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ABSTRACT

The NS-alkyladenosines and 2-methylthio-Né-alkyla-
denosines make up over half of the population of all
naturally modified adenosines and they are present
in the transfer ribonucleic acids (tRNA) at position
37. We measured effects of Né-alkyladenosines and
2-methylthio-N¢é-alkyladenosines on the thermo-
dynamic stability of RNA duplexes containing a
U-AMod base pair at internal and terminal duplex
positions, as well as containing modified adeno-
sines as a 3'-terminal unpaired nucleotide. Beside
naturally modified adenosines such as ANf-isopent-
enyladenosine (i®A), Nf-methyladenosine (m°SA),
2-methylthio-Né-isopentenyladenosine (ms2i°A) and
2-methylthio-Né-methyladenosine  (ms2mfA), we
studied several artificial modifications to evaluate
the steric and electronic effects of NS-alkyl substitu-
ents. Moreover, some MPf-alkyladenosines and
2-methylthio-Né-alkyladenosines were placed in
hairpins at positions corresponding to nucleotide
37 of the tRNA anticodon arm, and the thermo-
dynamic stability of those hairpins was studied. The
stability of the modified RNA hairpins was measured
in standard melting buffer containing 1 M sodium
chloride as well as in physiological buffer contain-
ing 10 mM magnesium chloride and 150 mM potas-
sium chloride. The results obtained indicate that
the nature of the adenosine modification and the
position of U-AMod base pairs within the duplex influ-
ence the thermodynamic stability of RNA duplexes.
For most of the modification, the destabilization of
duplexes was observed. Moreover, we found that
the buffer composition and the structure of the
modified adenosine very significantly affect the
thermodynamic stability of RNA.

INTRODUCTION

In natural ribonucleic acids, there have been 96 modified nt
found (1). Among them 80 modified nt can be found in transfer
ribonucleic acids (tRNA) (2). They are placed mostly at
single-stranded fragments of tRNA such as hairpin and multi-
branch loops. Some of the modified nucleotides are in helical
fragments of tRNA at terminal or penultimate positions.

The function of modified residues in tRNA is not com-
pletely understood. It has been reported that the presence of
modified nucleotides: (i) stabilizes tRNA structure (3), (ii)
affects tRNA aminoacylation (4), (iii) is important for tRNA
interactions with initiation and elongation factors (5) and (iv)
influences the functioning of codon—anticodon interactions
and the accuracy of aminoacyl-tRNA selection (6).

We are interested in the influence of N°-alkyladenosines and
2-methylthio-N°-alkyladenosines on the thermodynamic sta-
bility of RNA duplexes and hairpins. These modified
adenosines were found in tRNA at position 37, and include
Nb-isopentenyladenosine (i°A), N°-methyladenosine (m°A), 2-
methylthio-N®-isopentenyladenosine (ms%i®A) and 2-methyl-
thio-N°-methyladenosine (ms*m®A). To evaluate the influence
of these modifications (via steric or electronic effects of N°-
alkyl substituents) on the thermodynamic stability of hairpins,
we first carried out experiments with RNA duplexes having
modified adenosines. We were interested in understanding
what would happen to RNA thermodynamic stability if the
modification were present in a double helix. For this reason we
studied the effect of Nb-alkyladenosines and 2-methylthio-N°-
alkyladenosines on the thermodynamic stability of RNA
duplexes when placed at internal (both separated and tandem)
and terminal base pair positions, as well as when placed as the
terminal unpaired nucleotide (Fig. 1). Moreover, in studying
the thermodynamic stability of these modified RNA duplexes
we hoped to better understand the factors important for
interaction between complementary strands, particularly the
contribution of stacking and hydrogen bonding.

The stability of RNA duplexes was studied in standard
melting buffer containing 1 M sodium chloride, whereas the
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Figure 1. (A) RNA duplex sequences and the structures of N°-alkyladenosines and 2-methylthio-N°-alkyladenosines. (B) The structure of the anticodon loop
of tRNAT™® from E.coli, with modified nucleotides placed at position 37 of this sequence (the modified position is indicated by A*, and Cm is the naturally

occurring 2’-O-methylcytidine).

stability of RNA hairpins was measured in standard melting
buffer and physiological buffer containing 150 mM potassium
chloride and 10 mM magnesium chloride.

The data concerning the influence of modified nucleotides
on thermodynamic stability are very limited, not only by the
type of modified nucleotides, but also by the conditions in
which thermodynamic stability of RNA was studied (3).

MATERIALS AND METHODS

Synthesis and purification of modified
oligoribonucleotides

Oligoribonucleotides were synthesized on an Applied
Biosystems DNA/RNA synthesizer, using [p-cyanoethyl
phosphoramidite chemistry (7). For synthesis, commercially
available phosphoramidites that contained 2’-O-tertbutyl-
dimethylsilyl groups were used. Additionally, precursor
amidites such as 5’-O-dimethoxytrityl-2’-O-tertbutyldimethyl-
silyl-6-methylthiopurine riboside 3’-O-phosphoramidite and
5’-0-dimethoxytrityl-2’-O-tertbutyldimethylsilyl-2-methylthio-
6-chloropurine riboside 3’-O-phosphoramidite were used. The
modification was introduced via a post-synthetic method using
an appropriate amine. Commercially available CPG or

Fractosil 500 supports were also used and contained protected
6-methylthiopurine riboside or 2-methylthio-6-chloropurine
riboside connected via succinyl linker to the solid phase.

