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Abstract: Isoguanosine (iG) and isocytidine (iC) differ from guanosine (G) and cytidine (C), respectively, in
that the amino and carbonyl groups are transposed. The thermodynamic properties of a set of iG, iC containing
RNA duplexes have been measured by UV optical melting. It is found that iG-iC replacements usually stabilize
duplexes, and the stabilization per iG-iC pair is sequence-dependent. The sequence dependence can be fit to
a nearest-neighbor model in which the stabilities of iG-iC pairs depend on the adjacent iG-iC or G-C pairs.
For 5′-CG-3′/3′-GC-5′ and 5′-GG-3′/3′-CC-5′ nearest neighbors, the free energy differences upon iG-iC
replacement are smaller than 0.2 kcal/mol at 37°C, regardless of the number of replacements. For 5′-GC-3′/
3′-CG-5′, however, each iG-iC replacement adds 0.6 kcal/mol stabilizing free energy at 37°C. Stacking
propensities of iG and iC as unpaired nucleotides at the end of a duplex are similar to those of G and C. An
NMR structure is reported for r(CiGCGiCG)2 and found to belong to the A-form family. The structure has
substantial deviations from standard A-form but is similar to published NMR and/or crystal structures for
r(CGCGCG)2 and 2′-O-methyl (CGCGCG)2. These results provide benchmarks for theoretical calculations
aimed at understanding the fundamental physical basis for the thermodynamic stabilities of nucleic acid duplexes.

Introduction

The structural features of nucleic acids are becoming increas-
ingly important as the roles of nucleic acids in cellular pathways
are being discovered,1-4 as RNA and DNA become targets for
therapeutics,3,5-7 and as nucleic acids become components for

design of self-assembling nanostructures.8-11 The interactions
determining nucleic acid structures, however, are not completely
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understood.12-20 A full elucidation of the sequence dependence
of such interactions is prohibited by the lack of variety among
naturally occurring bases. One way around this limitation is to
use unnatural bases while as much as possible maintaining the
RNA or DNA structure. Examples include theκ-π pair,21 Z-F
pair,22,23the inosine-cytosine pair,24,25the 2,6-diaminopurine-
thymine pair,26 and the isoguanine-isocytosine (iG-iC) pair.27-29

Here we focus on the iG-iC pair in RNA duplexes.
In the iG-iC pair, the amino and carbonyl groups in the

regular nucleic acid bases G and C are transposed (Figure 1).
Isoguanine and its derivatives have been isolated from natural
sources and studied for a long time,30-35 while iC is not known
to occur naturally. Advances in chemical and enzymatic
synthesis of oligonucleotides, however, have allowed the iG-
iC pair to be used to study nucleic acid interactions,29a,36and
to expand the codon-anticodon code.37 Because of the rigidity
of RNA duplexes and similarity between iG-iC and G-C pairs,

experimental comparisons between iG-iC and G-C pairs in
RNA provide a relatively simple benchmark for testing com-
putations and therefore furthering our understanding of the
interactions that shape nucleic acids.

Results

Thermodynamics of iG-iC Pairs. Thermodynamic param-
eters for regular RNA duplexes and those with iG-iC pairs
replacing G-C pairs were measured by UV melting. Typical
van’t Hoff plots are shown in Supporting Information, and the
results are listed in Table 1. With the exceptions of r(iCCGiG)2

and r(iCCAUGiG)2, the duplexes with iG-iC pairs are more
stable than those with only G-C pairs. For example,∆G°37

values for formation of r(iGiCiGiC)2 and r(GCGC)2 are-6.97
and-4.61 kcal/mol, respectively, and theTm’s at 10-4 M strand
concentration are 45.2 and 26.6°C, respectively. On average,
the stability enhancement is 0.44 kcal/mol of iG-iC pair, while
the largest change per iG-iC substitution is 0.68 kcal/mol for
r(GGiCiGCC)2.

The data in Table 1 for duplexes with iG-iC pairs can be fit
to various nearest-neighbor models38-41 that are able to predict
duplex stability from sequence. Table 2 presents parameters for
the individual nearest-neighbor-hydrogen bonding (INN-HB)
model.40 The INN-HB model includes a term for terminal pairs
that are not G-C.40 This term effectively accounts for base
composition since two duplexes can have the same nearest
neighbors, but different base compositions if the terminal base
pairs are different types. Thus, the model assumes that the
sequence dependence of duplex stability depends only on the
number of each type of base pair and the interactions of adjacent
base pairs. The data were fit in two ways by linear regression:
42 (1) Only parameters for nearest neighbors with at least one
iG-iC pair were allowed to vary, while other parameters were
taken from Xia et al.40 (2) The data for duplexes with iG-iC
pairs were combined with previous data for duplexes with only
G-C pairs, and the combined data set was fit. Parameters from
methods (1) and (2) are listed, respectively, without and with
parentheses in Table 2. The two ways of analyzing the data
give similar results, suggesting iG-iC pairs generally fit into
the RNA backbone.
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Figure 1. Schematic representation of iG-iC and G-C pairs.
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As mentioned above, the iG-iC pair is usually more stable
than the G-C pair. This trend is reflected in the nearest-neighbor
parameters of Table 2. Except for 5′GiG3′/3′CiC5′, free energy
increments for nearest neighbors with at least one iG-iC pair
are essentially equivalent or more favorable than those for
nearest neighbors with two G-C pairs. Note that isomeric
substitutions make a substantially larger difference in the context
5′GC3′/3′CG5′ than in 5′CG3′/3′GC5′ or 5′GG3′/3′CC5′. That
is, each iG-iC substitution in 5′GC3′/3′CG5′ enhances duplex
stability by 0.6 kcal/mol, whereas single and double substitutions
in 5′CG/3′GC5′ and 5′GG3′/3′CC5′ change stability bye0.2
kcal/mol (Table 2). Thermodynamics for the DNA-RNA
hybrids d(5′AG3AGiGGA3G3′)/r(3′UC3UCiCCU3C5′) and
d(5′CT3iGT3G3′)/r(3′GA3iCA3C5′) have been measured and
compared to results with the iG-iC pair replaced by a G-C
pair.29aThe results for the first sequence can be compared with
expectations for RNA-RNA duplexes since the iG-iC pair is
flanked by G-C pairs. The substitution makes little difference
in stability of the DNA-RNA hybrid,29a which is consistent
with the expected effect in an RNA-RNA duplex (Table 2).

