
Published online 26 October 2018 Nucleic Acids Research, 2018, Vol. 46, No. 22 12099–12108
doi: 10.1093/nar/gky907

Stability of RNA duplexes containing inosine·cytosine
pairs
Daniel J. Wright, Christopher R. Force and Brent M. Znosko*

Department of Chemistry, Saint Louis University, St. Louis, MO 63103, USA

Received June 06, 2018; Revised August 30, 2018; Editorial Decision September 23, 2018; Accepted October 22, 2018

ABSTRACT

Inosine is found naturally in the anticodon loop of
tRNA, is a product of adenosine deaminases that act
on RNA, and can be used in oligonucleotide probes
or to investigate the role of the exocyclic amino
group of guanosine. Although the thermodynamics
of I·U pairs in RNA have been systematically studied
[Wright, D. J., Rice, J. L., Yanker, D. M., and Znosko,
B. M. (2007) Biochemistry 46, 4625–4634], the ther-
modynamics of I·C pairs in RNA have not. Here, we
have performed optical melting experiments on a se-
ries of RNA duplexes containing I·C pairs and com-
pared their thermodynamics to the same duplexes
containing A·C and G–C pairs. Nearest neighbor pa-
rameters for single I·C pairs adjacent to Watson-Crick
pairs were derived. The derived nearest neighbor pa-
rameters are compared to those previously predicted
blindly through a reweighting of energy-function col-
lection with conformational ensemble sampling in
Rosetta [Chou, F.-C., Kladwang, W., Kappel, K., and
Das, R. (2016) Proc. Natl. Acad. Sci. U.S.A. 113, 8430–
8435]. Scientists can use these nearest neighbor pa-
rameters to calculate the stability of ADAR products
and to calculate the stability of an RNA duplex in
which G-to-I substitution was used to determine the
role of the exocyclic amino group of G.

INTRODUCTION

Inosine (I) is a purine nucleoside consisting of the nucle-
obase hypoxanthine. Because the structure of inosine is the
same as guanosine but without the exocyclic amino group
(Figure 1), it tends to behave as guanosine (1,2). Inosine
serves a variety of functions in the cell and in the research
laboratory.

Inosine occurs naturally in the anticodon loop of some
tRNAs. It is usually found in the wobble position of the
anticodon loop and can pair with A, C or U in the codon
mRNA (1,3). It has also been found in the middle position
of the anticodon loop where it pairs with A in the codon
mRNA (2).

Adenosine-to-inosine editing is considered to be the pre-
dominant form of RNA editing in mammals (4–6). A-to-I
editing has been found in the tRNA of prokaryotes and eu-
karyotes (7) and in the mRNA of mammalian brains (8).
While many of these editing sites are found in the cod-
ing regions of gene transcripts, the vast majority of these
modifications are in non-coding sequences such as 5′ un-
translated regions (UTRs), 3′UTRs, and introns (4). This
editing serves to increase proteomic and phenotypic di-
versity (9). The conversion of A-to-I results in the par-
tial unwinding of dsRNA (10) and may be responsible for
creating alternative splice sites. Two enzyme families are
mainly responsible for these changes, adenosine deaminases
that act on RNA (ADARs) and adenosine deaminases that
act on tRNA (ADATs) (11). A-to-I editing has also been
shown to occur in some fungi independent of ADAR en-
zymes (6). The overexpression/downregulation of ADAR
enzymes and A-to-I editing has been implicated in hu-
man diseases such as cancer, amyotrophic lateral sclerosis
(ALS) and Aicardi-Goutières syndrome (12,13).

ADAR enzymes can deaminate A resulting in the conver-
sion of A-to-I within regions of double-stranded RNA and
the creation of I·U pairs. Importantly, when an ADAR en-
zyme encounters an RNA substrate with an A·C pair, it can
convert the A to an I more efficiently than an A within an
A–U pair (10,11), resulting in an I·C pair. It is hypothesized
that the I and C residues shift slightly from the original A·C
conformation in order to form two hydrogen bonds, result-
ing in a more stable conformation than the original A·C pair
with one hydrogen bond (Figure 1).

Scientists have found uses for inosine in vitro and in
vivo. Because of its promiscuity, inosine can be used in an
oligonucleotide probe when the exact sequence of the nu-
cleic acid target is unknown (1). Probes containing deoxyi-
nosine have been used to screen high complexity genomic
DNA and cDNA libraries (3,14). Similarly, degenerate hy-
bridization probes containing inosine have been used to de-
termine mRNA sequence, and degenerate primers contain-
ing inosine have been used for the amplification of ambigu-
ous sequences using degenerate PCR (15).

Scientists also intentionally incorporate non-standard
nucleotides such as inosine into RNA molecules to investi-
gate the contribution of individual functional groups. Due
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Figure 1. Likely hydrogen bond conformation of an A·C pair (left), I·C pair (center) and Watson–Crick G–C pair (right).

to its structural similarity to guanosine, inosine is a good
probe for structure-specific minor groove interactions be-
tween G amino groups in RNA duplex regions and pro-
teins (16). For example, an investigation of chaperones in
RNA folding determined that some chaperones weaken
intermolecular interactions involving G to achieve rapid,
proper folding of the RNA. Substituting I in place of G in
those RNAs negated the need for a chaperone to achieve
rapid folding (17). Also, inosine is reported to have an ox-
idation potential around 200 mV higher than G (18,19).
Therefore, G-to-I replacement has been used as a control
experiment to study the dynamics of electron transport in
DNA (18–20).

