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ABSTRACT

20-aminonucleosides are commonly used as sites of
post-synthetic chemical modification within nucleic
acids. As part of a larger cross-linking strategy, we
appended alkyl groups onto the N20 position of 20-
amino-modified RNAs via 20-ureido and 20-amido lin-
kages. We have characterized the thermodynamics of
20-amino, 20-alkylamido and 20-alkylureido-modified
RNA duplexes and show that 20-ureido-modified
RNAs are significantly more stable than analogous
20-amido-modified RNAs. Using NMR spectroscopy
and NMR-based molecular modeling of 20-modified
RNA duplexes, we examined the effects that 20-nitro-
gen modifications have on RNA helices. Our data
suggest that the 20-ureido group forms a specific
intra-nucleoside interaction that cannot occur within
20-amido-modified helices. These results indicate that
20-ureido modifications are superior to analogous 20-
amido ones for applications that require stable base
pairing.

INTRODUCTION

Advances in nucleic acid chemistry have significantly
enhanced our understanding of RNA structure, function and
stability. It is now possible to modify RNAs on their bases,
sugars and phosphate backbones to generate a variety of che-
mically useful derivatives. Many of these modifications can be
achieved in both RNA and DNA, where they have been used
successfully to study ribozyme catalysis (1–5), DNA repair
(6), pre-messenger RNA splicing (7–9) and other cellular
functions.

In recent years, the C20 position of the ribose sugar has been
a particular focus of interest, in part because C20 modifications
often enhance nuclease resistance (10–12). However, C20 sub-
stituents can also destabilize RNA duplexes. C20 modifications
affect the preferred sugar puckering of both DNAs and RNAs,
depending on the type of atom at the 20-position (13,14).
For example, 20-O-modified oligonucleotides (and those
modified with other electronegative atoms) favor the C30-
endo (N-type) conformation that is characteristic of RNA,
explaining the stabilizing effect these modifications have in
RNA and DNA/RNA duplexes (12). In contrast, heteroatom

substitutions involving nitrogen, like 20-amino and 20-amido,
push the equilibrium of ribonucleotides from the C30-endo
conformation toward a more DNA-like C20-endo (S-type) con-
formation (15,16). Depending on the structural context, these
shifts in sugar pucker can destabilize modified helices. Despite
this caveat, the C20 position is still a useful target because
modifications at this site can be achieved post-synthetically;
furthermore, unlike base modifications, C20 modifications are
not known to perturb base-pairing interactions.

We use 20-modification chemistry to introduce dithiol-
containing functional groups into RNA duplexes. These func-
tional groups are part of a cross-linking strategy that we are
developing to trap RNAs, rapidly and reversibly, in large
ribonucleoprotein assemblies like the spliceosome. Our
design, based on a technique for fluorescently labeling protein
(17,18), relies on the high affinity of trivalent arsenic for
sulfur. By engineering dithiols into opposite strands of com-
plementary RNAs, it may be possible to trap transient RNA
duplexes using an organic molecule bearing two trivalent
arsenic atoms. We have modified RNA duplexes at their
C20 positions and have characterized how the modifications
affect RNA stability. We show that 20-ureido-modified RNA
duplexes are significantly more stable than other nitrogen-
containing derivatives, but are less stable than unmodified
RNA duplexes. Finally, using NMR spectroscopy, we explore
the structural consequences of introducing these modifications
both to gain insight into the factors that influence duplex
stability and to guide our cross-linking design.

MATERIALS AND METHODS

All compounds were obtained from Aldrich unless noted. Thin
layer chromatography plates were purchased from Selecto
Scientific. NMR spectra of small molecules were recorded
on a 400 MHz Varian spectrometer. High-performance liquid
chromatography (HPLC) was performed on a Hewlett Packard
Series 1100 chromatography system and matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
analysis was performed on a Voyager DE-Pro spectrometer
(PerSeptive Biosystems).

Synthesis

4-carboxy-1,2-dithiolane (Asparagusic acid), (1), was synthes-
ized in five steps from diethyl(bis-hydroxymethyl)malonate as
described previously (19).
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1,3-dithiobenzylacetone as well as compound 1,3-dithio-
benzyl oxime (see below) were synthesized by a modified
method described by Kojima (20). Sodium metal (4.6 g)
was suspended in a stirring solution of 300 ml anhydrous
ethanol. After the mixture was cooled on ice, thiobenzyl alco-
hol (24.9 g, 0.23 mol) was added. A solution of dichloroace-
tone (12.15 g, 0.1 mol) (Fisher) in 150 ml of ethanol was
slowly added over a period of 5 min, during which a white
precipitate was formed. The mixture was stirred at room tem-
perature for an additional 3 h. The solution was slowly rotary
evaporated to avoid bumping and the remaining residue was
dissolved in 150 ml water and extracted with ether (4 · 50 ml).
The ether layer was washed with 50 ml water, dried over
Na2SO4, and evaporated to give 1,3-dithiobenzylacetone as
a yellow oil (29.4 g, 97.4%). 1H NMR (CDCl3) d3.2 (4H, s),
d3.7 (4H, s), d7.3 (10H, m).