Stacking of bases is one interaction that contributes to duplex
stability. An experimental measure of stacking propensity is
provided by adding an unpaired nucleotide to each end of a
duplex and then determining the increase in stability.12,43Table

3 lists thermodynamic parameters measured for such duplexes
with “dangling ends”. Table 4 lists the nearest-neighbor
parameters for the unpaired nucleotides. Also shown in paren-

Table 1. Thermodynamics of Formation of RNA Duplexes in 1 M
NaCla

1/Tm vs ln(CT) parameters

sequence (5′f3′)
-∆G°37

(kcal/mol)
-∆H°

(kcal/mol)
-∆S°
(eu)

Tm
b

(°C)

Duplexes with iG-iC Pairs
iCGCiG 4.39( 0.09 35.92( 1.79 101.7( 6.0 26.2
CiGiCG 4.81( 0.05 37.82( 1.61 106.4( 5.3 30.1
iCiGiCiG 5.64( 0.02 43.31( 1.47 121.5( 4.8 36.7
iGCGiC 5.70( 0.03 36.84( 1.47 100.4( 4.8 37.2
GiCiGC 5.38( 0.09 40.39( 2.47 112.9( 8.2 34.7
iGiCiGiC 6.97( 0.14 50.59( 5.35 140.6( 17.1 45.2
iCCGiG 4.47( 0.06 38.71( 1.83 110.4( 6.1 27.6
CiCiGG 5.13( 0.04 37.99( 1.64 105.9( 5.4 32.6
iCiCiGiG 4.83( 0.03 39.83( 1.09 112.9( 3.6 30.5
iGGCiC 5.68( 0.05 35.38( 2.47 108.7( 8.1 37.0
GiGiCC 6.26( 0.09 41.55( 3.53 113.8( 11.4 41.4
iGiGiCiC 7.17( 0.25 45.48( 5.48 123.5( 17.3 47.5
iCCAUGiG 7.20( 0.01 59.92( 1.28 170.0( 4.1 45.1
CiGCGiCG 10.27( 0.09 60.36( 1.20 161.5( 3.6 62.5
iCGGCCiG 10.52( 0.08 59.84( 1.14 159.0( 3.4 64.3
iGGCGCiC 12.48( 0.39 77.39( 4.58 209.3( 13.5 66.9
GGiCiGCC 12.69( 0.30 75.07( 3.65 201.1( 10.8 68.9
GCiGiCGC 12.56( 0.15 74.98( 1.68 201.3( 4.9 68.3
iGCCGGiC 13.19( 0.53 73.74( 5.54 195.2( 16.2 72.2
iGCCAUGGiC 16.47( 0.62 97.40( 5.95 261.0( 17.2 75.6

Duplexes with only Watson-Crick Pairs
CGCGc 3.66 33.31 95.6 19.3
GCGCc 4.61 30.48 83.4 26.6
CCGGc 4.55 34.21 95.6 27.2
GGCCc 5.37 35.79 98.1 34.3
CCAUGGc 7.30 56.93 159.9 46.4
CGCGCGd 9.45( 0.05 58.40( 0.84 157.8( 2.5 58.5
GGCGCCpc 11.33 67.78 182.0 65.2
GCGCGCpc 10.62 65.98 178.5 62.1
CGGCCGd 10.19( 0.10 59.71( 1.39 159.7( 4.2 62.4
GCCGGCd 11.91( 0.09 70.74( 1.08 189.7( 3.2 67.0
GCCAUGGC 15.06( 0.18 93.91( 1.97 254.2( 5.8 71.4

a Thermodynamic parameters derived from fitting of melting curves
are available in Supporting Information. The∆H°’s derived fromTM

-1

vs ln(CT) plots and from curve fitting agree within 15%, consistent
with the two-state approximation.b Calculated for an oligonucleotide
strand concentration of 10-4 M. c Data from ref 40.d Values measured
for these sequences are similar to those measured previously for the
same sequences with 3′-terminal phosphates.40

Table 2. Nearest-Neighbor Parameters for RNA Duplexes
Containing iG-iC and G-C Pairs in 1 M NaCla

∆G°37
(kcal/mol)

∆H°
(kcal/mol)

∆S°
(eu)