Knowledge of the thermodynamics of inosine pairing
with A, C or U in RNA would be beneficial when com-
paring the stability of ADAR substrates to products, when
designing probes containing inosine, and when intention-
ally replacing guanosine with inosine to study structure-
function relationships. The thermodynamics of a set of de-
oxynucleotide duplexes containing deoxyinosine opposite
the four standard DNA bases have been reported (1,3), and
a comprehensive set of deoxyinosine nearest neighbor pa-
rameters have been derived (15).

Despite the widespread use of inosine and the extensive
thermodynamic data for deoxyinosine, there have been rela-
tively few thermodynamic studies with RNA containing in-
osine. The thermodynamics of I·U pairs have been system-
atically studied (21,22). Changing an A–U pair in the center
of a Watson-Crick helix to an I·U pair destabilizes the du-
plex by an average of 2.3 kcal/mol. Interestingly, changing
an A–U pair at the end of a Watson-Crick helix to an I·U
pair has the opposite effect, stabilizing the duplex by an av-
erage of 0.8 kcal/mol (21).

Although the thermodynamics of I·U pairs in RNA have
been systematically studied, the thermodynamics of I·C
pairs in RNA have not. Base pairing between I and C is
possible by forming two hydrogen bonds as in A–U pairs
instead of the three that occur in G–C base pairs (Figure 1).
This was confirmed in a crystal structure of the ribosomal
decoding center (23). The structure shows that an I·C pair is
the same as a canonical G–C base pair except for the miss-
ing N2–O2 hydrogen bond. Substitution of a G–C base pair
with I·C has been found to influence the thermal stability
of DNA in a highly sequence dependent manner (1,18,24).
A complete characterization of the thermodynamics of an

I·C pair within an RNA oligonucleotide requires the mea-
surement of a large number of sequences to generate a com-
plete set of nearest neighbor parameters. Here, we have per-
formed optical melting experiments on a series of RNA du-
plexes containing I·C pairs, compared the resulting thermo-
dynamics to the same duplexes containing A·C and G–C
pairs, and derived nearest neighbor parameters for single
I·C pairs adjacent to Watson-Crick pairs.

MATERIALS AND METHODS

Design of sequences

Duplexes containing internal I·C pairs were designed to
have melting temperatures at approximately 50◦C and to
have minimal formation of hairpin structures or misaligned
duplexes. Terminal G–C pairs were chosen to prevent end
fraying during melting experiments. Duplexes were de-
signed to contain all possible combinations of Watson-
Crick base pairs adjacent to the I·C pair. The I·C pair was
placed directly in the center of the duplex in 15 of the du-
plexes. Duplexes containing a single I·C pair in the terminal
position were also utilized, including four duplexes with a
3′ terminal I·C pair and four duplexes with a 5′ terminal I·C
pair. In addition, four duplexes containing tandem I·C pairs
were designed and optically melted.

RNA synthesis and purification

All oligonucleotides containing internal inosine nucleotides
were synthesized at the University of Rochester (Rochester,
NY, USA) on an Applied Biosystems 392 DNA/RNA syn-
thesizer or obtained from the Keck Lab at Yale Univer-
sity (New Haven, CT, USA). All oligonucleotides contain-
ing only standard nucleotides were obtained from Inte-
grated DNA Technologies (Coralville, IA, USA). Purifica-
tion of oligonucleotides followed standard procedures in-
cluding Waters Sep-Pak C18 chromatography and prepara-
tive thin-layer chromatography (21).

Concentration calculations and duplex formation

The total concentration of each single strand was cal-
culated from the absorbance at 260 nm at 80◦C and
the extinction coefficient using the Beer-Lambert law.
Samples were diluted so that the absorbance was be-
tween 0.2 and 2.25. The absorbance was measured at
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80◦C to disrupt any single-strand folding. Extinction
coefficients of the single strands were calculated from
the molar extinction coefficient of each base at 260 nm
and pairwise values for each nearest neighbor com-
bination at 260 nm. Values for standard bases were
obtained from Integrated DNA Technologies (http://www.
idtdna.com/support/technical/TechnicalBulletinPDF/
Oligonucleotide Yield Resuspension and Storage.pdf),
and values for inosine were obtained from Pro-
ligo (http://www.proligo.com/pro primprobes/PP 08-
8 UVAbsorbance.html). Individual single strand con-
centrations were used to mix equal molar amounts of
non-self-complementary strands to form a duplex contain-
ing an I·C pair.

Optical melting experiments

Newly formed duplexes were lyophilized and redissolved
in 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM
Na2EDTA, pH 7.0. A melt scheme was designed that con-
sisted of a dilution series resulting in a minimum of nine
samples to allow for a concentration range typically >50-
fold. Using a heating rate of 1◦C/min on a Beckman–
Coulter DU800 spectrophotometer with a Beckman–
Coulter high performance temperature controller, curves of
absorbance at 260 nm versus temperature were obtained.

Determination of thermodynamic parameters for duplexes

MeltWin (25) was used to fit melting curves to a two-state
model, assuming linear sloping baselines and temperature-
independent �H◦ and �S◦ values (26,27). Additionally, TM
values at different concentrations were used to calculate
thermodynamic parameters according to Borer et al. (28):

TM
−1 = (2.303R/�H◦)log (CT/4) + (�S◦/�H◦) (1)

The Gibb’s free energy change at 37◦C was calculated as:

�G◦
37 = �H◦ − (310.15 K) �S◦ (2)

MeltWin (25) requires the sequence of the duplex in or-
der to calculate the concentration of the duplex from the
high temperature absorbance and extinction coefficients.
MeltWin does not recognize inosine. Previous work with
inosine showed that if inosine is substituted with cytidine
within the MeltWin software, thermodynamics differed by
<1% from manually calculating the inosine extinction co-
efficient (21); therefore, for simplicity, the molar extinc-
tion coefficient for cytidine was used for inosine within the
MeltWin software.