1,3-dithiobenzyl oxime. A total of 24.2 g (0.08 mol) of 1,3-
dithiobenzyl acetone and hydroxylamine hydrochloride
(26.4 g, 0.38 mol) were dissolved in 200 ml of anhydrous
ethanol. A total of 10 M NaOH (40.4 ml) was added to the
mixture, which was then refluxed for 90 min. After cooling,
water was added and the mixture was extracted with ether
(3 · 50 ml). The ether layer was washed with water, dried
over Na2SO4 and rotary evaporated. The remaining material
was dissolved in dichloromethane (DCM) and chromato-
graphed on a silica gel column with DCM as the mobile
phase. Fractions were collected and the eluent monitored by
thin layer chromatography with DCM as the mobile phase
(Rf = 0.31). Product-containing fractions were pooled, evapo-
rated and recrystallized from ethanol to give 1,3-dithiobenzyl
oxime as needle-like white crystals (11.9 g, 46.7%). 1H NMR
(CDCl3) d3.2 (2H, s), d3.5 (2H, s), d3.62 (2H, s), d3.73 (2H, s),
d7.25 (10H, m), d7.3 (1H, s).

2-amino-1,3-bis(thiobenzyl)propane hydrochloride. A total
of 8.0 g (25 mmol) of 1,3-dithiobenzyl oxime was dissolved in
50 ml of dry ether. Lithium aluminum hydride (2 g) was slowly
added to the solution, which was stirred under nitrogen over-
night. The mixture was cooled in an ice-water bath and 20 ml
water was slowly added. It was then dried over Na2SO4 and
rotary evaporated to give a yellow oil. 1H NMR (CDCl3) d1.8
(2H, s), d2.3 (2H, dd), d2.9 (1H, m), d3.7 (4H, s), d7.3 (10H, m).
A total of 80 ml of 10% HCl was added and mixed with the oil
by pipetting. After 10 min, a yellowish-white precipitate was
formed. The precipitate was filtered, washed with ether and
recrystallized from ethanol (seeding with crude precipitate
was required) to give the amine hydrochloride as a needle-
like crystal (1.85 g, 22%).

4-amino-1,2-dithiolane. Gaseous ammonia (�100 ml) was
condensed in a dry ice/acetone bath. A total of 1.7 g (5 mmol)
of 2-amino-1,3-bis(thiobenzyl)propane hydrochloride (dis-
solved in 15 ml of ether) was added to the stirring, condensed
ammonia. Sodium metal (0.9 g) was then added to the mixture
and stirred for 25 min. To destroy the excess sodium metal
10 ml of ethanol was slowly added. The mixture was then
removed from the dry ice/acetone bath and allowed to warm
to room temperature, dispersing the ammonia. A total of 200 ml
of water was then added and the solution was acidified with
HCl. Some crystals formed, which were removed by filtration.
The deprotected thiols were then oxidized and isolated as
described previously (21) to give a yellow powder (0.41 g,
52%). 1H NMR (D2O) d3.2 (4H, d of m), d4.35 (1H, m).

4-isocyanato-1,2-dithiolane, (2). The isocyanate was pre-
pared from 4-amino-1,2-dithiolane with diphosgene using a
previously described protocol for converting aliphatic amines
into isocyanates (22).

RNA modification

For the experiment shown in Figure 1, the two complemen-
tary oligoribonucleotides, 50-AGCAAA(20-NH2U)GACA-30

and 50-UGUCA(20-NH2U)UUGCU-30, were synthesized
(Dharmacon), deprotected and purified by reverse phase
HPLC. For coupling to asparagusic acid (1), 6 nmol of
each RNA was reacted with 40 mM of the acid, and 25 mM
of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro-
chloride (DEC), in 180 mM of MES–NaOH, pH 6.5 (500
ml total reaction volume) at 37�C. After 1 h, an additional
equivalent of acid and DEC were added and the reaction
was incubated at 37�C for 1 h. The organic contaminants in
the mixture were extracted with butanol and the RNA was
HPLC purified and analyzed by MALDI-TOF mass spectro-
metry (MS). For coupling with 4-isocyanato-1,2-dithiolane