5′CG3′ -2.36b -10.64b -26.7b

3′GC5′ (-2.44( 0.10) (-11.83( 1.82) (-30.53( 5.54)
5′iCG3′ -2.46( 0.08 -10.80( 1.12 -27.01( 3.13
3′iGC5′ (-2.60( 0.10) (-13.07( 1.96) (-33.86( 5.96)
5′iCiG3′ -2.45( 0.17 -12.69( 2.23 -33.28( 6.29
3′iGiC5′ (-2.67( 0.14) (-15.35( 2.76) (-40.82( 8.49)

5′GG3′ -3.26b -13.39b -32.7b

3′CC5′ (-3.40( 0.08) (-15.72( 1.56) (-39.20( 4.72)
5′iGG3′ -3.46( 0.11 -14.94( 1.44 -36.80( 4.04
3′iCC5′ (-3.52( 0.12) (-16.36( 2.27) (-41.44( 6.96)
5′GiG3′ -3.07( 0.11 -14.67( 1.48 -37.34( 4.20
3′CiC5′ (-3.18( 0.12) (-17.27( 2.41) (-44.87( 7.43)
5′iGiG3′ -3.30( 0.17 -14.01( 2.26 -34.58( 6.35
3′iCiC5′ (-3.38( 0.13) (-15.80( 2.55) (-39.85( 7.85)

5′GC3′ -3.42b -14.88b -36.9b

3′CG5′ (-3.47( 0.10) (-16.05( 1.87) (-39.95( 5.71)
5′iGC3′ -4.00( 0.09 -16.90( 1.19 -41.32( 3.33
3′iCG5′ (-3.89( 0.10) (-17.55( 1.95) (-43.94( 5.97)
5′iGiC3′ -4.61( 0.17 -19.98( 2.31 -49.36( 6.53
3′iCiG5′ (-4.56( 0.13) (-20.78( 2.72) (-52.26( 8.40)
per terminal iG-iCc -0.19( 0.07 -1.00( 0.98 -2.54( 2.77

(-0.18( 0.06) (-1.65( 1.17) (-4.79( 3.61)
init 4.09b 3.61b -1.5b

(4.38( 0.24) (10.34( 4.74) (18.98( 14.5)
Q 0.009(0.19) 0.26(0.99) 0.19(0.99)
rmsd 0.53(0.44) 5.25(4.69) 15.71(14.26)
ave % of deviation 6.5(5.4) 9.8(8.8) 10.8(9.8)

a Values not in parentheses are from a linear regression on duplexes
containing iG-iC pairs, but with parameters for nearest neighbors
without iG-iC pairs fitted at values determined by Xia et al.40 The
value of Q, a statistical measure of randomness in the difference
between measured and predicted stabilities is 0.009 for this fit of
∆G°37. The average deviations between predicted and measured ther-
modynamic parameters are 6.5, 9.8, and 10.8% for∆G°37, ∆H° and
∆S°, respectively (see Supporting Information for comparisons of
predicted and measured values). Values in parentheses are from a
regression including not only duplexes with iG-iC pairs, but also those
RNA duplexes containing only G-C pairs and listed in the database
of ref 40. TheQ value for this fit of∆G°37 is 0.19. For both ways, the
parameters of Xia et al.40 were used to subtract the contributions
from nearest neighbors involving A-U pairs in (iCCAUGiG)2 and
(iGCCAUGGiC)2 before regression. The two data sets were also fit in
the absence of the terminal iG-iC term. These fittings gaveQ values
of 0.0016 and 0.0032, respectively, with fixed and floating values of
∆G°37 parameters not involving iG-iC. Thus the terminal iG-iC term
is statistically significant for∆G°37.

b The values are from the indi-
vidual nearest-neighbor-hydrogen bonding (INN-HB) model applied
to duplexes containing only Watson-Crick pairs.40 c This is a term
for each terminal iG-iC pair.

Table 3. Thermodynamics of Formation for RNA Duplexes with
Dangling iG or iC Nucleotides in 1 M NaCla

1/TM vs ln(CT) parameters

sequence (5′f3′)
-∆G°37

(kcal/mol)
-∆H°

(kcal/mol)
-∆S°
(eu)

Tm
b

(°C)

iGCCGG 5.72( 0.04 32.71( 1.58 87.0( 5.1 37.4
GGCCiG 8.66( 0.09 53.98( 1.63 146.1( 5.0 55.2
CCGGiC 5.68( 0.02 37.74( 0.96 103.4( 3.1 37.0
GCGCiC 6.18( 0.03 44.11( 1.87 122.3( 6.0 40.6
CCAUGGiC 8.74( 0.05 66.63( 1.27 186.7( 3.9 51.9

a Thermodynamic parameters derived from fitting of melting curves
are available in Supporting Information. The∆H°’s derived fromTM

-1

vs ln(CT) plots and from curve fitting agree within 15%, consistent
with the two-state approximation, except for iGCCGG where the
difference is 18%.b Calculated for an oligomer concentration of 10-4

M.
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theses in Table 4 are parameters previously reported for terminal
unpaired G and C nucleotides.12 Evidently, transposing amino
and carbonyl groups to form the isomeric bases only modestly
affects stacking.

Imino Proton NMR Spectra. Exchangeable proton NMR
spectra for r(CiGCGiCG)2, r(iCGGCCiG)2, and r(iGCCGGiC)2
are shown in Figure 2. The resonances were assigned by
standard procedures.44 All of the spectra have the number of
resonances and NOEs expected, indicating that iG forms a base
pair with iC.

NMR and Structural Modeling of r(CiGCGiCG) 2. To
determine if the thermodynamics are affected by structural
changes and to thereby provide a foundation for theoretical
investigations of the molecular basis for the stability of iG-iC
pairs, a structural model for r(CiGCGiCG)2 (Scheme 1) was
determined by NMR and restrained simulated annealing.