Determination of the contribution of I·C pairs to duplex ther-
modynamics

The total free energy change for duplex formation can be
approximated by a nearest neighbor model (29) that is the
sum of energy increments for helix initiation and nearest
neighbor interactions between each of the bases. For exam-

ple, for terminal I·C pairs,
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where �G◦
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was obtained by optical melting,

�G◦
37,i is the free energy change for duplex initiation, 4.09

kcal/mol, �G◦
37, terminal IC is a correction factor for a ter-

minal I·C base pair, and the remaining variables are near-
est neighbor values for every nearest neighbor combination
present (29). Rearranging to isolate the unknowns, a termi-

nal I·C base pair to duplex thermodynamics, �G◦
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)
in this example, and the terminal I·C base pair correction
factor:
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This calculation was repeated for every duplex with a ter-
minal I·C pair.

Similarly, for internal I·C pairs,
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, were unknown values that had to be deter-

mined experimentally. Rearranging this equation to isolate
the unknowns gives the following:
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http://www.proligo.com/pro_primprobes/PP_08-8_UVAbsorbance.html
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Substituting in known values for the standard nearest
neighbor parameters:

�G◦
37

(
AI
UC

)
+ �G◦

37

(
IG
CC

)
= −11.42 − 4.09 − (−3.42)

−(−2.11) − ( − 3.26) − (−3.42)kcal/mol

(9)

�G◦
37

(
AI
UC

)
+ �G◦

37

(
IG
CC

)
= −3.30 kcal/mol (10)

This calculation was performed for all duplexes contain-
ing internal I·C pairs.

In order to determine free energy contributions for the
nearest neighbor parameters containing I·C pairs, Excel’s
LINEST function (a complete linear least squares curve fit-
ting routine) was used to determine linearly independent
I·C nearest neighbor values. One tandem duplex melted in
a non-two-state manner. The other three tandem duplexes
did not contain enough instances of each of the tandem
nearest neighbors to result in meaningful parameters and
were therefore excluded from analysis. Therefore, to derive
nearest neighbor parameters for I·C pairs, we included data
from 15 duplexes containing single internal I·C pairs, eight
duplexes containing single terminal I·C pairs, and two du-
plexes from the literature each containing a terminal I·C
pair on both ends of the duplex (30).

RESULTS

Thermodynamic parameters

Table 1 lists the thermodynamics of 29 duplexes. Of these, 23
duplexes contain a single I·C pair (four contain a 3′ terminal
I·C pair, four contain a 5′ terminal I·C pair, and 15 contain
an internal I·C pair). An additional four duplexes contain
tandem internal I·C base pairs. Data for these 27 duplexes
were combined with data for two additional duplexes from
the literature, each containing a terminal I·C pair on both
ends of the duplex (30). Table 1 shows the �H◦, �S◦ and
�G◦

37 values from the TM
−1 versus log CT plots and from

the average of curve fits for all duplexes.

It was immediately obvious that the duplex
(

GGCCIGCC
CCGICCGG

)
melted in a non-two-state manner, with �H◦ values from
the average of curve fits and the log CT plots differing by
>15%. All other melts appeared to be two-state.

Thermodynamic comparison to duplexes containing A·C and
G–C pairs

ADAR enzymes act on substrates containing A·C pairs and
convert them to products containing I·C pairs (11); there-
fore, we have used nearest neighbor parameters (29,31–35)
to calculate the �G◦

37 values for each duplex studied here
containing an A·C pair(s) instead of an I·C pair(s) (Table 2).
This allows us to compare the stability of substrate to prod-
uct for an ADAR-mediated deamination. On average, du-
plexes containing an internal I·C pair are more stable than
duplexes containing an internal A·C pair by 4.1 kcal/mol.
Also, duplexes containing a terminal I·C pair are more sta-
ble than duplexes containing a terminal A·C pair by an av-
erage of 0.8 kcal/mol. We also note that I·C pairs are isos-

teric with G–C pairs (Figure 1), and G-to-I substitution is
used to investigate the role of the exocyclic amino group
of guanosine. Therefore, we have also used nearest neigh-
bor parameters (29) to calculate the �G◦

37 value for each
duplex studied here containing a G–C pair instead of an
I·C pair (Table 2). Duplexes containing an internal G–C
pair are more stable than duplexes containing an internal
I·C pair by an average of 2.0 kcal/mol. Similarly, duplexes
containing a terminal G–C pair are more stable than du-
plexes containing a terminal I·C pair by an average of 0.8
kcal/mol. On average, duplexes with tandem I·C pairs were
found to be 5.7 kcal/mol (or 2.8 kcal/mol per substitution)
more stable than similar duplexes with tandem A·C pairs
and 4.0 kcal/mol (or 2.0 kcal/mol per substitution) less sta-
ble than similar duplexes with tandem G–C pairs. Compa-
rable calculations for entropy and enthalpy are available in
Supplementary Tables S1 and S2.

