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ABSTRACT. An enzyme family known as adenosine deaminases that act on RNA (ADARSs) catalyzes
adenosine deamination in RNA. ADARs act on RNA that is largely double-stranded and convert adenosine
to inosine, resulting, in many cases, in akl Ipair. Thermodynamic parameters derived from optical
melting studies are reported for a series of 14 oligoribonucleotides containing stdgiaits adjacent to
Watson-Crick pairs. In order to determine unique linearly independent nearest neighbor parameters for
I-U pairs, four duplexes containing-&rminal FU pairs and four duplexes containingtgrminal FU

pairs have also been thermodynamically characterized. This data was combined with previously published
data of seven duplexes containing internal, terminal, or tandenpairs from Strobel et al. [Strobel, S.

A., Cech, T. R., Usman, N., and Beigelman, L. (1984)chemistry 3313824-13838] and Serra et al.
[Serra, M. J., Smolter, P. E., and Westhof, E. (208dicleic Acids Res. 321824-1828]. On average, a
duplex with an internal-lJ pair is 2.3 kcal/mol less stable than the same duplex with an A-U pair, however,

a duplex with a terminal-U pair is 0.8 kcal/mol more stable than the same duplex with an A-U pair.
Although isosteric with a G-U pair, on average, a duplex with an intert&lpiir is 1.9 kcal/mol less

stable than the same duplex with a G-U pair, however, a duplex with a termithaklr is 0.9 kcal/mol

more stable than the same duplex with a G-U pair. Duplexes with tandémdirs are on average 5.9

and 3.8 kcal/mol less stable than the same duplex with tandem A-U or tandem G-U pairs, respectively.
Using the combined thermodynamic data and a complete linear least-squares fitting routine, nearest neighbor
parameters for all nearest neighbor combinations-dfgairs and an additional parameter for terminal

I-U pairs have been derived.

We are beginning to understand the thermodynamics, information of RNA and increase the diversity of mRNAs
dynamics, and structures of various RNA secondary structureand proteins. In addition, because of the ability of its
motifs containing standard nucleotides. Understanding motifs functional groups to form hydrogen bonds, inosine can also
containing nonstandard nucleotides is also important, becausehange the structure of RNA. For example, in Wats@Gnick
they too play an important biological role. However, duplex regions, an adenosine to inosine conversion changes
thermodynamics of many nonstandard nucleotides, such asan A-U Watsor-Crick pair to an {U noncanonical pair
inosine (), have not yet been systematically investigated. (Figure 1). Although this may appear as a slight shift in the
Inosine occurs naturally in the wobble position of the conformation of the base pair, this shift may have a
anticodon loop of tRNA and is partly responsible for the sjgnificant impact on the local helix geometry. Therefore,
degeneracy of the genetic code. Inosine in the anticodon loopapARs could affect any biological process that relies on
can hydrogen bond with adenosine, cytidine, or uridine of sequence- or structure-specific interactions with RNA.
the mRNA codon. Inosine is also a common mutation, |ncorporation of inosine into RNA has led to a wide variety
resulting from oxidative deamination of adenosifig (hich of functional consequences, including creation of splice sites,
usually results in conversion of an A-U pair to al/Ipair. sequestering of RNA in the nucleus, and regulation of gene

An enzyme family known as adenosine deaminases thatexpression in the mammalian brain, to name a fénafd
act on RNA (ADARs) catalyzes adenosine deamination in references therein). Recently, studies have shown that
RNA. ADARs have been discovered and characterized in conversion of adenosine to inosine prevents double-stranded
Xenopus lagis (2), mammals §), birds @), frogs 6), fish RNA from entering the RNA interference pathwa8; (0).