The details of post-synthetic transformation, deprotection
and purification of modified oligoribonucleotides are de-
scribed in the preceding paper (8). The purity of modified
oligoribonucleotides used for the melting experiments was
analyzed by HPLC (C-18 column) and it was found to be
>95%.

UV melting of the oligoribonucleotides

The oligoribonucleotides were melted in buffer containing 1 M
sodium chloride, 20 mM sodium cacodylate, 0.5 mM
Na,EDTA, pH 7.0 and in physiological buffer containing
150 mM potassium chloride, 10 mM magnesium chloride,
20 mM sodium cacodylate and 0.5 mM Na,EDTA, pH 7.0.
Oligoribonucleotide single strand concentrations were calcu-
lated from high-temperature (>80°C) absorbencies and single
strand extinction coefficients approximated by a nearest-
neighbor model (9-11). Absorbency versus temperature
melting curves were measured at 260 or 280 nm with
a heating rate of 1°C/min from 0 to 90°C on a
Gilford 250 spectrometer controlled by a Gilford 2527
thermoprogrammer, or a Beckman DU 640 spectrometer
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with a thermoprogrammer. There were nine melts for duplexes
and hairpins in standard buffer and three for hairpins in
physiological buffer at concentrations ranging from 103 to
10° M RNA. Melt curves were analyzed and thermodynamic
parameters were calculated using the program MeltWin 3.5.

RESULTS AND DISCUSSION
Selection of the model of RNA duplexes and hairpins

The anticodon arm of tRNAT® from Escherichia coli was
selected for these studies because it contained ms%®A at
position 37 (Fig. 1). To evaluate the influence of msZi®A on
stability, the thermodynamic stability of this hairpin was
compared with others containing modified adenosines at
position 37, such as i°A, m°A, ms?m®A, ms?A and adenosine.

The oligoribonucleotide 5’-UACAUGUA-3" was chosen as
the model system for measurement of duplex stability for the
following reasons: (i) it was a self-complementary oligonu-
cleotide so it reduced by half the number of model
oligoribonucleotides that needed to be synthesized, (ii) the
sequence of oligoribonucleotides allowed for the placement of
base pairs containing N°-alkyladenosines and 2-methylthio-
Nb-alkyladenosines at internal (both separated and tandem)
and terminal positions and (iii) removal of 5’-terminal uridine
resulted in a duplex with a modified adenosine as the 3’-
terminal unpaired nucleotide.

We were interested in steric and electronic effects of the N°-
substituents of adenosine (12). The isopentenyl substituent
present in i®A and ms?i®A contains a double bond and two
methyl groups at carbon 7. It is known that multi-bonds and
steric hindrance affect the thermodynamic stability of RNA
duplexes (13—15). To understand the influence of these factors
on the thermodynamic stability of RNA duplexes, we studied
several analogs of i°A (Fig. 1). In the first group of models we
studied the influence of triple, double and single bonds within
Nb-alkyl substituents, whereas in the second group of
oligomers we modulated steric hindrance of N°-alkyl sub-
stituents by placing one or more methyl groups on carbons ¢,

Bory.

The influence of N®-alkyladenosines on the
thermodynamic stability of RNA duplexes

The N®-alkyladenosines were placed at internal base pair
positions within URACAUGUA (separated) and UAC-
RCAUGUA (tandem), as well as a terminal base pair position
(UACAUGURP®A) and 3’-dangling end (ACAUGUR®A). The
influence of the following N°-substitutents of adenosine on
thermodynamic stability of RNA duplexes were studied:
methyl, neopentyl, 1-methylpropyl, 1-methylbutyl, isopentyl,
isopentenyl and propargyl.

The influence of N%-alkyladenosines placed in tandem
and separated internal base pair positions on
thermodynamic stability of RNA duplexes

The most modified nucleotides in natural RNAs are found in
single-stranded regions or at terminal positions within
duplexes. Experiments were carried out with duplexes where
Nb-alkyladenosines were placed in tandem and separated
internal base pair positions (Table 1). Free energy values
(AAGY;,) in Table 1 and subsequent tables were calculated for

two U-ROA base pairs present in RNA duplex. For U-R°A
placed in tandem position analysis of thermodynamic param-
eters from melt curves and linear correlation T, ! versus In Cr
indicate that melting of all duplexes, except those containing
Nb-neopentenyladenosine, undergo a two-state transition. All
analyzed NC-substituents of adenosine destabilized the RNA
duplexes. The destabilization of N°-alkyladenosines contain-
ing duplexes compared with (UACAUGUA), was 2.55, 4.87,
4.31, 4.46, 4.25, 3.44 and 3.61 kcal/mol for N®-methyl-, N°-
neopentyl-, N°-(1-methylpropyl)-, N°-(1-methylbutyl)-, N°-
isopentyl-, N®-isopentenyl- and NO®-propargyladenosine,
respectively. The results indicate strongly that the destabiliza-
tion effect results from steric hindrance of N°-substituent of
adenosine. This conclusion is particularly clear when com-
paring the effects of a methyl substituent to more steric
substituents such as: neopentyl, 1-methylpropyl, 1-methylbu-
tyl and isopentyl. The free energy difference between
(UACAUGUA), and duplexes containing m®A was ~2 kcal/
mol. Additional destabilization due to more steric N°-
substituents of adenosine amounts to only ~0.6 kcal/mol,
relative to (UACmPAUGUA), and (UmPACAUGUA),. The
two natural modified adenosines, m°A and i°A, were the least
destabilizing modifications among those examined.