A new pulse sequence as shown in Figure 3 was used to
obtain the 2D NOESY spectrum for r(CiGCGiCG)2 in H2O

shown in Figure 4. In this pulse sequence, the H2O resonance
is attenuated by combinations of soft 90° pulses and pulsed field
gradients during the mixing time period (Figure 3). For optimal
attenuation of the H2O signal, composite pulses are used at each
end of the mixing time period. If necessary, the water flip-back
pulse can also be used just before the final read pulse. The
advantage of this pulse scheme is the equal excitation across
the whole spectrum. Unlike the WATERGATE technology,45

there is no delay after the read pulse, therefore eliminating the
relaxation loss. This pulse scheme is also easy to implement
since it does not need to match the pulses as in WATERGATE.

The resonances in Figure 4 were assigned by standard
procedures.44 A particularly interesting proton resonance is seen
at 10.4 ppm, which straddles the regions expected for imino
(10-14 ppm) and amino (6.5-8.0) protons in a regular RNA
duplex. This is also seen in spectra for r(iCGGCCiG)2 and
r(iGCCGGiC)2 (Figure 2). For r(CiGCGiCG)2, a strong cross-
peak was seen between the resonance at 10.4 ppm and a
resonance at 6.7 ppm, suggesting the cross-peak is due to
exchange between protons from the same amino group (Figure
4). The two resonances were assigned to the iG-iC pair by
elimination because the amino protons of C were already
assigned in a standard manner and the amino protons of G in a
Watson-Crick base pair are usually missing because they are
in an intermediate exchange regime. The resonances are assigned
to iG because two cross-peaks are seen between C1 and C3
amino protons and the resonance at 10.4 ppm. If this resonance
at 10.4 ppm is from the amino proton of iC, the expected shortest
distances to the amino protons of C1 and C3 are too far (5.8
and 6.6 Å for C3 and C1, respectively, in an A-form helix) to
have an NOE cross-peak. On the other hand, the distances
between the amino protons of iG2 and C1, C3 are 2.9 and 3.4
Å, and 3.1 and 4.4 Å, respectively. Therefore, the resonances
at 10.4 and 6.7 ppm are assigned to the amino protons of iG.
The resonances of the amino protons of iC are apparently
missing. Amino proton resonances with similar characteristics
have been observed previously for deoxy-iG, deoxy-iC in a
parallel DNA duplex, 5′-d(TiGiCAiCiGiGAiCT)-3′/5′-d(ACGT-
GCCTGA)-3′.46

Seela et al.47 demonstrated that iG exists dominantly in a 1H/
6-amino/2-oxo tautomer under neutral aqueous conditions. The
existence of the iG2H1 resonance, the fact that iG2H1 disappears
almost at the same temperature as G4H1, and the NOE cross-
peak between iG2H1 and G4H1 protons show that this is also
the tautomer in the duplex, where here and henceforth the
underlined number designates the opposite strand. The similar
thermal stabilities of iG-iC and G-C pairs also suggest that
there are three hydrogen bonds in each iG-iC pair.

Phosphorus chemical shift is a sensitive indicator of RNA
backbone conformation.48,49 All phosphorus resonances for
r(CiGCGiCG)2 are within 1 ppm of each other, suggesting iG-
iC fits well with the G-C pairs of this RNA duplex. The NOE

(43) Petersheim, M.; Turner, D. H.Biochemistry1983, 22, 256-263.
(44) (a)Varani, G.; Tinoco, I., Jr.Q. ReV. Biophys.1991, 24, 479-532.

(b) Chen, X.; McDowell; J. A.; Kierzek, R.; Krugh; T. R.; Turner, D. H.
Biochemistry2000, 39, 8970-8982.

(45) Lippens, G.; Dhalluin, C.; Wieruszeski, J. M.J. Biomol. NMR1995,
5, 327-331.

(46) Yang, X. L.; Sugimoto, H.; Ikeda, S.; Saito, I.; Wang, A. H. J.
Biophys. J.1998, 75, 1163-1171.

(47) Seela, F.; Wei, C.; Kazimierczuk, Z.HelV. Chim. Acta1995, 78,
1843-1854.

(48) Gorenstein, D. G.Chem. ReV. 1994, 94, 1315-1338.
(49) Rife, J. P.; Stallings, S. C.; Correll, C. C.; Dallas, A.; Steitz, T. A.;

Moore, P. B.Biophys. J.Part 11999, 76, 65-75.

Table 4. Terminal Nearest-Neighbor Parameters in kcal/mol at 37
°C for iG or iC Dangling Ends, and in Parenthesis for G or C
Dangling Ends

sequence (5′f3′) nearest neighbor ∆G37°a

iGCCGG 5′iGC3′ -0.6 (-0.2)
GGCCiG 5′CiG3′ -1.65 (-1.7)
CCGGiC 5′GiC3′ -0.6 (-0.4)
GCGCiC 5′CiC3′ -0.8 (-0.8)
CCAUGGiC 5′GiC3′ -0.7 (-0.4)

a Nearest-neighbor parameter was obtained as shown in the following
example:∆G37° (5′iGC3′/3′G5′) ) [∆G37°(iGCCGG)- ∆G37°(CCGG)]/
2. Values in parentheses are for G or C dangling ends.12 Unpaired
nucleotides are underlined.