Contribution of I·C nearest neighbors to duplex thermody-
namics

The contribution of I·C nearest neighbors to duplex stabil-
ity is defined in Equations (4)–(10). The contribution of I·C
nearest neighbors to duplex �G◦

37, �H◦ and �S◦ is shown
in Supplementary Table S3. The I·C nearest neighbor com-
binations in every duplex in this study had a stabilizing ef-
fect on duplex thermodynamics. This was true for single in-
ternal I·C pairs, terminal I·C pairs, and tandem I·C pairs
(Supplementary Table S3).

I·C nearest neighbor parameters

A linear regression analysis was completed on the data re-
sulting in the derivation of thermodynamic parameters for
all possible combinations of Watson-Crick nearest neigh-
bors containing I·C pairs (Table 3). All I·C/Watson–Crick
nearest neighbor combinations contribute negative �G◦

37,
negative �H◦, and negative �S◦ to duplex thermody-
namics. A terminal I·C pair was shown to contribute a
slightly negative �G◦

37 (–0.08 kcal/mol), positive �H◦ (2.0
kcal/mol), and positive �S◦ (6.5 eu) to duplex thermody-
namics. Tandem I·C nearest neighbor parameters were not
derived from this dataset due to the limited number of oc-
currences for each possible tandem parameter. Previously
published Watson–Crick nearest neighbor parameters (29)
as well as the derived I·C nearest neighbor parameters were
used to predict the thermodynamics of each duplex mea-
sured in this study (Table 1). The average deviation between
measured and predicted values was calculated using the
data from the van’t Hoff plot (or from the average of curve
fit data if the van’t Hoff data was unavailable). The average
deviations between the predicted values and the measured
values for all duplexes were 4.6%, 6.2%, 6.6% and 2.0◦C
for �G◦

37, �H◦, �S◦ and TM, respectively. These values
are comparable to previously published values for deoxyi-
nosine (3.5%, 4.8%, 5.0% and 1.2◦C, respectively) (15), I·U
(5.1%, 4.6%, 5.1% and 2.8◦C, respectively) (21), and RNA
Watson–Crick (3.2%, 6.0%, 6.8% and 1.3◦C, respectively)
(29) nearest neighbor parameters.

The average deviation between the predicted free energies
and the measured free energies for all duplexes was 0.46
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Table 1. Thermodynamic parameters of duplex formation

TM
-1 versus log CT plots Average of curve fits Predictede

Duplexa –�H◦ –�S◦ –�G◦
37 TM

b –�H◦ –�S◦ –�G◦
37 TM

b –�H◦ –�S◦ –�G◦
37 TM

b

(kcal/mol) (eu) (kcal/mol) (◦C) (kcal/mol) (eu) (kcal/mol) (◦C) (kcal/mol) (eu) (kcal/mol) (◦C)

Internal
GCAICGC 77.5 ± 8.3 215.4 ± 25.5 10.75 ± 0.45 54.8 74.8 ± 7.0 206.7 ± 21.5 10.69 ± 0.40 55.3 72.1 197.9 10.68 56.0
CGUCGCG

GCAIGGC 72.9 ± 9.8 198.1 ± 29.6 11.42 ± 0.69 59.3 72.4 ± 7.0 196.7 ± 21.8 11.40 ± 0.41 59.4 78.7 215.2 11.92 59.7
CGUCCCG

GCAIUGC 66.0 ± 3.0 184.8 ± 9.4 8.71 ± 0.08 47.6 71.7 ± 5.2 202.5 ± 16.0 8.88 ± 0.26 47.5 68.9 191.3 9.56 51.2
CGUCACG

GCCIAGC 76.6 ± 8.1 211.3 ± 25.0 11.10 ± 0.45 56.6 72.8 ± 3.5 199.5 ± 10.7 10.92 ± 0.25 56.9 78.1 215.9 11.13 56.4
CGGCUCG

GCCICGC 75.4 ± 10.9 202.1 ± 32.5 12.75 ± 0.91 64.9 75.2 ± 5.0 201.4 ± 15.7 12.72 ± 0.20 64.8 73.6 198.0 12.12 62.7
CGGCGCG

GCCIGGC 85.6 ± 9.1 230.6 ± 27.2 14.11 ± 0.73 67.1 85.3 ± 6.6 229.4 ± 19.4 14.12 ± 0.58 67.3 80.2 215.3 13.36 65.9
CGGCCCG

GCCIUGC 76.4 ± 6.3 210.6 ± 19.4 11.11 ± 0.33 56.7 72.5 ± 3.4 198.5 ± 9.9 10.94 ± 0.30 57.1 70.4 191.4 11.00 58.1
CGGCACG

GCGIAGC 75.4 ± 5.3 207.2 ± 16.4 11.12 ± 0.26 57.1 76.1 ± 6.7 209.4 ± 20.8 11.13 ± 0.34 57.0 79.4 220.8 10.99 55.4
CGCCUCG

GCGICGC 68.6 ± 8.7 184.3 ± 26.2 11.40 ± 0.63 60.7 69.6 ± 6.9 187.3 ± 20.4 11.48 ± 0.62 60.7 74.9 202.9 11.98 61.4
CGCCGCG

GCGIGGC 83.9 ± 5.9 226.2 ± 17.6 13.75 ± 0.48 66.2 83.5 ± 10.7 224.8 ± 31.5 13.75 ± 0.92 66.4 81.5 220.2 13.22 64.7
CGCCCCG

GCGIUGC 72.2 ± 4.1 198.3 ± 12.6 10.65 ± 0.23 55.8 72.1 ± 5.5 198.1 ± 16.5 10.66 ± 0.39 55.8 71.7 196.3 10.86 56.9
CGCCACG