The influence of separated internal U-R°A base pairs is also
illustrated in Table 1. In (UR®ACAUGUA),, U-RA base pairs
were separated by four canonical Watson—Crick base pairs,
and observed effects were consequences of the interaction
within U-R°A and with adjacent Watson—Crick base pairs
only. In this series, melting of all duplexes resulted in two-
state transitions, and all N°-substituents of adenosine destabi-
lized the RNA duplexes. The stability difference between the
least (N®-methyl) and the most (N°-isopentenyl) destabilizing
of RNA duplex was 0.91 kcal/mol, while for duplexes with U-
ROA at tandem positions the stability difference was 2.32 kcal/
mol. The destabilization of RNA duplexes due to the presence
of N°-methyl-, N°-neopentyl-, N°-(1-methylpropyl)-, N°-(1-
methylbutyl)-, N%-isopentyl-, N°-isopentenyl- and N°®-propar-
gyladenosine was 2.55, 2.83, 2.95, 3.16, 2.53, 2.06 and 2.44
kcal/mol, respectively. For U-RCA placed as separated internal
base pairs, methyl placed at position o of N®-substituents was
the most destabilizing, and moving a methyl group to carbon 3
and 7y reduced steric hindrance and the destabilization effect.
The multi-bond N®-substituents did not affect significantly the
stability of RNA duplexes. This is best illustrated by the
similar thermodynamic stability of oligoribonucleotides con-
taining NC-isopentyl- and NOS-propargyladenosine, where
destabilization effects were 2.53 and 2.44 kcal/mol, respect-
ively. m°A and i°A were the least destabilizing RNA duplexes
studied, similar to results for tandem internal base pairs.

The influence of N°-alkyladenosines placed in terminal
base pair positions on the thermodynamic stability of
RNA duplexes

The same set of NC-alkyladenosines was placed within
(UACAUGURP®A),, and their influence on thermodynamic
stability was measured; for all of these duplexes, melting was
two-state. The data collected in Table 2 demonstrate that NS-
alkyladenosines destabilized RNA duplexes relative to
unmodified terminal base pairs, and that this effect resulted
from steric hindrance due to NO-substituents. The most
destabilization was observed for 1-methylbutyl (1.63 kcal/mol).
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Table 1. Thermodynamic parameters for helix formation with R°A-U at tandem and separated base pair positions®b

R = Tandem internal R°A-U: (UACR°AUGUA), Separated internal R°A-U: (URPACAUGUA),
-AH? -AS? (eu) -AG; Tv® AAG 3, —-AH? -AS° (euw) -AG'; T AAGY,
(kcal/mol) (kcal/mol) (°C) (kcal/mol)  (kcal/mol) (kcal/mol) (°C)  (kcal/mol)
Methyl- 572 = 1.6 170.2 = 54 441 =£0.07 303 2.55 557 =13 1646 £ 42 4.67 £0.04 315 225
Neopentyl- 97.8 £ 0.1¢ 3222 *04¢ 209 *0.01¢ 142¢ 4874 454 =35 1339 £ 115 386 *0.12 250 283
1-Methylpropyl-  59.4 = 2.6 182.9 = 8.6 2,65 009 220 431 386 =48 1125 £156 374019 222 295
1-Methylbutyl- 589 = 1.7 181.8 = 5.8 250 £ 007  21.1 4.46 437 =50 129.6 =167 353 £0.22 225 316
Isopentyl- 52.1 £49 159.3 =164 271 =0.19 203  4.25 53.1 £3.1 1579 =104 4.16 =0.15 284 253
Isopentenyl- 48.1 * 14 1437 = 47 352 £ 008 237 3.44 405 2.1 1148 =72 490 = 0.10 312 206
Propargyl- 47.0 £ 5.1 140.8 = 17.1  3.35 £ 0.23 224 3.61 45.1 = 1.6 130.7 =52 452 *+0.02 292 244
(UACAUGUA), 562 = 1.6 158.7 £ 52 696 £ 002 443 O 562 £ 1.6 1587 =52 696 £ 002 443 O
aSolutions are 1 M sodium chloride, 20 mM sodium cacodylate and 0.5 mM Na,EDTA, pH 7.
"Thermodynamic parameters were calculated from Ty~ versus log Cr plots.
°Melting temperatures were calculated for 10~ M oligomer concentration.
dNot a two-state transition.
Table 2. Thermodynamic parameters for helix formation with R°A-U at terminal base pair position and R°A as 3’-dangling ends®P
R = Terminal R°A-U: (UACAUGURGCA ), 3’-dangling end R°A: (ACAUGURCA),
—AH? ~AS° (ew) ~AG; Tv® AAG 3, —~AH® -AS? (eu) -AG; Tv® AAG 3,
(kcal/mol) (kcal/mol) (°O) (kcal/mol) (kcal/mol) (kcal/mol) °C) (kcal/mol)
Methyl- 57514 1654 £46 620 =*= 001 399 0.76 620+ 18 181359 579 *002 376 -0.09
Neopentyl- 62.0 =25 180.8 £ 82  5.94x0.04 38.3 1.02 604 =20 1770 £ 6.7 550 = 0.04 36.1 0.20
1-Methylpropyl- 593 £25 173.6 =82 546 £ 0.05 359 1.50 613 =18 1815 %59 496 =004 334 0.74
1-Methylbutyl- 59520 1747 =64 533 *£0.04 352 1.63 633 £ 1.8 1887 60 476005 326 0.94
Isopentyl- 609 = 1.8 1768 £59 6.10*0.02 392 0.86 59.0 £ 1.7 1722 55 560 =003 36.6 0.10
Isopentenyl- 53.0+30 151399 6.02=*=006 390 094 522 = 3.1 1496 =99 585 =*0.06 381 -0.15
Propargyl- 624 16 181.8 =53 598 =0.02 385 098 655 *19 1933 £62 552=*003 363 0.18
(UACAUGUA), 562 1.6 1587 =52 696 *0.02 443 0
(ACAUGUA), 509 =10 1458 *3.1 570 =001 371 0
aSolutions are 1 M sodium chloride, 20 mM sodium cacodylate and 0.5 mM Na,EDTA, pH 7.
"Thermodynamic parameters were calculated from Ty ! versus log Cr plots.
°Melting temperatures were calculated for 10-'4 M oligomer concentration.
The destabilization was 0.76, 1.02, 1.50 and 0.86 kcal/mol Table 2. The thermodynamic parameters demonstrated