(6), flies (7), and worms ). ADARS act on RNA that is Although two studies have investigated thermodynamics
largely double—.stranded and cpnvert _adenosine to inosine.of base pairing involving deaxyinosind1, 12) and ni/any
For example, in the mammalian brain, one out of every studies have investigated the role of ADARsivo (1, and

17 000 nucleotides in mRNA is inosin8)( Inosine is then ; . . . :
translated as guanosine and is recognized by most enzyme%?ferences therein), relatively few studies have investigated
thermodynamics of RNA duplexes containing inosine. Previ-

as guanosinelj. Thus, ADARs change the primary sequence : . ) S
g 1 g . e ous thermodynamic studies with RNA containing inosine

involve replacement of guanosine with inosine in order to

* To whom correspondence should be addressed. Phone: (314) 977 i i ihuti i
8567. Fax: (314) 977-2521. E-mail: znoskob@slu.edu, determine the thermodynamic contribution of the amino

! Abbreviations: ADARS, adenosine deaminases that act on RNA; 9roup of guanosinel@—15). One study investigated the
dl, deoxyinosine; 1, inosine; TLC, thin-layer chromatography. stability of tandem 4U pairs in RNA (L6), however, since
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Ficure 1: Conformation of a WatsenCrick A-U pair (left), likely conformation of an-U pair (center), and conformation of a wobble
G-U pair (right). Dashed lines represent possible hydrogen bonds.

ADARs act on RNA that is largely double-stranded and of the duplex. Duplexes studied here containing terminal |
convert adenosine to inosine, many instances of inosine areU pairs were also designed to have melting temperatures at
likely to involve single tU pairs located within a Watsen approximately 50°C and to have minimal formation of
Crick duplex. It has been shown that molecules that are lesshairpin structures or misaligned duplexes. All duplexes
stable because they contain mismatches (sucklapadirs) studied here containing terminall pairs have the same
are deaminated much less frequently by ADARs than sequence except for the nearest neighbor WatSuitk pair
molecules with long stretches of Watse@rick pairs (). directly adjacent to the-U pair. Four duplexes, one with
Although an tU base pair can adopt a conformation with each WatsorCrick pair adjacent to the:U pair, were
the same number of hydrogen bonds as a Wat&hitk A-U studied for both 3 and 3-terminal FU pairs.

pair (Figure 1), Strobel et al. reported that the stability of a  RNA Synthesis and PurificatioBligonucleotides contain-
single FU pair located within a WatsonCrick duplex, ing internal U pairs were synthesized on controlled pore
(Gug). is 1.8 kcal/mol less stable than an A-U pair7), glass support with an Applied Biosystems 392 DNA/RNA
Similarly, although an-lJ base pair can adopt a conformation synthesizer at the University of Rochester (Rochester, NY)
isosteric with a wobble G-U pair (Figure 1), theJl pair using the phosphoramidite methd®(20). Standard support,
located within(gdg) is 0.8 kcal/mol less stable than a G-U standard phosphoramidites, and inosine phosphoramidites
pair (L7). However, a complete, systematic thermodynamic with 2'-tert-butyl dimethyl silyl ether protecting groups were
study used to derive nearest neighbor parametersquairs acquired from Glen Research (Baltimore, MD). Glass beads
has not been published for RNA oligonucleotides. Thermo- and base-labile protecting groups were removed by treatment
dynamic parameters forU pairs would provide a reliable  with a 3:1 (v/v) ammonia/ethanol solution at 55 overnight
prediction of stabilities of duplexes containing/lpairs, thus (22). Quik-Sep disposable filter columns from Perkin-Elmer
leading to comparison of the stabilities and predicted (Norton, OH) were used to filter oligonucleotides from
secondary structures of ADAR substrates before and aftersupport. Removal of the silyl protecting group was achieved
modification and would help in the design of oligonucleotide with 9:1 (v/v) triethylamine trihydrofluorid®,N-dimethyl-
probes containing inosine. formamide at 55°C for 2 h. The sample was precipitated
Here, we have measured stabilities of a set of RNA with butanol and redissolved in 5 mM ammonium bicarbon-
oligonucleotide duplexes containing singtél Ipairs within ate pH 4.5 or 7.0. This solution was passed through a Waters
a Watson-Crick duplex and adjacent to all possible nearest Sep-Pak C18 chromatography column to remove inorganic
neighbor combinations. In addition, stabilities of RNA salts. Purification of the oligonucleotide was done by
oligonucleotides with 3 and 3-terminal FU pairs adjacent  preparative thin-layer chromatography (TLC). A large pre-
to all possible nearest neighbor combinations have also beerparative TLC plate (20 cnx 20 cm, 500um thick) was
measured. This data was combined with data for internal, used with 55:35:10 (v/v/v) 1-propanol/ammonia/water as the
terminal, and tandemUW pairs published previousiyL, 17). solvent @2). The main product band was identified with UV
Stabilities of duplexes containingU pairs are compared to  light and scraped from the plate. Distilled water was used
stabilities of the same duplexes containing A-U and G-U to extract RNA from silica. The Sep-Pak procedure was

