, B. A. In Oligonucleotides and Analogues; Eck-
stein, F., Ed.; IRL, New York, 1991; pp 155-183.

40. Riordan, J. F.; Vallee, B. L. Meths. Enzymol. 1972, 25,
449-468.