for other oligoribonucleotides containing N°-methyl-, N°-
neopentyl-, N°-(1-methylpropyl)- and N°-isopentyladenosine,
respectively. The unsaturated substituents N°-isopentenyl- and
NO-propargyladenosine destabilized the duplex by 0.94 and
0.98 kcal/mol, respectively. The destabilization is related to
the position of the methyl within an N®-substituent in the same
pattern as is seen for the separated internal base pairs. The
presence of multiple bonds does not affect the thermodynamic
stability of RNA duplexes in terminal U-R°A base pairs.
Again, naturally occurring N°-alkyladenosines were the least
destabilizing to RNA duplexes.

The influence of N®-alkyladenosines placed as
3’-unpaired terminal nucleotides on the thermodynamic
stability of RNA duplexes

We were particularly interested in the thermodynamic effect
of N®-alkyladenosines placed as 3’-unpaired nucleotides
(16—18). In particular, we hoped to test Grosjean’s hypothesis,
which states that modified purine nucleotides placed at the
3’-dangling end of a mini-helix formed by codon-anticodon
interactions modulate the stability of this interaction in a
sequence-dependent fashion (19).

The duplex (ACAUGURSA), was used to study the effect of
Nb-alkyladenosines placed as 3’-unpaired nucleotides, and
data concerning thermodynamic stability are collected in

two-state melting for all duplexes studied. The analyses
indicate that both naturally occurring nucleotides (m°A and
i°A) stabilized RNA duplexes, whereas the remaining
Nb-alkyladenosines destabilized RNA duplexes. The free
energy of (ACAUGURCA),, relative to (ACAUGUA),,
changed by -0.09, 0.20, 0.74, 0.94, 0.11, -0.15 and
0.18 kcal/mol for N°-methyl-, N°-neopentyl-, N°-(1-methyl-
propyl)-, N°-(1-methylbutyl)-, N°-isopentyl-, N®-isopentenyl-
and NO-propargyladenosine, respectively. The adenosine
derivatives carrying the most sterically hindering N®-sub-
stituents (1-methylpropyl and 1-methylbutyl) destabilized
duplexes to the greatest extent. Modified adenosines at 3’-
dangling ends destabilized RNA duplexes less relative to other
positions within duplexes. Additionally, it is interesting that
the two natural substituents, No-methyl- and N®-isopentyl-,
stabilized duplexes. The effect of the multi-bond N°-
substituents of adenosine on thermodynamic stability of
RNA duplexes was negligible.

Comparison of the influence of N°-alkyladenosines at
various positions on the thermodynamic stability of
RNA duplexes

Analyses of the thermodynamic stability of RNA duplexes
containing N%-alkyladenosines clearly indicate that steric
hindrance from NC-substituents is mostly responsible for
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destabilization of RNA duplexes. In particular, a large
destabilization was observed between unmodified duplex
and those containing m®A, whereas increasingly bulky
adenosine substituents increase destabilization to a smaller
extent. In contrast, the comparison of single, double and triple
bond substituents revealed that the contribution of electronic
components is less important. This may be due to the distance
of the multiple bonds from the purine ring.