GCUIAGC 81.7 ± 5.1 234.5 ± 16.1 8.97 ± 0.15 46.5 82.4 ± 10.1 236.4 ± 31.8 9.05 ± 0.28 46.8 74.2 210.2 9.05 47.9
CGACUCG

GCUICGC 71.7 ± 2.0 196.4 ± 6.1 10.81 ± 0.09 56.7 69.3 ± 1.3 189.0 ± 3.8 10.70 ± 0.09 56.9 69.7 192.3 10.04 53.5
CGACGCG

GCUIGGC 75.5 ± 1.4 206.9 ± 4.2 11.33 ± 0.08 58.1 72.3 ± 6.6 197.0 ± 19.9 11.20 ± 0.43 58.4 76.3 209.7 11.28 57.5
CGACCCG

GCUIUGC 56.6 ± 13.2 156.4 ± 42.0 8.11 ± 0.91 45.9 57.2 ± 7.6 158.0 ± 24.1 8.17 ± 0.34 46.2 66.5 185.8 8.92 48.5
CGACACG

Terminalf

GCGCAI 62.6 ± 3.4 169.2 ± 10.6 10.14 ± 0.17 56.0 60.3 ± 4.7 162.0 ± 14.2 10.05 ± 0.29 56.2 59.5 163.1 8.87 49.7
CGCGUC

GCGCCI 62.2 ± 3.7 167.2 ± 11.3 10.34 ± 0.20 57.2 61.1 ± 4.1 163.7 ± 12.1 10.31 ± 0.32 57.5 61.0 163.2 10.31 57.7
CGCGGC

GCGCGI 69.9 ± 6.4 192.3 ± 19.8 10.28 ± 0.31 54.6 68.3 ± 2.5 187.1 ± 7.6 10.24 ± 0.22 54.8 62.3 168.1 10.17 56.3
CGCGCC

GCGCUI 58.3 ± 6.3 161.4 ± 19.8 8.28 ± 0.27 46.6 58.2 ± 5.3 161.1 ± 16.6 8.24 ± 0.29 46.4 57.1 157.6 8.23 46.6
CGCGAC

IAGCGC 58.7 ± 8.7 162.2 ± 27.1 8.42 ± 0.49 47.3 56.9 ± 8.4 156.4 ± 26.5 8.40 ± 0.31 47.6 60.7 168.3 8.45 47.2
CUCGCG

ICGCGC 48.2 ± 8.9 126.2 ± 26.8 9.10 ± 0.89 54.4 46.6 ± 8.4 120.7 ± 25.4 9.14 ± 0.76 55.4 56.1 150.4 9.44 54.2
CGCGCG

IGGCGC 61.5 ± 12.3 166.5 ± 37.3 9.82 ± 0.92 54.5 61.5 ± 4.8 166.7 ± 15.4 9.82 ± 0.32 54.5 62.7 167.8 10.68 59.0
CCCGCG

IUGCGC 59.2 ± 2.9 158.5 ± 8.9 10.07 ± 0.16 56.7 59.7 ± 3.3 159.9 ± 10.0 10.10 ± 0.23 56.7 53.0 143.9 8.32 47.9
CACGCG

ICCGGCc N.A. N.A. N.A. N.A. 53.6 146.9 8.03 51.3 51.2 138.4 8.30 47.9
CGGCCI

CGGCCIc N.A. N.A. N.A. N.A. 53.0 143.2 8.55 54.8 59.6 162.2 9.30 52.1
ICCGGC
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Table 1. Continued

TM
-1 versus log CT plots Average of curve fits Predictede

Duplexa –�H◦ –�S◦ –�G◦
37 TM

b –�H◦ –�S◦ –�G◦
37 TM

b –�H◦ –�S◦ –�G◦
37 TM

b

(kcal/mol) (eu) (kcal/mol) (◦C) (kcal/mol) (eu) (kcal/mol) (◦C) (kcal/mol) (eu) (kcal/mol) (◦C)

Tandemg

GUCCIGAC 77.5 ± 1.9 220.8 ± 6.0 9.02 ± 0.07 51.0 72.6 ± 4.3 205.3 ± 13.5 8.89 ± 0.17 51.4 N.P. N.P. N.P. N.P.
CAGICCUG

GGCICGCC 84.9 ± 3.6 232.0 ± 10.6 12.91 ± 0.29 65.9 85.8 ± 4.2 234.8 ± 12.5 13.00 ± 0.35 65.9 N.P. N.P. N.P. N.P.
CCGCICGG

GGCCIGCCd 94.7 ± 3.2 260.5 ± 9.6 13.96 ± 0.26 66.7 72.7 ± 4.2 194.9 ± 12.8 12.21 ± 0.36 67.7 N.P. N.P. N.P. N.P.
CCGICCGG

GGCIIGGC 90.7 ± 7.2 244.6 ± 21.3 14.82 ± 0.58 68.2 85.5 ± 4.5 229.0 ± 13.4 14.44 ± 0.42 68.6 N.P. N.P. N.P. N.P.
CCGCCCCG

aSolutions are 1 M NaCl, 20 mM sodium cacodylate, 0.5 mM Na2EDTA, pH 7.0. The top strand of each duplex is written 5′ to 3′, and the bottom strand is written 3′ to 5′.
bCalculated for 10–4 M oligonucleotide concentration.
cRef (30).
dThe duplex appears to melt in a non-two-state manner.
ePredicted thermodynamic parameters based on a linear regression model using experimental data.
fN.A. indicates the data is not available.
gN.P. indicates no available parameters.

kcal/mol, illustrating the goodness-of-fit for the derived
model. In order to test the predictive power of the model,
a leave-one-out cross-validation was performed. Here, one
data point was selected as the test set, and the thermody-
namic model was built with LINEST using all of the re-
maining data points. The resulting model was used to pre-
dict the free energy of the data point that was held out.
This procedure was repeated for each data point, resulting
in an average deviation of 0.75 kcal/mol, illustrating how
the model might work in a predictive context.