Figure 1. Preparation and melting analysis of RNAs with 20-dithiolane
modifications. (A) RNAs bearing single 20-amino modifications were
derivatized with asparagusic acid, 1, or 4-isocyanato-1,2-dithiolane, 2, to
give 20-dithiolane-modified RNAs via amido or ureido linkages,
respectively. (B) When the modified, non-self-complementary, 11mer RNAs
are annealed, the 20-modified groups (labeled ‘X’) are on opposite strands of the
double helix, displaced by 1 bp. For reference, the C20 position of the RNA
sugar is shown in the bottom panel. (C) The melting temperature of each duplex
(shown in B) was determined by measuring the inflection point of the melting
curve. The C20 substituent, shown on the left, corresponds to ‘X’ from (B).
Melting temperatures of RNAs where X = 20-OH and 20-NH2 were also
determined and are shown for comparison.
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(2), the oligos were treated as described previously (23). Each
product was purified by reverse phase HPLC using an Ultra-
sphere ODS C-18 column (Beckman) and analyzed by
MALDI-TOF MS.

For the thermodynamic analysis in Figure 2 and for all NMR
experiments, a self-complementary oligoribonucleotide
(chosen to simplify NMR analysis), 50-CGCAA(20-NH2U)
UGCG-30, was synthesized (Dharmacon), deprotected and
HPLC purified. A total of 6 nmol of the RNA were coupled
with propionic acid (to form 20-amido RNA), using DEC as
described above. For coupling with ethyl isocyanate, the oligo
was treated as described previously (23). Each product was
purified by anion exchange HPLC using a DNAPac PA-100
semi-prep column (Dionex) and verified by MALDI-TOF MS.
For melting analysis, modified oligos were desalted by gravity
chromatography on a Sephadex G-10 column (15 ml bed
volume; Amersham). For NMR analysis, oligos were addition-
ally subjected to counter-ion replacement by gravity chroma-
tography on a DOWEX 50WX8-100 column (15 ml bed
volume; Aldrich) that was pre-charged with Na+ and rinsed
extensively with water.

Melting analysis

For the experiments shown in Figure 1, RNA samples
were suspended in buffer (0.5 mM in 140 mM NaCl, 10
mM PIPES, pH 7.0) and annealed by heat treating (95�C, 2
min) and slow cooling to room temperature. Melting data were
collected at A260 in triplicate in a double-beam UV-Vis-NIR

spectrophotometer (Cary 500, Varian) from 5 to 85�C at a rate
of 0.5�C/min. Tm values were determined by calculating the
inflection point of the melting curve (Cary UVwin v. 2.0).

For the experiments shown in Figure 2, RNA samples were
suspended in buffer (6 or 45 mM in 1 M NaCl, 10 mM PIPES,
pH 7.0, 0.5 mM EDTA), annealed and analyzed as described
above (except that the absorbance of the 45 mM samples were
measured at A280 rather than A260). Tm values were calculated
from a plot of a versus T (the fraction of duplex at temperature,
T). Values for DH� and DS� were calculated as described
previously (24) and used to determine DG�

37.

NMR analysis

Purified, desalted and freeze-dried oligoribonucleotides were
suspended in a buffer containing 10 mM sodium phosphate,
pH 6.8 and 1 mM EDTA. They were annealed by incubation at
95�C for 2 min followed by slow cooling to room temperature
(duplex concentration �0.5 mM). For these experiments, RNA
duplexes containing 20-OH, 20-amino and 20-ethylureido sub-
stituents on the U6 residue were analyzed.

All NMR spectra of RNA samples were recorded on a
600 MHz Varian Inova spectrometer and processed using
FELIX (Accelrys, Inc.). One-dimensional (1D) 1H NMR
experiments were performed in H2O/D2O (90% to 10%) at
10� increments from 5 to 45�C. Two-dimensional 1H–1H
nuclear Overhauser effect spectra (NOESY) were recorded
at 15�C (75 and 200 ms mixing times). Two-dimensional
homonuclear double quantum filtered correlation spectra

Figure 2. Thermodynamic analysis of 20-amido and 20-ureido RNAs. (A) A self-complementary 10mer RNA was designed that places the 20-modified groups
(labeled ‘X’) across the minor groove from one another (as in Figure 1). A self-complementary duplex (rather than the non-self-complementary one used in Figure 1)
was chosen to simplify subsequent NMR analyses. (B) Thermodynamic parameters were extracted from equilibrium melting curves (performed in triplicate)
measured at 6 or 45 mM duplex RNA concentrations (in 1 M NaCl). Dashes indicate that thermodynamic parameters could not be determined due to an anomalous
melting profile. Thermodynamic parameters of RNAs where X = 20-OH and 20-NH2 are shown for comparison. Asterisks denote the estimates of standard errors for
DG�

37, DH�, and DS� (5, 7 and 9% respectively) (37,38).
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(DQF-COSY) and total correlation spectra (TOCSY) were
also recorded at this temperature. H10 and all base protons
were unambiguously assigned by tracing the intra- and
inter-residue connections from the H10/H5-to-base region of
the NOESY spectra. H20 and H30 protons were distinguished
from one another by NOEs with intra- and inter-residue base
protons (particularly H5 and H6 of pyrimidines). These assign-
ments were supported by data from COSY and TOCSY spec-
tra. Many H40 and H50/H500 protons were more difficult to
distinguish and, therefore, not assigned.

Molecular modeling

The volumes of all unambiguously assigned NOESY cross
peaks from 75 ms mixing time experiments were measured
and used as distance inputs in molecular modeling calcula-
tions. Inter-proton distances were estimated by using the aver-
aged volume of all non-terminal H5-H6 cross peaks as
reference (distance = 2.5 s). Structure calculations were con-
ducted with CNS (25) using A-form RNA duplexes as starting
models. Coordinates for the unmodified or appropriately mod-
ified starting model duplexes were generated using InsightII
(Accelrys, Inc.). Simulated annealing was achieved by heating
the molecule to 1000 K in 5 ps and cooling to 0 K in 15 ps
(stepsize = 1 fs). The resulting structures were subjected to 500
steps of energy minimization. Electrostatic terms were
included in the potential energy function during this minimi-
zation. Counter-ion and solvent effects were mimicked by
using a distance-dependent dielectric function and by reducing
the charge on the phosphate groups (26). A number of addi-
tional restraints were employed in the structure calculations.
These include hydrogen bonding distance restraints since
NOEs characteristic of Watson-Crick base pairs could be
detected in 2D NOESY spectra recorded in H2O. Base pair
planarity constraints were introduced to reduce propeller twist-
ing. Backbone torsion angles were broadly restrained to ranges
found in A- and B-form helices as described previously (27).
Since DQF-COSY and TOCSY experiments did not reveal
patterns characteristic of S-type sugar conformations for
any of the samples, the riboses were constrained to N-type
conformation (n0 = 0� – 12�, n2 = 36� – 4�). Because of the
self-complementary nature of the RNA duplexes, a non-crys-
tallographic 2-fold axis of symmetry was enforced. For the 20-
ethylureido RNA, the structure was additionally constrained to
each of the four possible dihedral angle combinations for the
ureido group, assuming planarity. All configurations, save one,
resulted in several large NOE violations (>1 s). Since NMR
data were most consistent with this one conformation, we
constrained the dihedral angles of the ureido group to reflect
the data. A total of 10 structural models were generated for
each input RNA. These 10 structures were, in turn, used as
inputs for a second round of calculations using an identical
simulated annealing-energy minimization protocol. Model
images were generated using GRASP (28) and Rasmol (29).

RESULTS

We aim to develop a technique for rapid, specific and rever-
sible RNA cross-linking. To achieve this goal, we first synthe-
sized and attached dithiolane groups onto single-stranded,

complementary, 11mer RNAs bearing single 20-aminouridine
substitutions. The dithiolanes were attached to the 20-aminour-
idines in two ways using previously described chemical
approaches (30,31): via a carboxylic acid, 1, to generate a
20-amido-linked dithiolane (Figure 1A, top) or via an isocya-
nate, 2, to generate a 20-ureido-linked dithiolane (Figure 1A,
bottom). When annealed, the RNAs form a model duplex that
positions the 20-dithiolane groups on opposite strands of the
double helix, displaced by a single base pair in the 50 direction
(relative to the top strand of the duplex) (Figure 1B). Since the
dithiolanes are attached at the C20 position, they are situated in
the minor groove of the annealed RNA helix. After annealing,
they can be reduced to give 20-dithiol moieties that, in
principle, can bind an exogenous, thiophilic cross-linking
molecule.

