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Abstract

The ribonucleic acid€RNA) form highly folded structures, which behind the helical fragments contain several
secondary and tertiary structural motives. All of them have an influence on thermodynamic stability of the RNA. The
5'- and 3-dangling ends are one of those structural motives, which effect stability of the adjacent helixes. In this
paper, we described the influence of 14 different modified nucleotides, placédlasding ends, on thermal stability
of the RNA duplexes. Collected data demonstrate thiat5-substituents of the uridine have an impact on the 3
dangling end effect and the largest changes were observed for 5-chloro, bromo and methyl sub<iitupotstion
of the methyl group within the uracil residue affect the thermal stability of the dugli);increasing a size of the
heterocycle base placed as thHete8minal unpaired nucleotide enhances stabilization of duplee®002 Elsevier
Science B.V. All rights reserved.
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1. Introduction One of the most common structural motive in
RNA are 3- and 3-dangling ends(or terminal
For biological functions the secondary and ter- unpaired nucleotidgs which are formed when
tiary structures of the ribonucleic aci@BNA) are  terminal nucleotides do not bind to a complemen-
very important [1-3]. Various RNA molecules  tary strand. The thermodynamic parameters for 5

form highly folded structures and only part of and 3-dangling ends are available in the literature
molecules exists as double helixes whereas the[2 4 5. Both dangling ends stabilize the RNA

most of them adopt other structural motives. The duplexes, however, the’-8angling end effect is
most common RNA structural motives are mis- much stronger than the'-Bangling end. The free
matches(single, tandem _and termw)a] m_ternal energy incrementsAG°,) for the 3-dangling
loops, bulge loops, dangling ends, hairpins, pseu- ends oscillate betweer 0.8 and— 1.7 kcal/mol,

doknots and mulitibranch loops. whereas in case of Slangling ends they oscillate
*Corresponding author. Tel.#48-61-852-8503x143; fax: betweer_l—O.l and—.0.5 kea/mol. Th_e effect Qf

+48-61-852-0532. the purine nucleotides as d-@&angling end is
E-mail address: rkierzek@ibch.poznan.fR. Kierzek). bigger (by approx. 0.6 kcalmol) than the 3
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dangling end effect of the pyrimidine nucleotides.
Moreover, for the helixes closed with a G-C base
pair the 3-dangling end effect is largdAAG°5,=

0.4 kca)mol) than for A-U closing base pair.
Additionally, the 3-dangling end increment of the
helix closed by G-C is larger when terminal
unpaired nucleotide is covalently bonded to cyti-
dine (AAG°;,=0.5 kca)mol) than to guanosine.
The 3B-dangling end does not indicate such large
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described earlie[8—11]. 4-Desmethylwyosine and
5-amino-4-methylcarbamidoimidazole riboside
derivatives were obtained as described in the
literature [12,13. The synthesis of the’$hos-
phoramidites and oligoribonucleotides as well as
deprotection and purification were performed as
published earlief14—16. The purity of oligori-
bonucleotides was analyzed by high performance
liquid chromatographyHPLC) and was confirmed

sequence dependence. Since the terminal unpairedo be greater then 95%. To check base composition,

nucleotides are not involved in hydrogen bonding,

several oligoribonucleotides were digested by

the stacking interaction and perhaps, to some nuclease P1 and snake venom phosphodiesterase

degree, the hydrophobic and electrostatic interac-

(SVPDB), followed by dephosphorylation with

tions are responsible for the thermodynamic effects calf intestine phosphatasé€CIP). The reaction

of the 8- and 3-dangling ends.

Recently, it was found that the-8angling end
contributes to stability of the tertiary RNA struc-
ture. The analysis of secondary structure of the
yeast tRNA" indicated 12 unpaired nucleotides
adjacent to base-paired regions. In the crystal
structure of the tRNA" |, seven of those nucleo-
tides stack on the top of adjacent base pair. In

mixture was analyzed by HPLC on reversed phase
column C-8 and was found to contain all expected
nucleosides in a proper rat{d7].