Collected data lead to the following conclusions: (i) duplex
destabilization is correlated with steric hindrance of N°-alkyl
substituent. This is particularly clear upon comparison of
differences in destabilization between the least (N°-methyl)
and the most (N°-neopentyl) destabilizing substituents. For
these substituents, the difference of free energy difference
between tandem internal and terminal positions of U-RA is
1.79 and 3.85 kcal/mol, respectively. (ii) The positions of
Nb-alkyladenosines within the duplex have a large influence
on thermal stability of RNA duplexes. Placing U-R°A base
pairs closer to the center of a duplex (or closer to one another)
destabilizes duplexes to a greater extent for all N®-substituents.
(iii)) The destabilization effects are not linearly dependent
upon changing of the U-RA position within the duplex.
Moving U-R®A base pair from tandem to separated internal
positions (i.e. 2 bp from the center) results in a change in free
energy difference by (on average) 1.3 kcal/mol, whereas
moving from separated internal to terminal positions (i.e. by
1 bp) changes free energy difference by (on average) 1.5 kcal/
mol. (iv) The naturally occurring modified nucleosides, m°A
and i°A, are the least destabilizing substituents for any position
of U-RCA base pairs within the RNA duplex. Moreover, these
two modified adenosines are the only derivatives that stabilize
RNA duplexes when placed as 3’-dangling ends.

Similar behavior, with lower destabilization at the end of
the RNA duplexes relative to the center, has been observed for
single mismatches (20) and unsymmetrical internal loops (21).
Presumably, the base pairs at the ends of duplex are less tight
and N°-substituent can adopt more optimal orientation within
the duplex.

The influence of 2-methylthio-N®-alkyladenosines on
thermodynamic stability of RNA duplexes

The second group of purine nucleotide modifications studied
was derivatives of 2-methylthio-N®-alkyladenosines. The
U-ms?ROA base pairs (where ms?R°A means 2-methylthio-
Nb-alkyladenosine) were placed at the same position within
RNA duplexes as discussed earlier. For these studies, msZi°A
and ms?m®A naturally occurring in tRNA as well as unnatural
ms?A were selected to evaluate the influence of 2-methylthio
groups alone and synergistically with N°-alkyl substituents.

The influence of 2-methylthio-N®-alkyladenosines placed
at internal and terminal base pair positions as well as
3’-dangling ends on the thermodynamic stability of RNA
duplexes

The measurement of thermodynamic stability of
(UACms?R°AUGUA), demonstrated non-two-state melting
character. The difference between thermodynamic parameters
calculated from the curve fit and T,,~! versus log Cr plots were
>15%, and for this reason they are not discussed in detail
herein. The U-ms2R°A substituent in tandem positions
destabilized duplexes, and this destabilization is greater than

for U-R°A. However, when the same 2-methylthio-N°-
alkyladenosines were placed into separated internal base pair
positions, terminal base pairs, or as 3’-dangling ends the two-
state melting transition was observed. The data collected in
Table 3 for separated internal positions demonstrated that
ms?i®A and ms’mCA destabilized duplexes by 1.48 and
1.98 kcal/mol, respectively. At the same time, msZA
destabilized the same core duplex by 2.81 kcal/mol. It was
surprising to find that the 2-methylthio substituent alone
destabilized duplexes more than when it was associated with
the NS-isopentenyl and N°-methyl substituents.

For terminal positions of the U-ms?R°A base pair, within
(UACAUGUmSs2R®A),, the effect of ms?mfA and ms2A was
negligible, whereas ms%°A destabilized the RNA duplex
(Table 3). The free energy difference for ms%i°A, ms?m°A and
ms?A was 0.44, —0.05 and 0.10 kcal/mol, respectively.

It is interesting to compare the free energy difference of
RNA duplexes resulting from the presence of N°-alkyl- and
2-methylthio-N%-alkyladenosines. The derivatives carrying
both substituents stabilized duplexes by 0.50 and 0.81 kcal/
mol for ms?i°A and ms?m®A compared with i°A and mCA,
respectively.

Data in Table 3 demonstrated that 2-methylthio-N°-
alkyladenosines and ms?A placed at the 3’-dangling end of
duplexes enhanced the thermodynamic stability of RNA
duplexes. The free energy difference, relative to (ACA-
UGUA),, was —-0.44, —1.03 and -0.96 kcal/mol for RNA
duplexes containing ms?i°A, ms?m°A and ms2A, respectively.
The presence of both 2-methylthio and N®-alkyl groups
stabilized ms?i®A by 0.29 kcal/mol compared with the duplex
containing only i°A. Similarly, ms?mCA stabilized duplex by
0.94 kcal/mol relative to m°A.

Comparison of the influence of 2-methylthio-N°-
alkyladenosines at various positions on the
thermodynamic stability of RNA duplexes

The studies of thermodynamic stability of RNA duplexes
carrying 2-methylthio-N®-alkyladenosines and ms?A  at
various positions lead to several general conclusions. At
tandem internal base pair positions, modified nucleotides
destabilized RNA duplexes so much that melts performed
lacked two-state character. This departure is proportional to
the size of N°-substituent. The lack of the two-state melting of
RNA duplexes is pretty often reported due to various reasons
including the presence of nucleobase substituents (14,22,23).
When the base pair U-ms?R°A is moved towards the end of the
duplex the destabilization is significantly reduced, whereas at
a 3’-dangling end position 2-methylthio-N°-alkyladenosines
stabilized RNA duplexes. The thermodynamic effect of
2-methylthio-N%-alkyladenosines in separated internal and
terminal positions is significantly lower than the sum of
2-methylthio and N®-alkyl substituent effects separately. For
example, at separated internal base pair positions ms?A and
i°A destabilized duplexes by 2.84 and 2.06 kcal/mol, respect-
ively. The measured destabilization effect of ms?°A was
1.92 kcal/mol, which was 2.92 kcal/mol less than calculated
from the sum of the destabilization effects of 2-methylthio and
Nb-isopentenyl substituents separately. The same trend can be
observed for ms?mOA.