DISCUSSION

Thermodynamic comparison of duplexes containing I·C pairs
to duplexes containing A·C and G–C pairs

Comparison of the thermodynamics of duplexes containing
A·C pairs to duplexes containing I·C pairs allows for the
comparison of the stability of ADAR substrates to prod-
ucts. Similarly, the comparison of the thermodynamics of
duplexes containing G–C pairs to duplexes containing I·C
pairs allows for the comparison of duplex stability before
and after intentional incorporation of the non-standard nu-
cleotide inosine as a probe for the role of the exocyclic
amino group of G. It can be assumed that an A·C, I·C, and
G–C pair in these short oligonucleotides adopt a conforma-
tion with one (N6 amino of A to N3 of C), two (O6 carbonyl
of I to N4 amino of C and N1 imino of I to N3 of C), and
three hydrogen bonds (O6 carbonyl of G to N4 amino of
C, N1 imino of G to N3 of C, and N2 amino of G to O2
carbonyl of C), respectively (Figure 1).

Note that G–C and I·C pairs are isosteric and both con-
tain O6 carbonyl to N4 amino of C and N1 imino to N3
of C hydrogen bonds. Therefore, the most direct compari-
son between duplexes can be made between those contain-
ing an I·C pair and those containing a G–C pair. The major
difference between an I·C and G–C pair is the additional
N2 amino of G to O2 carbonyl of C hydrogen bond in a
G–C pair (Figure 1). Based on the data reported here, a du-
plex containing an internal I·C pair is 2.0 ± 0.6 kcal/mol

less stable than the same duplex containing an internal G–
C pair, suggesting that the N2 amino of G to O2 carbonyl of
C hydrogen bond is worth ∼-2.0 kcal/mol (although other
factors such as electrostatic effects on the strength of hydro-
gen bonds, stacking, pKa, local structural variations, and
hydration could also affect stability). However, this appears
to be sequence dependent, with experimental values rang-
ing from –0.8 to –3.2 kcal/mol (Table 2). Similar values for
the contribution of a hydrogen bond have been reported in
the literature (36).

The comparison between duplexes containing an I·C pair
and those containing an A·C pair are less direct. An A·C
pair and an I·C pair are not isosteric. If an ADAR enzyme
converted an A to an I, the resulting I would need to shift
position in order to form two hydrogen bonds with C. This
shift likely affects the stacking interactions with the bases
adjacent to the I·C pair. Based on the discussion above and
focusing solely on the number of hydrogen bonds, one could
hypothesize that an internal I·C pair, with two hydrogen
bonds, would be ∼2 kcal/mol more stable than an internal
A·C pair with one hydrogen bond. However, the data re-
ported here shows that duplexes containing an internal I·C
pair are, on average, 4.1 ± 0.7 kcal/mol more stable than
the same duplexes containing internal A·C pairs, more than
twice as expected based on the I·C versus G–C results. This
also appears to be sequence dependent, with experimental
values ranging from 3.1 to 5.4 kcal/mol. Perhaps compu-
tational or structural studies could shed some light on the
surprising stability of I·C pairs in comparison to A·C pairs.

Similar comparisons can be made between duplexes con-
taining terminal I·C pairs and those containing terminal
A·C and G–C pairs. Here, the results are less surprising. On
average, duplexes with a terminal G–C pair are 0.8 kcal/mol
more stable than duplexes with a terminal I·C pair (with a
range of 0.8 kcal/mol less stable to 1.8 kcal/mol more sta-
ble), suggesting that the extra terminal hydrogen bond is
worth ∼0.8 kcal/mol. Similarly, on average, duplexes with a
terminal I·C pair are 0.8 kcal/mol more stable (with a range
of 0.1 to 2.3 kcal/mol) than duplexes with a terminal A·C
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Table 2. Free energy comparison between duplexes containing I·C, A·C and G–C pairs

Duplexa
–�Gº37

(kcal/mol)b
–NN A–C
(kcal/mol)c

�A–C
(kcal/mol)d

–NN G–C
(kcal/mol)e

�G–C
(kcal/mol)f Duplexa

–�Gº37

(kcal/mol)b
–NN A–C
(kcal/mol)c

�A–C
(kcal/mol)d

–NN G–C
(kcal/mol)e

�G–C
(kcal/mol)f

Internal Terminal
GCAICGC 10.75 7.02 − 3.73 12.72 1.97 GCGCAI 10.14 8.02 − 2.12 9.30 − 0.84
CGUCGCG CGCGUC