2.2.  The melting the
oligoribonucleotides

of

experiments

The oligoribonucleotides were melted in 1.0 M

model studies, these stacked bases enhance stabilNaCl, 20 mM sodium cacodylate and 0.5 mM

ity of the adjacent helix by approximately 1 k¢al
mol whereas the remaining five unstacked
nucleotides enhance the duplex stability by less
than 0.3 kcalmol [6]. Moreover, recently Turner
et al. analyzed many available X-ray and NMR
structures of RNA and found that when the ter-
minal unpaired nucleotide increased stability of
the helix by 1 kcalmol or more, the stacking
interaction to the adjacent helix was obsery&H
The purpose of the experiments presented in
this paper was to analyze the factors important for
the 3-dangling ends effect. These factors include
the different 5-substituents of the uridifearious
electronegativity and size of the substitugnthe
different positions of the methyl group in uridine
(at position 3N, 5 and Band the sizéaromaticity,
the number of ther-electrong of the heterocycle
bases in unpaired terminal nucleotides position.

2. Experimental

2.1. The  chemical
oligoribonucleotides

the

of

synthesis

The synthesis of the 5-substitued uridines as
well as 6-methyl and 3N-methyluridine was

Na,EDTA, pH 7.0. Oligoribonucleotides single
strand concentrations were calculated from high-
temperature( >80 °C) absorbancies and single
strand extinction coefficients approximated by a
nearest-neighbor moddl18,19. Absorbance vs.
temperature melting curves were measured at 260
nm with a heating rate of ¥C/min from 0 to 90

°C on a Gilford 250 spectrometer controlled by a
Gilford 2527 theromoprogrammg2Q].

3. Results and discussion

In the previous paper, we described the effect
of 5-substituted uridines as well as 6-methyl and
3N-methyluridine on the thermodynamic stability
of the oligoribonucleotides, for A-¥P¢ base pair
placed as internal or terminal base pairs of the
duplexes[21]. Those results showed that substit-
uents differently change the thermal stability of
the RNA duplexes. Several factdislectronegativ-
ity and size of the substituent as well as position
of substituted uridine within the oligomemwere
responsible for the results. This multiplicity of the
factors make explicit interpretation of the results
difficult since used substituents could simultane-
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Table 1
Thermodynamic parameters of helix formation witf U-dangling end%
RNA Duplex Average of curve fits Tyt vs. log Cr plots
UCUAGAUR —AH° —AS° —AG°y;, T® —AH° —AS° —AG°;; Ty° AAG s, AAG®5/
RUAGAUCU (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (kcal/mol)
R=F 48.8+3.9 138.4:13.3 5.8t0.2 38.0 51.A#19 148.2+6.1 57400 373 01 -0.38
R=CI 50.8+4.1 144.6+13.8 6.0+0.1 39.1 54114 155245 6.0+0.0 389 -0.2 -11
R=Br 49.1+12 139.0t39 6.1+00 394 479205 135216 6.1+0.0 39.4 -0.3 -1.2
R=I 47.9+3.4 135A411.1 5.9+0.1 38.3 47.51.2 134.4-4.1 5.9+0.0 38.0 -0.1 -1.0
R=H 48.743.1 138.2t10.4 5.8+0.1 379 48417 137456 5801 376 O -0.9
R=Me 48.8+4.6 137.8:15.3 6.1+0.1  39.7 47.&16 1347451 6.1+00 393 -0.3 -1.2
R=Et 50.2+1.8 143.3:6.2 5.8+0.1 37.6 49.414 141847 57400 374 01 -0.38
R=n-Pr 50.8+2.5 145.0:8.2 5.8+0.1 38.0 49.81.4 141946 59+00 37.8 —-0.1 -1.0
y3himec.,b 52.2+2.4 147.6:t8.3 6.5+0.1 418 59.91.7 172.3t5.7 6.5+0.0 411 -0.7 -16
R=5Me 48.8+4.6 137.8+15.3 6.14+0.1  39.7 47.&1.6 134.A51 6.1+0.0 39.3 —-0.3 -1.2
yeMeNbd 43.2+43.8 123.A413.1 4.9:0.2 314 47508 138427 47400 306 11 0.2
ysMeNg e 44.0+4.6 126.6-15.5 4.740.2 304 43415 124.8-5.1 4.7+0.1 30.0 1.1 0.2
UCUAGA 42.1+4.7 120.1+156 4.8:0.1 309 36.%0.8 101.8:2.9 4.9+0.0 31.0 0.9 0
AGAUCU