Based on the thermodynamic stability of oligoribonucle-
otides carrying 2-methylthio-N®-alkyladenosine, we can
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Table 3. Thermodynamic parameters for helix formation with 2-methylthio-N°-alkyladenosine—uridine base pairs at various positions within oligomers and

2-methylthio-N%-alkyladenosine as 3’-dangling end®P

—AHO -AS? (eu) -AGY%;, Tme (°C) AAGY5,4
(kcal/mol) (kcal/mol) (kcal/mol)
UACXUGUA
AUGUXCAU
X = ms?i®A° 101.4 = 149 328.2 = 50.4 0.44 = 0.80 19.3 6.52
X = ms?méAe 117.0 = 20.3 379.5 = 68.5 0.69 = 0.98 21.0 6.27
X = ms2A¢ 65.2 = 34 200.5 = 11.2 3.03 £ 0.10 24.9 393
UXCAUGUA
AUGUACXU
X = ms%i°A 50.6 £ 8.5 147.0 £ 27.2 4.98 = 0.09 33.1 1.98
X = ms’m°A 46.8 £ 3.5 133.3 = 11.1 5.48 £ 0.10 35.7 1.48
X = ms2A 53213 158.2 = 4.1 4.15 = 0.02 28.4 2.81
UACAUGUX
XUGUACAU
X = msZi®A 61.6 = 6.9 177.5 = 223 6.52 = 0.07 41.8 0.44
X = ms?m°A 62.8 £ 1.8 179.8 £ 5.8 7.01 £ 0.02 43.7 -0.05
X = ms?A 625 * 14 179.5 = 4.6 6.86 = 0.01 43.0 0.1
X=A 56.2 = 1.6 158.7 £ 52 6.96 = 0.02 443 0
ACAUGUX
XUGUACA
X = ms?i®A 62.0 £ 1.9 180.1 = 6.2 6.14 = 0.02 39.4 -0.44
X = ms2m°A 65.0 = 2.8 188.0 = 8.8 6.73 = 0.03 42.1 -1.03
X = ms?A 57.6 £ 2.1 164.3 = 6.8 6.66 = 0.02 424 -0.96
X=A 509 = 1.0 145.8 = 3.1 5.70 = 0.01 37.1 0

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

"Thermodynamic parameters were calculated from Ty;! versus log Cr plots.
“Melting temperatures were calculated for 10~ M oligomer concentration.
dCalculated relative to the stability of an oligomer containing adenosine.
¢Not a two-state transition.

conclude that 2-methylthio substituents affect RNA duplex
thermodynamic stability in two different ways. First, the
presence of a 2-methylthio group interferes with the pairing to
complementary uridine, likely because of a steric clash and
weakened hydrogen bond interactions. Secondly, 2-
methylthio groups enhance the stacking interactions with
adjacent base pairs and stabilize the duplexes. As a conse-
quence, the measured influence of 2-methylthio group within
2-methylthio-N°-alkyladenosine results from both effects and
it is very dependent on the position of U-ms?R6A within RNA
duplexes. Moving U-ms?R°A base pairs to the end of RNA
duplexes results in weaker steric interactions and stabilizing
effects are more pronounced.

The thermodynamic stability of hairpins containing N°-
alkyladenosines or 2-methylthio-N°-alkyladenosines

At position 37 of the tRNA anticodon arm there are naturally
occurring modified purine nucleotides including N°-alkylade-
nosines and 2-methylthio-N°-alkyladenosines. For our studies,
we selected the anticodon hairpin of tRNAT® from E.coli
(Fig. 1) (24). This hairpin contains ms?i®A at position 37 and
2’-O-methylcytidine (Cm) at position 32. In other tRNAs i°A,
mPA and ms?mCA are found at position 37 (2). Besides four
hairpins with the modifications listed above at position 37,
hairpins containing ms?A and adenosine were studied to
evaluate the influence of substituents at positions 2 and/or 6 on
the thermodynamic stability of anticodon hairpins.

The thermodynamic stability of anticodon hairpins in
the presence of 1 M sodium chloride

The data concerning the thermodynamic stability of modified
hairpins are collected in Table 4 and demonstrate that melting
temperature is concentration independent. The melts were
performed in standard melting buffer containing 1 M sodium
chloride, 20 mM sodium cacodylate and 0.5 mM Na,EDTA,
pH 7. The analysis of data indicated that the thermodynamic
stability of hairpins containing msZi°A, i°A, m°A, ms?m°A,
ms?A and adenosine was very similar. The difference of free
energy between the least stable hairpin (ms?i®A) and the most
stable hairpin (m°A) was 1.03 kcal/mol. Hairpins containing
Nb-alkyladenosines were more stable than those carrying
2-methylthio-N%-alkyladenosines. Hairpins containing ms%i°A
and msmCA were 0.63 kcal/mol less stable than their
corresponding N®-alkyladenosines. Moreover, comparison of
effects for ms?A and NS-alkyladenosine substitutions with the
influence of 2-methylthio-N°-alkyladenosines indicate that the
last derivative destabilized hairpins by ~0.8 kcal/mol more
than that calculated from the sum of both derivatives
separately.