We assessed the stability of the modified RNA duplexes
because, for optimal activity, the 20-dithiols should not sig-
nificantly perturb the RNA helix. Therefore, we measured the
melting temperature (Tm) using a UV-Vis-NIR spectrophoto-
meter. For comparison, we also tested 20-hydroxyl and 20-
amino RNA duplexes. The 20-hydroxyl RNA was most stable
(Tm = 45�C) (Figure 1C). The 20-ureido modification was only
mildly destabilizing (Tm = 40�C) and was, in fact, less desta-
bilizing than the 20-amino modification (Tm = 37�C). Interest-
ingly, the 20-amido-modified RNA duplex was very unstable
(Tm = 20�C), even though it resembles the 20-ureido RNA in its
atomic structure (Figure 1C).

To understand better the destabilizing effect of the 20-amido
modification, we performed a more rigorous thermodynamic
analysis using RNAs modified with commercially available
reagents. These reagents, propionic acid and ethyl isocyanate,
react with 20-amino groups to yield 20-ethylamido- and
20-ethylureido-modified RNAs, respectively. For these
experiments, we analyzed the thermal melting of a self-
complementary 10mer RNA duplex (Figure 2A). For compar-
ison, 20-hydroxyl- and 20-amino-modified RNAs were also
tested. At low salt concentrations, the melting profiles of
the 20-amino and 20-amido RNA samples were not sigmoidal,
indicating that they contained contaminating hairpin struc-
tures (data not shown). To remedy this, we increased both
the salt concentration (from 140 mM to 1 M NaCl) and the
RNA concentration (from 0.5 to 6 mM duplex RNA). These
conditions blocked hairpin formation in the 20-amino RNA
sample, but did little to prevent hairpin formation with the 20-
amido-modified RNA. As a result, it was not possible to
extract thermodynamic information from this sample
(Figure 2B, left). Hairpin contamination in the 20-amido
sample was eliminated only after increasing the RNA con-
centration to 45 mM (Figure 2B, right).

The thermodynamic data from the melting experiments
again show that the 20-amido modification is most destabiliz-
ing (Figure 2B, right). They indicate further that the destabi-
lization of the 20-amido-modified RNA duplex is caused by a
significant loss of favorable enthalpy (Figure 2B, right). There
is a large, simultaneous increase in favorable entropy, perhaps
due in part to the disruption of ordered water molecules that
line the minor groove of the RNA duplex (32). This increase in
entropy, however, is not sufficient to overcome the enthalpic
contribution to the free energy. Based on these results, we
conclude that 20-amido-modified RNA duplexes are not opti-
mal cross-linking targets.
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In contrast to the 20-amido RNA, the energetic cost of the
20-ureido modification is very modest. Again, there is a loss
of favorable enthalpy, but it is relatively small, as is the gain
in entropy (Figure 2B, right). Since the only difference
between the ureido linkage and the amide linkage is the
presence of the additional -NH- group, we hypothesized
that this group may form stabilizing hydrogen bonding inter-
actions at the minor groove edge. These hydrogen bonds
would explain the increase in enthalpy, relative to the 20-
amido RNA. They may also constrain the 20-ureido group,
possibly minimizing the disruption of water molecules that
hydrate the minor groove. This may explain the decrease in
entropy of the 20-ureido RNA relative to the 20-amido
duplex.

To examine this possibility further, we performed structural
analyses of the 20-ethylureido RNA duplex using NMR spec-
troscopy. 20-hydroxyl and 20-amino RNAs (identical to those
used in Figure 2) were also tested for comparison. For each
duplex, we first assessed Watson–Crick bonding interactions
by examining the 1D proton NMR spectra in H2O. The pre-
sence of resonances between 12 and 15 ppm, characteristic of
hydrogen-bonded imino protons, confirmed the presence of
Watson–Crick interactions. We monitored the changes in
the imino proton region of 1D proton NMR spectra acquired
at 10� increments from 5 to 45�C (Figure 3). At low tempera-
tures (5–15�C), the resonances from all imino protons of all
three RNAs were observed, including those of the 20-modified
U6 and terminal G10 residues (Figure 3). The presence of
these proton peaks, particularly those of the central base
pairs (U6 and U7, paired with A5 and A4, respectively), indic-
ates that all three RNAs favor duplex over hairpin formation
under these conditions (0.5 mM RNA in 10 mM sodium phos-
phate, pH 6.8 and 1 mM EDTA). At increased temperatures,
the U6 and U7 imino resonances of the 20-hydroxyl and 20-
ureido RNAs remain intact (Figure 3A and C). In contrast,
those of the 20-amino RNA progressively broaden and
decrease in intensity, virtually vanishing at 45�C (Figure 3B).
The instability caused by the 20-amino modification
has secondary effects on neighboring base pairs, since the
G8 imino resonance is significantly diminished when com-
pared with the corresponding residue on the 20-hydroxyl or
20-ureido RNAs. These results are consistent with our thermo-
dynamic data showing that the 20-amino-modified RNA
duplex is less stable than both 20-hydroxyl and 20-ureido
RNAs (Figure 2). Furthermore, the data show that the instabil-
ity caused by the 20-amino modification is localized to
the central region of the RNA duplex in the vicinity of the
modification.