UR-the uridine derivative with R substituent at position 5.

aSolutions are 1 M NaCl, 20 mM sodium cacodylate and 0.5 mM Na EDTA, pH 7.

b Calculated for 104
¢ 3N-methyluridine.

4 6-Methyluridine with N1-C1 glycosidic bond.
¢ 6-Methyluridine with N3-C1glycosidic bond.

M oligomer concentration.

ously change the hydrogen bonding/and the
stacking as well as hydrophobic interactions. The
measured thermodynamic effect of thedangling
ends, presented in this paper, reflect mainly the
stacking interactions of the terminal unpaired
nucleotides. In our experiments, we took under
consideration three factoré) the influence of the
seven different 5-substituents of uridinéi) the
influence of the methyl substituent placed in vari-
ous positions of the pyrimidine ringiii) size
effect of the heterocycle baséeverlapping, aro-
maticity, number of thew-electron3 on 3-dan-
gling ends effects. All terminal unpaired
nucleotides were positioned in the same oligori-
bonucleotideddUCUAGAX),, where X represent
modified nucleotides. The free enerdpAAG°;.)
values collected in Table 1 concern the thermo-
dynamic effect resulting from the presence of two
3-dangling ends. However, the thermodynamic
parameters discussed below are calculated for sin-
gle 3-dangling end effect.

3.1. The influence of the 5-substituted uridine on
3'-dangling end effect

The 5-modifications of the uridine include: fluo-
ro, chloro, bromo, iodo, methyl, ethyl amdpropy!
substituents. The comparison of the thermodynam-
ic results(see Table 1 demonstrates that uridine
derivative placed as’&langling end enhance sta-
bility of (UCUAGAU®R), by 0.10-0.15 kcglmol
(per modification, relatively to the core oligomer
(UCUAGA),.

Similarly, as for terminal and internal A®G®
base pairs, the effect of the 5-fluorouridine base
pair is opposite to remaining halogens and reduces
3-dangling end stabilization by 0.05 k¢ahol
[21]. The 5-chloro, 5-bromo and 5-iodouridine
increase 3dangling end effect up to 0.15 kqal
mol.

The optimal stacking is observed when interact-
ing heterocycle bases are parallel. If only electro-
negativity of the halogen is taken under
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Fig. 1. The structures of 5-amino-4-methylcarbamidoimidoz)eand 4-desmethylwyosing).

consideration, we should expect the largest stabil- observed. However, when the same modifications
ity of duplex containing 5-iodouridine as a-3  were placed in terminal position, both derivatives
dangling end. The comparison of the size of the stabilize the duplex. The 5-methyluridine stabilized
halogen suggests that the 5-fluoro substituent the RNA duplex when placed in both terminal and

should be less disturbing to the parallel orientation

internal position within the oligomer.

of the adjacent nucleobases. The analysis of the The thermodynamic studies G CUAGAUR),,

results in Table 1 shows that the strongest stabiliz-

ing effect is observed for 5-bromouridine
(AAG°3;,=—0.15 kcafmol). It could mean that
the final 3-dangling end effect depends simulta-
neously on electronegativity and size of the 5-
substituent.

where R=H, 3NMe, 5Me, 6MéN1) and 6M&N3)
demonstrated that thermal stability of the duplexes
depends on position of the methyl in the uridine.
The results demonstrated that 3N-methyl and 5-
methyl substituent stabilize the duplex by 0.35 and
0.15 kcafmol, respectively (see Table 1

The same method of analysis can be applied for Increased stability of the duplex with 3N-methy-

5-alkyluridine derivatives. The 5-methyluridine
increases stability by 0.15 kgahol, relative to
(UCUAGAU),. For 5-ethyl and 5+propyluridine
the change of stability by the’-8langling end is
negligible.