Figure 2. 1D imino proton spectra for r(CiGCGiCG)2, r(iCGGCCiG)2,
and r(iGCCGGiC)2 at 0 °C. Note the resonances at ca. 10 ppm.

Scheme 1
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connectivities of (n)H1′/H5 to (n+1)H8/6 and (n)H2′ to
(n+1)H8/6 in the 2D NOESY spectra in D2O (Figure 5 and
Supporting Information) demonstrate a general A-form geometry
for r(CiGCGiCG)2. SmallJ-coupling constants ofJH1′-H2′ (<3
Hz) are observed for all the internal sugars in r(CiGCGiCG)2.

This is also consistent with A-form structure, which has
predominant C3′-endo sugar puckers.50,51

A total of 182 distance and 76 dihedral angle restraints
(Supporting Information) were used to model the structure of
r(CiGCGiCG)2. A stereoscopic view of the model without the
terminal pairs is shown in Figure 6, and the stacking patterns
are shown in Figure 7. The helical parameters, such as
X-displacement, according to the Cambridge convention52 are
reported as Supporting Information. The overall geometry for
r(CiGCGiCG)2 is closer to A-form than to B-form. This is clear
from the X-displacement values, which are on average-2.9
Å, closer to the A-form value of-4.1 Å than to the B-form
value of+0.8 Å.53,54

It is interesting to note that although the geometry of
r(CiGCGiCG)2 belongs to the A-form family, it has substantial
deviations. In addition to the variation in X-displacement, the
rise values are generally small, 2.5 Å, which is lower than the
standard A-form value of 2.9 Å. The average twist angle of
38° is larger than the standard A-form value of 31°. This is not
likely due to modeling, however, as similar results have been
observed previously. The duplex r(CGCGCG)2 has been studied
extensively50,51 and an NMR structural model at low salt was
determined recently.55 A crystal structure and NMR model of
its 2′-O-methyl derivative were also determined.55,56 These
structures are generally A-form, but also with substantial
deviations. The rmsd for all the common atoms of r(CiGCGiCG)2

and the crystal structure of 2′-O-methyl r(CGCGCG)256 are 1.56
and 1.03 Å with and without the terminal nucleotides, respec-
tively. Similarly, the rmsd for all of the common atoms of
r(CiGCGiCG)2 and the NMR model of r(CGCGCG)2

55 are 1.09
and 0.90 Å, respectively. All of these comparisons suggest that
substitution of iG-iC for G-C does not affect the global
structure very much.

Discussion

RNA plays an important role in cellular processes, including
regulation and catalysis.1,2,4,57-59 The interactions determining
RNA structures, however, are not completely understood.12-20

One test of current understanding is to compare theoretical
predictions to experimental observations of structure and
energetics. Here we provide an experimental benchmarksthe
energetic effects of transposing the amino and carbonyl groups
in G-C pairs to form iG-iC pairs. It has been hypothesized
that electrostatics are important for RNA stability and struc-
ture.60-62 Since iG-iC and G-C pairs are isosteric, they
presumably differ largely in electron density distribution. Thus,
the iG-iC pair is a good model to test electrostatic calculations.

(50) Westerink, H. P.; van der Marel, G. A.; van Boom, J. H.; Haasnoot,
C. A. G. Nucleic Acids Res.1984, 12, 4323-4338.

(51) Haasnoot, C. A. G.; Westerink, H. P.; van der Marel, G. A.; van
Boom, J. H.J. Biomol. Struct. Dyn.1984, 2, 345-360.

(52) Dickerson, R. E.Nucleic Acids Res.1989, 17, 1797-1803.
(53) Saenger, W.Principles of Nucleic Acid Structure; Springer-

Verlag: New York, 1984.
(54) Allain, F. H.-T.; Varani, G.J. Mol. Biol. 1995, 250, 333-353.
(55) Popenda, M.; Biala, E.; Milecki, J.; Adamiak, R. W.Nucleic Acids

Res.1997, 25, 4589-4598.
(56) Adamiak, D. A.; Milecki, J.; Popenda, M.; Adamiak, R. W.; Dauter,

Z.; Rypniewski, W. R.Nucleic Acids Res.1997, 25, 4599-4607.
(57) Lewin, B.GenesVI.; Oxford University Press: Oxford, 1997.
(58) Walter, P.; Blobel, G.Nature1982, 299, 11349-11354.
(59) Noller, H. F.; Hoffarth, V.; Zimniak, L.Science1992, 256, 1416-

1419.
(60) Wu, M.; Turner, D. H.Biochemistry1996, 35, 9677-9689.
(61) McDowell, J. A.; Turner D. H.Biochemistry1996, 35, 14077-

14089.
(62) McDowell, J. A.; He, L.; Chen, X.; Turner D. H.Biochemistry1997,

36, 8030-8038.

Figure 3. The water NOESY pulse scheme. Shaded rectangles
represent soft water 90° pulses. Dark bells represent pulsed field
gradients. Composite 90° pulse and pulsed field gradient are used in
combination to selectively attenuate water signal. Water flipback pulse
(-θ3) is optional. Phases (minimal):θ1 ) x, θ2 ) (x, -x), θ3 ) (x, y,
-x, -y), θ4 ) θ1 + θ2 + θ3, æ1 ) x, æ2 ) y. The pulse widths are
5000 and 6µs for the soft and hard 90° pulses, respectively. The length
of the pulsed field gradient is 2 ms. Gradient recovery time is 1 ms.