We next performed 2D NOESY experiments, both to exam-
ine the geometry/positioning of the 20-ureido group in solution
and to determine whether it interacts with atoms in the minor
groove of the duplex. As before, 20-hydroxyl and 20-amino
RNAs were also examined. The volumes of all assigned
NOESY cross peaks were measured, converted into approx-
imate distances, and used as inputs for subsequent molecular
modeling calculations.

Figure 4 shows NMR spectra of the 20-ureido RNA from
experiments in H2O (Figure 4A) and D2O (Figure 4B) that
were collected at 15�C. The data from the experiment in H2O
again show that the hydrogen bonding interactions of the
imino protons are intact (Figure 4A).

The sample spectrum shown in Figure 4B demonstrates that
the 20-ethyl group is in close proximity to the H10 protons of
U6 and U7 residues. The terminal methyl protons of this group
also show a strong NOE cross peak to the H2 proton of A5,
which is the Watson–Crick pairing partner of U6 (data not
shown). H10 and H2 protons are situated on the surface of

Figure 3. Imino region of 1D 1H NMR spectra of 20-modified RNAs at varying
temperatures. (A) The stacked 1D 1H NMR spectra of a modified, self-
complementary duplex RNA (identical to the one shown in Figure 2B)
collected at the temperatures shown on the right. The asterisk refers to the
C20 substituent on the U6 residue, which is a hydroxyl. The identities of the
imino proton resonances are shown above the peaks or with arrows. (B and C)
As in (A), but the C20 substituents denoted with asterisks are amino (B) and
ethylureido (C). All spectra were collected in 90% H2O/10% D2O.
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the minor groove, indicating that the 20-ethylureido group may
be oriented inward, rather than sampling the available con-
formational space away from the RNA helix. To examine the
orientation of the 20-ethylureido group more quantitatively, we
performed NMR-based molecular modeling experiments. All
10 models generated by CNS (25) in these experiments cor-
relate well with one another based on the modeling statistics
(Table 1). The models show that the 20-ethylureido group lies
on the surface of the minor groove (Figure 5A). The C20

substituents do not sterically interfere with one another in
the minor groove since there is no overlap between them in
the space-filled rendering (Figure 5B). Furthermore, the ethyl
groups are oriented towards opposite ends of the helix, direc-
ted away from one another (Figure 5B).

Upon closer inspection, the NB0 proton of the 20-ureido
group (the proton that is absent from the analogous 20-amido-
nucleoside) is within hydrogen bonding distance with the O2
atom of the parent U6 base (Figure 5C). The presence of other
NOEs is consistent with the interaction. For example, the NB0

proton also shows a strong NOE to the U6H20 proton that is
situated toward the interior of the minor groove, in close
proximity to the O2 atom of U6 (Figure 5C). The apparent

Figure 4. Sample 2D NOESY spectra of 20-ethylureido-modified RNA in H2O and D2O. (A) The imino region of the 2D NOESY spectrum in H2O. The sequence of
the duplex RNA used was identical to the one used in Figures 2 and 3. Imino proton resonances are shown at the bottom and protons that exhibit NOEs with imino
protons are denoted next to each cross peak. (B) Sample spectrum of the 2D NOESY in D2O. H10 protons of U6 and U7 form cross peaks with methyl and methylene
protons of the C20 substituent, which are denoted with arrows. The identities of all protons interacting with U6 and U7 H10 protons are labeled a–k. They are as follows:
a, U7H30; b, U7H20; c, U6H20; d, U6HCG0; e, U6HCD0; f, U6HCG0; g, U6HCD0; h, U2H20; i, A5H20; j, U6H40; and k, U6H30.