3.2. The influence of methyl substituent position in
the uracil residue on 3'-dangling end effect

The next question concerns the problem how
the same substituerfin our case the methylat
different positions of the uracil base, affects the
thermal stability of the RNA duplex. We compared
the influence of the 3N-methyl, 5-methyl- and 6-
methyluridine (both N1 and N3 isomejs In the

previous paper, we described the effect of those (UCUAGAU),,

uridine derivatives on RNA stability when A-
UMed base pairs were placed at internal or terminal
position within duplexes[21]. Both, 3N-methyl
and 6-methyluridines placed in internal position
prevented the duplex formation and the single

luridine as a 3dangling end presumably reflects
stronger stacking interaction. The electrodonating
character of the methyl substituent presumably is
only in part responsible for the observed effect
since the 5-methyluridine stabilized the duplex by
0.2 kcafmol less then 3N-methyluridine. The
increased stability caused by the 3N-methyluridine
could result from hydrophobic interaction of the
3N-methyluridine with base pair closing the duplex
and/or some changes of electrons distribution in
uracil residue due to ‘protection’ of the lactam
system.

Both (N1 and N3 isomers of the 6-methyluri-
dine destabilize duplex similarly. The free energies
(AG°;,) are —5.8, —4.7 and —4.7 kca)mol for
[UCUAGAU®MeND] and
[UCUAGAU®SMeN3], - respectively. The 6-methyl
substituent in uridine(N1 isome) changes the
glycosidic bond orientation from anti to syn which
has been proved by NMR and X-ray studi@g].
That could be the reason for the destabilization

stranded character of the melting curves was effect for 6-methyluridines placed as-&ngling
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end. The alternative interpretation of this effect demonstrate a similar effect of both pyrimidines
could result from the electrostatic interaction of 6- and purines[4,5]. It means that the '3angling

methyluridine and closing base pai]. end effect of tested heterocycles is mostly due to
a different size, not different functional groups

3.3. The influence of heterocycle base size on 3'- present within the heterocycles.

dangling end effect The stacking interactions between heterocycle

bases of the nucleic acids are the effect of the

The model studies of the’-8langling end dem-  induced dipole—dipole interactionf23,24. The
onstrate that the purines stabilize the RNA duplex smaller value of the '3dangling end could be the
by approximately 0.6 kcdmol more than pyrim-  consequence of the differences in the induced
idines [5]. This can be explained by a larger dipole—dipole interactions. Tested heterocycles are
overlapping of 3purines than 3pyrimidines due  also different in the number ofr-electrons of the
to the size of the base. heterocycles. It is difficult to explain unmistakable