GCAIGGC 11.42 6.92 − 4.50 13.46 2.04 GCGCCI 10.34 9.87 − 0.47 10.73 0.39
CGUCCCG CGCGGC

GCAIUGC 8.71 5.57 − 3.14 11.29 2.58 GCGCGI 10.28 8.67 − 1.61 10.73 0.45
CGUCACG CGCGCC

GCCIAGC 11.10 6.89 − 4.21 12.80 1.70 GCGCUI 8.28 7.99 − 0.29 9.30 1.02
CGGCUCG CGCGAC

GCCICGC 12.75 8.77 − 3.98 14.15 1.40 IAGCGC 8.42 7.89 − 0.53 9.54 1.12
CGGCGCG CUCGCG

GCCIGGC 14.11 9.27 − 4.84 14.89 0.78 ICGCGC 9.10 8.57 − 0.53 10.46 1.36
CGGCCCG CGCGCG

GCCIUGC 11.11 7.32 − 3.79 12.72 1.61 IGGCGC 9.82 9.37 − 0.45 11.63 1.81
CGGCACG CCCGCG

GCGIAGC 11.12 5.99 − 5.13 12.80 1.68 IUGCGC 10.07 7.82 − 2.25 9.46 − 0.61
CGCCUCG CACGCG

GCGICGC 11.40 8.47 − 2.93 14.15 2.75 ICCGGCg 8.03 6.56 −1.47 (−0.73) 11.20 3.17 (1.59)
CGCCGCG CGGCCI

GCGIGGC 13.75 8.37 − 5.38 14.89 1.14 CGGCCIg 8.55 8.42 −0.13 (−0.07) 10.14 1.59 (0.79)
CGCCCCG ICCGGC

GCGIUGC 10.65 7.02 − 3.63 12.72 2.07 Averageh − 0.82 0.79
CGCCACG

GCUIAGC 8.97 4.51 − 4.46 11.37 2.40
CGACUCG

Tandem
GCUICGC 10.81 6.39 − 4.42 12.72 1.91 GUCCIGAC 9.02 3.66 −5.36 (−2.68) 13.54 4.52 (2.26)
CGACGCG CAGICCUG

GCUIGGC 11.33 6.89 − 4.44 13.46 2.13 GGCICGCC 12.91 7.84 −5.07 (−2.54) 16.98 4.07 (2.04)
CGACCCG CCGCICGG

GCUIUGC 8.11 4.94 − 3.17 11.29 3.18 GGCIIGGC 14.82 8.27 −6.55 (−3.28) 18.15 3.33 (1.67)
CGACACG CCGCCCCG

Average − 4.12 1.96 Averageh − 2.83 1.99

aFor each duplex, the top strand is written 5′ to 3′, and the bottom strand is written 3′ to 5′.
bThe measured −�G◦

37 of the listed duplex, using values from the log CT plots.
c−�G◦

37 calculated using the nearest neighbor model (29,31–35) for the duplex if the I·C pair was an A·C pair.
dThe difference in −�G◦

37 between the –NN A·C value and the measured −�G◦
37. Values shown in parenthesis represent the free energy difference per I·C pair since duplex contains

two I·C pairs.
e−�G◦

37 calculated using the nearest neighbor model, reference (29), for the duplex if the I·C pair was a G–C pair.
fThe difference in −�G◦

37 between the –NN G–C value and the measured −�G◦
37. Values shown in parenthesis represent the free energy difference per I·C pair since duplex contains

two I·C pairs.
gRef(30).
hAverage free energy difference per I·C pair.

pair, which is consistent with a terminal hydrogen bond be-
ing worth ∼0.8 kcal/mol. These results are consistent with
the number of hydrogen bonds between the A·C (one hy-
drogen bond), I·C (two hydrogen bonds) and G–C (three
hydrogen bonds) pairs. The reported value of -0.8 kcal/mol
for a hydrogen bond within a terminal RNA base pair is

consistent with literature values derived from other RNA
systems (36).

Unlike A–U pairs, there is no free energy penalty assigned
to a terminal I-C pair (Table 3). The 0.45 kcal/mol penalty
assigned to terminal A–U pairs accounts for the one fewer
hydrogen bond in comparison to a terminal G–C pair (29).
Both terminal G–U pairs (37) and terminal I-C pairs, which
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Table 3. Nearest neighbor parameters for I·C pairs

Nearest
neighborsa

Number of
occurrencesb

�H◦
(kcal/mol) �S◦ (eu)

�G◦
37

(kcal/mol)

RECCES-
Rosetta

predictionc

�G◦
37

(kcal/mol)

Difference in
�G◦

37
d

(kcal/mol)
Percent Difference

in �G◦
37

e

IG 5 − 14.5 ± 3.1 − 39.6 ± 9.2 − 2.23 ± 0.40 − 2.24 ± 0.16 0.01 0.45%
CC

IC 7 − 10.6 ± 2.4 − 28.2 ± 7.0 − 1.89 ± 0.31 − 1.96 ± 0.13 0.07 3.64%
CG

IA 4 − 15.3 ± 3.4 − 45.7 ± 10.0 − 1.18 ± 0.44 − 1.06 ± 0.11 − 0.12 10.71%
CU

IU 5 − 7.7 ± 3.1 − 21.5 ± 9.2 − 1.02 ± 0.40 − 0.95 ± 0.21 − 0.07 7.11%
CA

GI 5 − 16.8 ± 3.1 − 45.9 ± 9.2 − 2.62 ± 0.40 − 2.07 ± 0.26 − 0.55 23.45%
CC

CI 7 − 12.7 ± 2.4 − 35.0 ± 7.0 − 1.86 ± 0.31 − 1.98 ± 0.20 0.12 6.25%
GC

AI 4 − 14.2 ± 3.4 − 40.7 ± 10.0 − 1.57 ± 0.44 − 1.09 ± 0.14 − 0.48 36.09%
UC

UI 5 − 11.8 ± 3.1 − 35.0 ± 9.2 − 0.96 ± 0.40 − 0.98 ± 0.25 0.02 2.06%
AC

Terminal
I·C

12 2.0 ± 1.9 6.5 ± 5.5 − 0.08 ± 0.24 0.88 ± 0.21 − 0.96 240.00%

aFor each nearest neighbor pair, the top sequence is written 5′ to 3′, and the bottom sequence is written 3′ to 5′.
bThe number of times that nearest neighbor pair appears in the sequences studied.
cPredictions from computer model using the RECCES-Rosetta framework (38).
dDifference between the experimentally derived �G◦