Table 1. NMR-based modeling statistics

20-OH 20-NH2 20-ethylureido

Restraint statistics
NOE 112 104 130
Dihedral 130 130 134
H-bond 26 26 26

Restraint violations
NOE (>0.5 s)

4–7 bp 0 0 0
Overall 2 1 0

Dihedral angle (>5�)
4–7 bp 0 0 2a

overall 2 0 3.5
Average RMSDs from mean (s)

4–7 bp 0.25 0.25 0.19

Data from 2D NOESY experiments were used for subsequent structure model-
ing calculations. A total of 10 models were calculated for each RNA. The central
4 bp of all 10 models were superimposed and the pairwise atomic RMSD
calculated.
aDihedral angle violations (<13�) in the urea group of the 20 substituent were
deviations from the presumed planarity of the group. Literature evidence indi-
cates that the minimum-energy structure of urea actually deviates from planar-
ity, with out-of-plane hydrogen torsion angles of �13� and 150� (39).
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hydrogen bonding interaction between HNB0 and O2 of U6
explains why the 20-ureido group appears confined in the
minor groove and may shed light on the increased stability
of the 20-ureido RNA relative to the other 20-modified RNAs
that we have examined. This hydrogen bonding interaction is
also likely to occur in the 20-ureido-modified cytidines since
they have an identically positioned O2 atom. 20-ureido-
modified purines might also form a similar interaction since
purine N3 atoms are analogously positioned to accept a
hydrogen bond.

The data sets collected for the 20-amino and 20-hydroxyl
RNAs were very similar to one another. With the exception
of the H20 and H30 resonances of the modified U6 residue,

there were no significant differences in chemical shift (Sup-
plemental Table). Furthermore, the 20-amino-modified U6
residue did not have significant C20-endo character as deter-
mined by DQF-COSY and TOCSY experiments (data not
shown). Since free 20-aminouridine is known to adopt predo-
minantly C20-endo conformation (13), the RNA duplex may be
forcing the 20-amino-modified U6 residue into C30-endo con-
figuration. This is not surprising since RNAs are significantly
more rigid than DNAs (32,33), which readily adopt C30-endo
conformation when modified with 20-O-substituents (34).
However, the RNA helix may adjust its conformation to
accommodate the altered sugar pucker. This change could
negatively affect helix stability.

Figure 5. Structural models of 20-ethylureido-modified RNA. (A) Stereoview of 10 superimposed structural models of 20-ethylureido-modified RNA. Only the
central four bases indicated in boldface (50-CGCAAUUGCG-30) are depicted. The minor groove side of the helix is shown. (B) Space-filled rendering of a
representative model. The residues are identified on the image. Arrows point to the carbon atoms of the ethyl group of the C20 substituent. (C) Isolated and enlarged
view of the modified U6 residue, looking down the helix axis. The minor and major grooves are indicated to provide orientation. Selected atoms and the entire
C20 substituent are labeled. The dotted line indicates a hydrogen-bonding interaction.
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DISCUSSION

We have characterized a series of 20-nitrogen-modified RNA
duplexes and have examined how the modifications affect
RNA stability. The structural models we have generated for
some of these RNAs provide a framework for understanding
the effect of C20 modifications on duplex stability.

All three of the 20-nitrogen-modified RNAs we examined were
less stable than unmodified RNA. Of these three RNAs, the 20-
ureido-modified one was the most stable. Our results are consis-
tentwiththoseofSigurdssonandEckstein,whodemonstratedthat
an RNA duplex modified on one strand with a 20-alkylureido
group ismorestable thanananalogous20-amino-modifiedduplex
(35). Based on our thermodynamic analysis, the increased ther-
mal stability of the20-ureido-modifiedRNAispredominantlyan
enthalpic effect. The addition of the 20-ureido group only results
in a modest loss of favorable enthalpy compared with native 20-
hydroxyl RNA. In contrast, both 20-amino- and 20-amido-mod-
ified RNAs pay larger enthalpic penalties. Biala and Strazewski
(36) have shown that differences in folding enthalpy are domi-
nated by changes in RNA hydration. It is plausible that the
increased stability of the 20-ureido-modified RNA is strongly
influenced by the hydration properties of the minor groove.

The 20-ureido differs from the 20-amido substituent only by
an additional –NH– group. Our molecular modeling data sug-
gest that this –NH– group can form an intra-residue hydrogen
bonding interaction with the O2 atom of the uracil base. There
may be an entropic penalty for this interaction. However, this
interaction may also serve to stabilize 20-ureido-modified
RNAs. By restricting the mobility of the 20-ureido group,
the hydrogen bonding interaction may prevent unfavorable
steric clashes with other RNA constituents. It may also affect
interactions between water molecules and the RNA.