To test this assumption, we synthesized and observed effects only by one type of the interac-
measured the thermodynamic stability of the RNA tions. Presumably the whole thermodynamic effect
duplexes containing, as d-8angling end, nucle- is a sum of a few interactions, however, their
otides of a different size of the heterocycles. Those contribution is not necessarily the same.
heterocycles included derivatives of imidazole,
pyrimidine, purine and a derivative of the purine 4. Conclusions
with an additional five-member rind4-desme-
thylwyosine. The thermodynamic parameters col-  The 3-dangling end is one of the structural
lected in Table 2, show correlation between the motives of RNA and influences the total thermo-
size of the heterocycle base and thed@ngling dynamic stability of moleculed5]. The model
end effect. The bigger size of the heterocycle base studies show that natural nucleotides as 'a 3
results in a larger 'adangling end effect. Stabili- dangling end always stabilize the RNA duplexes.
zation effect(AAG°;;) of the 3-dangling end is  The studies presented herein expand our under-
—0.35, —0.45, —0.9 and —1.5 kca/mol for standing of this phenomenon and are particularly
imidazole (5-amino-4-methylcarbamidoimidozo- interesting since they concern 14 different nucle-
le), pyrimidine (uridine), purine (guanosing and otides tested as’-8langling ends. Several factors
4-desmethylwyosine, respectivedlgee Fig. ). The in modified nucleosides such as the electronegativ-
comparison of 3dangling end effect of cytidine ity, the size of the 5-substituents, position of the
and uridine as well as adenosine and guanosinemethyl group in the uracil residue and the size of

Table 2
Thermodynamic parameters of helix formation withdangling end$

RNA duplex  Average of curve fits Tyt vs. log Cr plots

UCUAGAX —AH° —AS° —AG°; Tv® —AH° —AS° —AG°s; Tv® AAG°y;
XAGAUCU (kcal/mol)  (eu) (kcal/mol) (°C) (kcal/mol) (ew (kcal/mol) (°C)  (kcal/mol)
X=Imd° 50.3+3.6 143.9+11.6 5.740.1 36.9 54420 157.4-6.7 5.6+0.0 365 -0.7

X=Uridine 48.4+3.2 138.3+t10.4 5.8+0.1 379 48417 137.4:5.6 5.8+0.1 376 -0.9
X=Guanosine 55.92.2 158. 4 7.3 6.7£0.1 43.0 61.&27 177.1+8.8 6.7+0.0 425 -1.8
X=DesMeV!  60.9+4.4 170.9+14.1 7.9+0.1 48.6 63.%2.1 180.A46.7 7.9+0.1 481 -3.0
UCUAGA 42.1+4.7 120.1+£15.6 4.8+0.1 309 36.%0.8 101.8t2.9 4.9+0.0 31.0 0
AGAUCU

aSolutions are 1 M NaCl, 20 mM sodium cacodylate and 0.5 mM Na EDTA, pH 7.
b Calculated for 10* M oligomer concentration.

¢ Imd=5-amino-4N-methylcarbamidoimidazole riboside.

4 DesMeV=4-desmethylwyosine.
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the nucleobase have been tested. That allows for
analysis of the data from various points of view.

First, the effect of 5-substituent of uridine is the
result of electronegativity and the size of the
substituents. Each tested 5-substituent of uridine
changes stability of the core duplex when placed
as a 3-dangling end, however, the observed effect
is not very large. The largest stabilization effect
occurs for 5-bromo, 5-chloro and 5-methyluridine.
For the other tested 5-substituer(ffuoro, iodo,
ethyl andn-propyl this effect is negligible.

Second, the position of the methyl substituent
in uracil residue influences the’-8angling end
effect. The largest stabilization effect occurs for
3N-methyluridine. The 5-methyluridine also sta-
bilizes the duplex, howeveAAG°;; is smaller by
0.2 kca)mol than the one observed for 3N-
methyluridine. Surprisingly, both isomers of the 6-
methyluridine destabilize in the same way as the
core duplextUCUAGA),. The reason for this
phenomenon is not clear at the present moment
but perhaps it can be linked to syn conformation
of the glycosidic bond of the 6-methyluridine or
electrostatic interactions.

Third, the size of the heterocycle base placed at
terminal unpaired nucleotide position changes the
3-dangling end effect. The bigger heterocycle
nucleobase causes the stronger stabilization of
RNA duplex when placed as-8angling end.

Finally, obtained results demonstrate that the
thermodynamic effect of the'-8langling end is the
function of many factors. Choosing the type of the
3'-nucleotide substituent, we can change the sta-
bility of the RNA duplex even by 1.6 kcamol
through the 3dangling end effect.
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