Our results are difficult to compare with others, since the
data in literature are very limited. It was reported that the
presence of N°-threonylcarbamoyladenosine at tRNA position
37 destabilized these hairpins by 0.7-0.9 kcal/mol (25),
whereas 1-methylguanosine destabilized by 1.6 kcal/mol (26).
Recently, Nikonowicz and co-workers reported that presence
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Table 4. Thermodynamic parameters for the formation of hairpins having the sequence CCGGUCmUCCAXAACCGG

RNA hairpins 1 M sodium chloride, 20 mM sodium cacodylate, 10 mM magnesium chloride, 150 mM potassium chloride,
0.5 mM Na,EDTA, pH 7 20 mM sodium cacodylate, 0.5 mM Na,EDTA, pH 7
—AH? —-AS? (eu) -AGY, Tm AAG 3, —AH° —AS? (eu) -AGY%, Tm AAGO3;
(kcal/mol) (kcal/mol) (°O) (kcal/mol)  (kcal/mol) (kcal/mol) °C) (kcal/mol)

X = msZi%A 459 £ 42 1309 £ 119 535 *0.54 71.9 0.36 71.3 £ 3.1 202.6 £ 7.9 846 = 0.62 78.8 341
(624 = 4.6) (1853 £9.9) (497 =0.36) (63.8) (-0.21)

X = i%A 51.6 = 7.2 146.9 £ 21.2 598 = 0.61 71.7 -0.27 60.5 *+ 8.0 170.7 £ 23.6  7.54 = 0.71 812 249
469 = 1.0) (1375 £27) (426 =0.2) (68.0) (0.50)

X =ms2mbA 512 * 34 146.4 £ 99 5.75 = 040 76.3 -0.04 59.7 £ 6.6 1689 =202 729 =050 802 224
(569 = 1.8) (166.5 £5.0) (524 =0.30) (68.5) (-0.48)

X = m°A 58.0 = 6.3 166.5 £ 17.9 6.38 = 0.79 75.3 -0.67 53.3 £ 3.5 1524 £ 126 6.01 £ 042 764 -0.96
(61.8 =0.3) (181.7 £2.0) (548 =0.28) (67.2) (-0.72)

X = ms2A 529 = 3.0 151.7 = 8.8 5.87 = 0.28 75.7 -0.16 56.4 + 7.0 1609 = 20.6 649 = 0.84 774 -1.44
(56.5 £3.7) (1659 £9.9) (5.07 =£0.12) (67.5) (-0.31)

X=A 52.0 = 49 149.4 + 144 571 = 0.47 75.2 0 439 *+ 14.5 125.1 = 42.1 505145 773 0
(51.8 £5.5) (151.7 £9.7) (476 = 0.64) (68.4) (0)

The thermodynamic parameters in parenthesis concern the melting in 100 mM sodium chloride, 20 mM sodium cacodylate, 0.5 mM Na,EDTA, pH 7.0.

Table 5. Thermodynamic parameters for the formation of hairpins having the sequence CCGGUCmMUCCAXAACCGG at various concentration of MgCl,?

X = msZi°A —AH° —ASO (eu) -AG%%, Twm (°C) AAGO3,
(kcal/mol) (kcal/mol) (kcal/mol)

150 mM KCl 593 74 175.0 £ 22.5 5.00 = 047 67.6 0

1 mM MgCl,, 150 mM KCl 69.9 = 6.5 205.8 + 19.8 6.01 = 0.30 67.5 -1.01

3 mM MgCl,, 150 mM KCl 577 = 5.1 166.8 = 154 5.92 + 0.28 75.3 -0.92

5 mM MgCl,, 150 mM KCl 61.1 =214 176.7 £ 59.5 6.27 = 291 74.9 -1.27

10 mM MgCl,, 150 mM KCl 71.3 = 3.1 202.6 + 7.9 8.46 = 0.62 78.8 -3.46

30 mM MgCl,, 150 mM KCl 72.6 £ 14.4 207.0 £ 42.0 8.40 = 1.38 79.5 -3.40

“Besides magnesium chloride and potassium chloride, the buffer contained 20 mM sodium cacodylate, 0.5 mM Na,EDTA, pH 7.

of 1%A in the anticodon stem-loop of E.coli tRNAPPe reduced
the melting temperature by 3°C relative to a hairpin containing
adenosine at that position (27).

The thermodynamic stability of anticodon hairpins in
the presence of magnesium chloride

Beside the standard solution conditions, buffer containing 1 M
sodium chloride, we measured thermodynamic stability of
hairpins in physiological buffer. There are several physio-
logical buffers with different amounts of salts, particularly
potassium and magnesium. For our studies, we used buffer
containing 150 mM potassium chloride, 10 mM magnesium
chloride, 20 mM sodium cacodylate and 0.5 mM Na,EDTA,
pH 7. The concentration of potassium and magnesium salts in
this buffer was similar to that present in intercellular fluid (28).
Since magnesium cations present in buffer resulted in the
partial cleavage of RNA during melting of RNA hairpins,
thermodynamic parameters were calculated for three different
concentrations, whereas RNA hairpins in 1 M sodium chloride
were melted in nine different concentrations (29).