37 and RECCES-Rosetta model prediction.
ePercent difference between the experimentally derived �G◦

37 and RECCES-Rosetta model prediction.

can form only two hydrogen bonds, are not assigned a free
energy penalty. It is likely, as proposed previously for G–
U pairs (37), that terminal G–U and I-C pairs are flexible,
allowing for optimization of hydrogen bonding and stack-
ing interactions without distorting the backbone, perhaps
compensating for the one fewer hydrogen bond.

I·C nearest neighbor parameters

The stability of an RNA duplex containing an I·C pair
can be calculated using a combination of the existing near-
est neighbor model (29) with the newly derived I·C nearest
neighbor parameters (Table 3). For an example with a ter-

minal I·C pair, the stability of
(

GCGCAI
CGCGUC

)
can be calculated

as follows:

�G◦
37

(
GCGCAI
CGCGUC

)
= �G◦

37,i + �G◦
37

(
GC
CG

)
+ �G◦

37

(
CG
GC

)

+�G◦
37

(
GC
CG

)
+ �G◦

37

(
CA
GU

)
+ �G◦

37

(
AI
UC

)
+ �G◦

37, terminal IC

(11)

�G◦
37

(
GCGCAI
CGCGUC

)
= 4.09 + (−3.42) + (−2.36) + (−3.42)

+(−2.11) + (−1.57) + (−0.08)

(12)

�G◦
37

(
GCGCAI
CGCGUC

)
= −8.87 kcal/mol (13)

For an example with an internal I·C pair, the stability of(
GCAIGGC
CGUCCCG

)
can be calculated as follows:

�G◦
37

(
GCAIGGC
CGUCCCG

)
= �G◦

37,i + �G◦
37

(
GC
CG

)
+ �G◦

37

(
CA
GU

)

+�G◦
37

(
AI
UC

)
+ �G◦

37

(
IG
CC

)
+ �G◦

37

(
GG
CC

)
+ �G◦

37

(
GC
CG

) (14)

�G◦
37

(
GCAIGGC
CGUCCCG

)
= 4.09 + ( − 3.42) + (−2.11) + ( − 1.57)

+( − 2.23) + ( − 3.26) + (−3.42)

(15)

�G◦
37

(
GCAIGGC
CGUCCCG

)
= −11.92 kcal/mol (16)

Scientists can use these new nearest neighbor parameters
to calculate the stability of ADAR products and to calculate
the stability of an RNA duplex in which G-to-I substitution
was used to determine the role of the exocyclic amino group
of G. To completely evaluate the value of using ribo-inosine
as an oligonucleotide probe when the exact sequence of the
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RNA target is unknown, an extensive set of data for RNA
duplexes containing I·A and I·G pairs is required.

Experimental model compared to energy predictions

The Das lab recently reported blind tests of a method to
computationally predict nearest neighbor energetic param-
eters (38). They developed a reweighting of energy-function
collection with conformational ensemble sampling in a
Rosetta (RECCES-Rosetta) framework. This purely predic-
tive model factors in separate component terms for hydro-
gen bonding, electrostatics, van der Waals interactions, base
stacking, torsional potentials and an orientation-dependent
solvation model (38) and does not require any experimen-
tal data. Those authors used this model to blindly predict
the nearest neighbor parameters for all eight I·C nearest
neighbors as well as a value for a terminal I·C. These pre-
dictive values are compared to our experimentally-derived
nearest neighbor parameters (Table 3). For most parame-
ters, the RECCES-Rosetta predictions are quite accurate.
Six of the predicted parameters are very close to the exper-
imental parameters, with an average percent difference of
only 5.0% (or an average difference of only 0.07 kcal/mol).

A seventh predicted parameter,
(

AI
UC

)
, is within experimen-

tal error of the experimental value but has a percent differ-
ence of 36.1% (or a difference of 0.48 kcal/mol). An eighth

predicted parameter,
(

GI
CC

)
, is within experimental error of

the experimental value but has a percent difference of 23.5%
(or a difference of 0.55 kcal/mol). Only one parameter is not
within experimental error of the experimental value. The
terminal I·C parameter is predicted to be 0.96 kcal/mol less
stable than measured experimentally (percent difference of
240.0%).

Chou et al. (2016) used a different metric to evaluate the
accuracy of their RECCES-Rosetta predictions. They cal-
culated an rmsd value between their RECCES-Rosetta pre-
dictions and the experimental data. Since I·C data is now
available, we calculated the rmsd between the RECCES-
Rosetta predictions and our derived I-C nearest neighbor
parameters. This rmsd value (0.41) is within the range calcu-
lated by Chou et al. for other RNA motif categories. Canon-
ical pairs had the lowest rmsd value (0.28) while isoG–isoC
pairs had the highest rmsd value (0.99), with the average of
all motifs being an rmsd value of 0.50 (38). We are hopeful
that these new experimental data can be used to refine the
RECCES-Rosetta model to make it even more valuable to
RNA researchers.
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