Egli et al. (32) have shown that water molecules extensively
hydrate the minor groove. Their high-resolution crystal struc-
ture of duplex RNA shows that these water molecules form
clusters, positioned around the phosphate backbone, O40 and
O20. The waters that are localized near the 20-OH group are of
particular significance because, in addition to their interactions
with the 20-oxygen, they form secondary contacts that order
the water structure in the minor groove. One of these water
molecules forms an intra-residue bridge between the ribose
O20 and the pyrimidine O2. This water molecule, in turn,
hydrogen bonds to another water molecule that mediates an
identical interaction (between O20 and O2) on the opposite
strand of the RNA duplex. This type of interaction can also
occur with purine N3 atoms in place of pyrimidine O2s. As a
result, there is a network of water molecules, anchored by the
20-OH, that traverses the minor groove and stabilizes the helix.

Our results indicate that the 20-ureido group mimics this inter-
action, bridging the C20 substituent and O2 as water molecules
normally do in native RNA. In addition to restoring the bridging
interaction, the ureido group may provide a hydrophilic surface
for restoring the transverse water network. This interpretation is
consistentwithourthermodynamicdata.Theorderedwatermole-
cules should increase RNA hydration in the minor groove, con-
tributing favorably to the enthalpy of duplex formation. The
increased order would reduce the entropy of the system when
compared to the other modified RNAs, as we observe. Although
our data support this interpretation, high-resolution structural
studies will be needed to confirm this model.

Unlike 20-ureido-modified RNA, the 20-amido-modified
RNA cannot form the bridging interaction since it lacks a
suitable hydrogen-bond donor. Because of this, the minor
groove water network is almost certainly disrupted–if not
by the lack of bonding partners, then by steric interference
with the C20 substituent. Again, our thermodynamic data are
consistent with this interpretation.

The destabilization caused by the 20-amino substitution is
more difficult to explain in terms of hydration since the amino
group is capable, in principle, of accepting a hydrogen bond
from water and unlikely to perturb water molecules by steric
interference. In fact, the water network may be intact. How-
ever, sugar puckering may not be the sole factor governing the
stability of the 20-amino-modified RNA since DNAs with
similar modifications are also destabilized, despite being pre-
disposed to C20-endo configuration (15,16). It is possible that
20-amino substitutions disrupt DNA in a distinct, unrelated
way. But based on the existing data, we can only postulate
that the 20-aminonucleoside affects the overall stability of an
RNA helix by adopting a C30-endo conformation.

Our studies have helped us to understand better how C20-
modified RNAs affect helix stability. Importantly, they have
aided us in our goal of developing a system for specific, rapid
and reversible RNA cross-linking. Based on the structural
models generated for the 20-ureido-modified RNA, we initially
placed the 20-substituents in a sub-optimal structural context.
In all our experiments, the C20 modifications were placed on
opposite strands of a double-helix, separated by 1 bp in the 50

direction (relative to the top strand of the duplex, Figure 1B).
However, our models indicate that, in this context, the func-
tional groups will be oriented away from one another. Because
the ureido group forms a specific interaction with the uridine
base, we predict that other substituents attached to pyrimidine
nucleosides via 20-ureido linkages will adopt a similar config-
uration. Therefore, for cross-linking or for other applications
where the 20-ureido-linked substituents must be incloseproxim-
ity to one another in the minor groove, it may be beneficial to
place 20-modifications on nucleosides separated in the 30 direc-
tion (relative to the top strand, Figure 1B) or on Watson–Crick
pairing partners. These structural contexts will increase the
likelihood that the C20 substituents will form the desired inter-
actions in the minor groove. We note, however, that disulfide
cross links can form using duplexes with 20-ureido-linked
alkylthiol modifications separated in the 50 direction (23).
This can be explained in two ways: (i) a subpopulation of
the C20 substituents may adopt an alternative conformation
in solution or (ii) all the C20 substituents may spend some
fraction of their time in solution sampling conformational
space. Disulfide cross-linking between modified nucleotides
separated in the 50 direction is quantitative (23), strengthening
the latter explanation. However, the ability to form cross links
in this structural context is not universal. Our preliminary
cross-linking experiments with 20-dithiol-modified duplexes
indicate that the 20-substituents must be separated in the
30 direction, not in the 50 direction, in order to bind an exo-
genous crosslinker (J.W.Pham and E.J.Sontheimer, unpub-
lished data).

For applications that require an A-form helical background,
20-ureido-linkages provide a superior alternative to 20-amido
ones. RNAs modified with these linkages can be prepared at
near quantitative yields using an established method and, in a
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helical context, are significantly more stable than analogous
20-amido-modified RNAs. For applications that do not require
a helical background, 20-amido-linked modifications remain a
viable option. These modifications are easily achieved using
well-characterized chemistry. Furthermore, they do not
require the use of isocyanates (used to form ureido linkages),
which are relatively unstable compounds that are prone to
hydrolysis.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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