Figure 4. Portion of 400 ms NOESY spectrum of r(CiGCGiCG)2 in
H2O at 0°C. The D2-dimensional assignments are shown to the left.
Some important cross-peaks are labeled.

Figure 5. Portion of a 400 ms NOESY spectrum of r(CiGCGiCG)2 at
30 °C in D2O showing the H8/H6 to H1′/H5 region and the connec-
tivities.
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An understanding of the important interactions in RNA will
also provide insight into the important interactions in DNA and
other polymers with similar compositions. Such understanding
is important for designing self-assembling structures,8-11 and
for modeling structures from sequence,12,38,40NMR, and crystal-
lographic data.18,49,63,64

The thermodynamics of duplex formation (Table 1) indicate
that a duplex with iG-iC pairs is usually more stable than the
corresponding Watson-Crick duplex but that the degree of
difference in stability is sequence-dependent. This trend is also
reflected in the nearest-neighbor parameters of Table 2. Except
for 5′GiG3′/3′CiC5′, free energy increments for nearest neigh-
bors with at least one iG-iC pair are essentially equivalent or
more favorable than those for nearest neighbors with only G-C
pairs. One possible source for this increase of stability is the
strength of the hydrogen bonds in the iG-iC pair. Theoretical
calculations predict that an iG-iC pair is stronger than a G-C
pair.65 The sequence dependence of the thermodynamics,
however, indicates that hydrogen bonding is not the only
important factor. For example, each iG-iC substitution in
5′GC3′/3′CG5′ enhances duplex stability by 0.6 kcal/mol,
whereas single and double substitutions in 5′CG/3′GC5′ and
5′GG3′/3′CC5′ change stability bye0.2 kcal/mol (Table 2). This
suggests vertical electrostatic interactions are also important.
The larger sequence dependence observed with iG-iC pairs
compared to that with G-C pairs significantly increases the
range of free energies observed for nearest neighbors of base

pairs with three hydrogen bonds. When only G-C pairs are
used, the range is-2.4 to-3.4 kcal/mol, but when iG-iC pairs
are included, the range is-2.4 to-4.6 kcal/mol. Reproducing
these trends presents an interesting challenge for theoretical
calculations. NMR and simulated annealing indicate that A-form
RNA structures can be assumed in theoretical studies that
attempt to reproduce the sequence dependence of stability for
RNA containing iG-iC and G-C base pairs. Success in
connecting theory with experiment would further our under-
standing of the interactions that shape RNA and related
polymers.

Stacking Propensities of iG and iC Are Similar to those
of G and C. Some of the differences in stability of iG-iC versus
G-C nearest-neighbor parameters could come from differences
in stacking propensities of G and C compared to those of iG
and iC, respectively. To test for intrinsic differences in stacking
propensities, thermodynamic parameters were measured for
duplexes with unpaired iG or iC nucleotides as “dangling ends”
(Table 3). As shown in Table 4, the resulting nearest-neighbor
parameters for iG and iC dangling ends are similar to those
previously measured for G and C.12 Thus, the stacking propensi-
ties of iG and iC are close to those of G and C, respectively.
Interestingly, however, the largest differences are observed for
5′-iGC-3′ and 5′-GiC-3′ sequences, where the unpaired nucle-
otide is underlined. This correlates with iG-iC replacement
having the largest effect on the 5′-GC-3′/3′-CG-5′ nearest
neighbor and is consistent with the proposed importance of
vertical electrostatic interactions.

The Sign and Magnitude of the Terminal iG-iC Free
Energy Term Are Consistent with an Important Contribu-
tion from Hydrogen Bonds to the Free Energies of Duplex
Formation. Goldstein and Benight41 and Gray39 have pointed
out that a simple nearest-neighbor model allows extraction of a
maximum of 12 sequence-dependent parameters from data on
duplexes with only two different types of base pairs. In the
individual nearest-neighbor-hydrogen bonding (INN-HB) model,
one of these parameters, the terminal base pair parameter, is
attributed to half the difference in hydrogen bonding strength
between the two types of base pairs.40 This accounts for the
fact that a duplex with two terminal A-U pairs can have the
same nearest-neighbor composition as a duplex with two
terminal G-C pairs, while having one more AU and one less
G-C pair. In particular, results for duplexes containing only
G-C and A-U pairs provided an unfavorable free energy
increment of 0.45 kcal/mol at 37°C for each terminal A-U
pair; thus, the favorable free energy increment attributed to the
third hydrogen bond in a G-C pair has a magnitude of 2×
0.45) 0.9 kcal/mol.40 On the basis of this model, it is expected
that the free energy increment for having one more iG-iC pair
and one less G-C pair in a duplex with the same nearest
neighbors would be smaller in magnitude and probably of
opposite sign to that observed for A-U. The increment is
expected to be smaller because iG-iC pairs have the same

(63) Brunger, A.X-PLOR Version 3.1. System for X-ray Crystallography
and NMR;Yale University Press: New Haven, CT, 1992.

(64) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
Kollman, P. A.J. Am. Chem. Soc.1995, 117, 5179-5197.

(65) Leach, A. R.; Kollman, P. A.J. Am. Chem. Soc.1992, 114, 3675-
3683.

Figure 6. Stereoscopic view of the structural model for r(CiGCGiCG)2 without the terminal nucleotides.