The measurements of thermodynamic stability of RNA
hairpins are collected in Table 4. Analyses of the data
demonstrate that in physiological buffer thermodynamic
stability of the hairpins containing N°-alkyladenosines and
2-methylthio-N°-alkyladenosines was very dependent on
modification. The hairpin containing ms?i®A, the same as in
the anticodon arm of tRNAT® from E.coli, was the most

stable. The remaining five hairpins containing unnatural
modified adenosines or adenosine were less stable by up to
3.41 kcal/mol. The thermodynamic stability (AG%) of the
hairpins changes in the following order: ms2i®A (-8.46 kcal/
mol), i°A (=7.54 kcal/mol), ms?m®A (-7.29 kcal/mol), ms2A
(-6.49 kcal/mol), m®A (-6.01 kcal/mol) and adenosine
(=5.05 kcal/mol). These data clearly demonstrate that increas-
ingly modified adenosine at position 37 resulted in more
thermodynamically stable RNA hairpins. The presence of a
2-methylthio group in nucleotides additionally increased
stability of RNA hairpins relative to hairpins containing
only Nb-alkyladenosine or adenosine. This stability difference
was 1.48 kcal/mol between hairpins containing ms%°A and
i°A, 1.28 kcal/mol between hairpins containing ms?m®A and
mPA and finally 0.92 kcal/mol between hairpins containing
ms?A and adenosine.

The comparison of thermodynamic stability of RNA
hairpins in 1 M sodium chloride and physiological buffer
indicates that the melting temperatures (7y,) are very similar,
whereas more favorable free energy in physiological condi-
tions is related to the changes of the enthalpy and entropy of
RNA hairpins.

To better evaluate the influence of magnesium cations on
the thermodynamic stability of RNA hairpins, the stability of
one hairpin was measured at various magnesium concentra-
tions. For these studies, the natural hairpin of tRNAT? from
E.coli containing msZ%i®A at position 37 was selected. The



thermodynamic stability of the hairpin was measured in
physiological buffer containing 0, 1, 3, 5, 10 and 30 mM
magnesium chloride. The results were collected in Table 5.
The stability of the RNA hairpin increased non-linearly with
the amount of magnesium present in the buffer. The free
energy increased by 1.01, 0.92, 1.27, 3.46 and 3.40 kcal/mol
for measurements in buffer containing 1, 3, 5, 10 and 30 mM
magnesium chloride, respectively. The increase in hairpin
stability was related to stability in physiological buffer without
magnesium chloride. Interestingly, particularly large increases
of the hairpin stability were observed between measurements
in buffers containing 0—1 mM (1.01 kcal/mol) and 5-10 mM
(2.19 kcal/mol) magnesium chloride. The increase of hairpin
stability from 1-5 mM magnesium chloride was only
0.26 kcal/mol, whereas above 10 mM magnesium chloride
the hairpin stability was very similar.

The measurements of thermodynamic stability of the
hairpins in buffer containing 100 mM sodium chloride,
20 mM sodium cacodylate and 0.5 mM Na,EDTA, pH 7,
additionally confirmed that the enhancement of free energy is
related to the presence of magnesium cations in physiological
buffer (Table 4).

Moreover, when RNA hairpins were melted at various
magnesium chloride concentrations, an additional low
temperature transition was observed. This transition was
concentration dependent, suggesting that it resulted from the
interaction of two molecules. The thermodynamic stability of
this two-molecule structure was reduced with increased
complexity of adenosine modification present at position 37.
At this moment, we cannot unambiguously determine the
structure of this molecule. It could be due to kissing hairpins
(30) or a duplex containing an internal loop formed by two
self-complementary oligoribonucleotides (31).

CONCLUSIONS

The collected data indicate that modified adenosines, includ-
ing the natural derivatives i°A, mSA, ms?i®A and ms’mSA
reduced the thermodynamic stability of RNA duplexes. This
destabilization is likely related to steric hindrance of the
No-substituent of N-alkyladenosines and 2-methylthio-N°-
alkyladenosines. The influence of modified adenosines placed
as 3’-terminal unpaired nucleotides was more complex. Most
Nb-alkyladenosines destabilized duplexes, relative to the
unmodified adenosine RNA duplexes; i°A and mC°A did
not significantly affect duplex stability. At the same
position msZi®A, ms?’mCA and ms2A stabilized duplexes by
0.5-1.0 kcal/mol.

The Nb-alkyladenosines and 2-methylthio-N%-alkyladeno-
sines were found only in tRNA at single strand regions (1,2).
One reason could be that these modifications destabilize RNA
duplexes, mostly due to steric hindrance of N°-substituents
and weakness of hydrogen bonding. However, it was observed
that among all studied NC-alkyladenosines, the naturally
modified derivatives i°A and m°A destabilized RNA duplexes
the least at any position within the helix. The fact that natural
Nb-alkyladenosines and 2-methylthio-N%-alkyladenosines
placed at 3’-dangling ends stabilized duplexes could mean
that the stabilization effect of modified adenosines is related
primarily to stacking interactions. Similar interactions were
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observed by Davis and co-workers (32) and Agris and co-
workers (33) based on NMR studies.

We believe that the results presented herein will help to
understand the process of protein biosynthesis, particularly
when recent studies suggest that this process proceeds due to
the catalytic activity of RNA present in ribosome (34).
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