Figure 7. Stacking patterns for the 5′GC3′/3′CG5′ (top) or 5′iGC3′/
3′iCG5′ (bottom), and 5′CG3′/3′GC5′ steps of r(CGCGCG)2 and
r(CiGCGiCG)2, respectively.
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number of hydrogen bonds as G-C pairs, whereas A-U pairs
have one less hydrogen bond. The increment is expected to be
of opposite sign because theoretical calculations predict the
hydrogen bonds in an iG-iC pair are stronger than those in a
G-C pair.65 Both expectations are met. The free energy
increment per terminal iG-iC pair is a favorable-0.19 kcal/
mol compared to the unfavorable 0.45 kcal/mol for each terminal
A-U pair.40 Thus the results support interpretations that
hydrogen bonds contribute to stabilities of Watson-Crick pairs25

and that this is the physical basis for the terminal base pair term
in the INN-HB model for predicting duplex stabilities.40

There May Be Thermodynamic Reasons for Selection
against iG-iC Pairs during Evolution. There are at least three
explanations that have been proposed to support the belief that
iG and iC were available for the early stages of evolution28 but
are not found in living organisms: (1) iG has another significant
tautomeric form,36 (2) deoxy-iC degrades fairly quickly into
deoxy-U,36 and (3) iG and iC cannot form the R-form triplex
that is required for repairing genetic material.66 Properties (1)
and (2) would significantly decrease the intrinsic fidelity in
replication of genetic information. There may also be thermo-
dynamic reasons for selection against iG-iC pairs. If iG-iC
replaced either A-U or G-C pairs, helix stability would
increase. This would make it more difficult to unwind a helix
for replication. Moreover, if iG-iC replaced G-C, then the
range of free energy parameters for helix propagation in RNA
at 37°C would expand from the current range of-0.9 to-3.4
kcal/mol40 to -0.9 to -4.6 kcal/mol. Thus, mutations might
have more dramatic effects on RNA folding with an A-U/iG-
iC code than with an A-U/G-C code, thereby limiting the
capacity of RNA to make small evolutionary excursions.

The iG-iC Pair Can Facilitate Design of Self-Organizing
Structures. Nucleic acids and similar polymers are being used
to design self-organizing structure.8-11 As these structures get
larger, the possibilities for alternative foldings increase,67 thus
complicating design. Due to kinetic trapping, alternative foldings
can also impose strict requirements on conditions for self-
assembly.68 Such effects can be observed in sequences contain-
ing as few as 16 nucleotides.69 Expanding the nucleic acid
alphabet can reduce the number of possible folds and thus
simplify design of a sequence to produce a unique fold. The
results presented here show that the iG-iC pair will be useful
for such applications because it fits well into the same helix as
G-C and A-U pairs, and its contributions to the energetics of
folding are well approximated by a nearest-neighbor model.

Experimental Section

Synthesis of Phosphoramidites of iG and iC.Protected isogua-
nosine (iG) was synthesized as described previously.44b The substrate
for isocytidine synthesis was uridine which was first converted to 2,5′-
anhydrouridine and then treated with ammonia-saturated methanol to
obtain isocytidine.70 The 2-amino group of the isocytidine was protected
with dimethylchloromethyleneammonium chloride47,71 followed by
protection of the 5′-hydroxyl with dimethoxytrityl chloride. At this
stage, the overall yield was 46%. After treatment of the 5′-O-
dimethoxytrityl-2-N-dimethylaminoethylideneamino-isocytidine with
tert-butyldimethylsilyl chloride in the presence of imidazole, the 2′-

silylated isomer of the protected isocytidine was obtained in 55% yield.
This last derivative was transformed into the 3′-phosphoramidite with
88% yield.72

Base Composition Analysis.Oligonucleotide base composition was
confirmed for r(iCGGCCiG)2 and r(iGCCGGiC)2 by enzymatic diges-
tion of 0.4A260 unit of sample. Stock MgSO4 and ZnCl2 solutions were
added so that the final concentration of each was 1 mM. After addition
of 10 units of nuclease P1 (Boehringer Mannheim) to 0.3 mL of sample,
the mixture was incubated at 65°C for 24 h. After this, 40 units of
calf intestine phosphatase (Boehringer Mannheim) was added and the
reaction mixture was incubated at 37°C for 12 h. To check for
completion, 1 unit of nuclease P1 and 4 units of calf intestine
phosphatase were added, and the total reaction mixture was incubated
at 37 °C for another 6 h. No further increase of absorbance was
observed. The digestion mixture was injected into a C-18 reverse-phase
column (Supercosil) using 50% acetonitrile as mobile phase. Both
oligonucleotides had the compositions expected.

Determination of Extinction Coefficients for iG, iC Containing
Duplexes.The extinction coefficient was measured by a microdeter-
mination method of phosphorus.73 Reagent C was prepared freshly daily
from 3 volumes of 2 N sulfuric acid, 1 volume of 2.5% (w/w) sodium
molybdate, and 1 volume of 10% (w/w) ascorbic acid. The 10% (w/
w) ascorbic acid solution can be kept for several weeks in the dark.
Distilled water was mixed with a completely digested reaction mixture
of the type used for analysis of base composition to give a final volume
of 1.5 mL. Then 1.5 mL of reagent C was added to the solution in a
15 mL test tube followed by incubation at 37°C for 1.5-2 h. After
cooling to room temperature, absorbance at 830 nm was measured.
Each 0.1µmol of phosphorus gives an absorbance at 830 nm of 0.8
for a 3 mLsolution in a 1 cmcell. The measured extinction coefficients
at 280 nm for iCGGCCiG and iCCAUGiG are 33 200 and 31 500 M-1

cm-1, respectively. The calculated values according to the nearest-
neighbor model74,75 are 33 340 and 30 620 M-1 cm-1, respectively,
assuming that iG and iC are equal to G and C, respectively. This is
within experimental error of the measured extinction coefficients.
Therefore, the extinction coefficients for iG, iC containing duplexes
studied here were calculated by assuming iG and iC are equal to G
and C, respectively.

Thermodynamic Measurements.Optical melting curves at 280 nm
were measured on a Gilford 250 spectrometer with a heating rate of 1
°C min-1. The buffer system was 1.0 M NaCl, 20 mM sodium
cacodylate, and 0.5 mM Na2EDTA at pH 7.0. Thermodynamic
parameters for duplex formation were calculated by two methods: (1)
by fitting the shape of each melting curve to a two state model43 and
(2) by plotting the reciprocal of the melting temperature,TM

-1, versus
ln(CT),38a whereTM is the melting temperature in kelvins andCT is the
total strand concentration.

Note that the free energy analysis is relatively insensitive to extinction
coefficient errors. A 10% difference in the extinction coefficient results
in only a difference ofRT ln(1.1) in∆G°, which is equal to about 0.06
kcal/mol at 37°C.

Extraction of Nearest-Neighbor Parameters.The thermodynamic
properties for formation of an RNA duplex can be approximated by a
nearest-neighbor model.38,40It is assumed in the nearest-neighbor model
that the contribution of a given base pair to the thermodynamic
properties of an RNA duplex depends on the identity of two directly
adjacent neighbors and has a linear dependence on the occurrence of
these nearest neighbors. For example, in the individual nearest-neighbor-
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1/TM ) (R/∆H°) ln(CT) + ∆S°/∆H° (1)
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hydrogen bonding (INN-HB) model when only G-C and iG-iC pairs
are considered, the free energy for RNA duplex formation can be
approximated by:40

Here∆G°init is the initiation free energy,∆Gsym at 37°C is 0.43 and 0
kcal/mol for self- and nonself-complementary sequences, respectively,
∆G°term-iG-iC is the free energy term for each terminal pair that is an
iG-iC pair,m is the number of terminal iG-iC pairs,nj is the number
of jth nearest neighbors, and∆G°j (NN) is the free energy for thejth
nearest neighbor.

The linear regression was done with the program MATHEMATICA
version 3.0, assuming standard errors of 4, 12, and 13.5% for∆G°37,
∆H°, and∆S°, respectively. The goodness-of-fit is revealed by theQ
values. A value larger than 0.001 is generally considered acceptable.42

NMR Spectroscopy.The NMR buffer system was 80 mM NaCl,
10 mM sodium phosphate, and 0.5 mM Na2EDTA at pH 7.0. Sample
preparation, data collection, and processing were the same as those
described previously.44b Proton chemical shifts were referenced to the
internal EDTA. The one-dimensional exchangeable proton spectra were
acquired with a binomial 1:3:3:1 pulse sequence76 for H2O peak
suppression with a 12 000 Hz sweep width. Pulse delays were calculated
to achieve a signal-to-noise maximum at 12 ppm, which is in the imino
proton resonance region. One-dimensional NOE experiments were
performed by irradiation for 2 s at lowpower.

Structural Modeling. Distance and dihedral angle restraints were
generated as described previously.44b Hydrogen bonds for iG-iC pairs
were restrained as: 2.81-3.01 for iGO2 to iCN2, 2.85-3.05 for iGN1
to iCN3 and 2.76-2.96 for iGN6 to iCO4.44b,77,78A total of 182 distance
and 76 dihedral restraints were used, and 40 structures were generated

and converged very well. Structural modeling was accomplished by
restrained molecular dynamics and energy minimization with the force
field AMBER95.64 The atom potential types for iG and iC were assigned
following the potential type definitions in Cornell et al.64 To accom-
modate the unusual bases iG and iC, some new molecular mechanical
parameters were added. The values for these parameters were obtained
by comparing with similar, known parameters (templates) in the original
AMBER95 force field.64 A table of all of the additional parameters is
supplied as Supporting Information. The partial charges for atoms in
bases of iG and iC nucleotides were obtained from G and C,
respectively, by flipping the charges of the amino and carbonyl groups
as well as the carbons to which they attach in the six-membered rings.
Modeling was also carried out without partial charges for the bases of
iG and iC nucleotides. The structural model was the same with and
without partial charges for the bases of iG and iC, suggesting the model
was determined by factors other than the partial charges. Coordinates
for the final model are available from the Protein Data Bank.79
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bonding (INN-HB) model, one table of chemical shifts for
r(CiGCGiCG)2, one table of distance restraints, one table of
dihedral restraints, one table of molecular dynamics parameters,
two tables of helical parameters for r(CiGCGiCG)2, two tables
containing thermodynamic parameters derived from fitting
shapes of melting curves, eight 1/TM versus ln(CT) plots for
RNA duplexes, one plot of the drawing of G-C and iG-iC
pairs with the atom potential types, and one plot of 2D D2O
NOESY for r(CiGCGiCG)2 showing the (n)H2′ to (n+1)H8/6
connectivity (PDF). This material is available free of charge
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∆G° ) ∆G°init + ∆Gsym + m∆G°term-iG-iC + ∑
j

nj∆G°j (NN) (2)
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