pairs, as predicted by the nearest neighbor mot@). A repeated to desalt the sample. Purity of oligonucleotides was
nearest neighbor model to calculate stability of RNA checked by analytical TLC similar to that described above.
oligonucleotides containingW pairs has been derived. Samples that resulted in multiple bands on the analytical TLC
plate were run again on a large, preparative TLC plate.
MATERIALS AND METHODS Oligonucleotides containing terminald pairs were ordered
from the Keck Lab at Yale University (New Haven, CT)
Design of SequenceBuplexes containing internatW and were purified as described above.

pairs were designed to have melting temperatures at ap- Concentration Calculations and Duplex Formatiorhe
proximately 5¢°C and to have minimal formation of hairpin  total concentration of each single strand was calculated from
structures or misaligned duplexes. Terminal G-C pairs were the absorbance reading at 260 nm af8tand the extinction
chosen to prevent end fraying during melting experiments. coefficient using Beer’'s law. Samples were diluted so that
All duplexes studied here containing interndl Ipairs have the absorbance was between 0.2 and 2.0. The absorbance
the same sequence, except for the nearest neighbors directlwas measured at 8 to disrupt any single-strand folding.
adjacent to the-U pairs. The combination of WatsetCrick Extinction coefficients of the single strands were calculated
pairs adjacent to thelW pairs were chosen to maximize the from the molar extinction coefficient of each base at 260
number of each particular Watse€rick pair adjacent to  nm and pairwise values for each nearest neighbor combina-
the U pair. The tU pair was placed directly in the center tion at 260 nm. Values for standard bases were obtained from
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Integrated DNA Technologies (Coralville, 1AY38), and . [GCAICGC\ ., R o
values for inosine were obtained from Proligo (Boulder, CO) AC%| couuacg) = ACa T AGTHGCCE)+ AG%y,

(24). Individual single strand concentrations were used to CA L AGe Al +AG IC +AG CG n

mix equal molar amounts of non-self-complementary strands GU 3N\Uu S\UG SN\GC

to form a duplex containing anU pair. AG® (GC) 3)
Optical Melting ExperimentsNewly formed duplexes ¥\CcG

were lyophilized and redissolvedh il M NaCl, 20 mM whereAG°s;; is the free energy change for duplex initiation,
sodium cacodylate, and 0.5 mM MeDTA, pH = 7.0. A 4.09 kcal/mol, and remainder of the terms are individual
melt scheme was designed that consisted of a three dilutionnearest neighbor value48). Therefore, rearranging eq 3
series resulting in nine samples to allow for a concentration can solve for the contribution of internal inosine nearest
range typically>50-fold. Using a heating rate of °C/min neighbors to duplex stability:
on a Beckman-Coulter DU800 spectrophotometer with a Al c GCAICGC
Beckman-Coulter high performance temperature controller, AG°37( ) + AG°37( ) = AG°37( ) -

uu UG CGUUGCG
curves of absorbance at 260 nm versus temperature were

obtained. AG?,, — AGS 37(5;;2) _ AG°37(gﬁ ) _ AG°37(§S) _
Determination of Thermodynamic Parameters for Du- GC
plexes MeltWin (25) was used to fit melting curves to a AG®s; cG 4)

two-state model, assuming linear sloping baselines and
temperature-independetH° and AS’ values 26, 27).
Additionally, Ty values at different concentrations were use

to calculate thermodynamic parameters according to Borer Al IC

(~3.42)— (—2.11)— (~2.36)— (~3.42)=
Ty - = (2.30RIAH°)I0g(C,/4) + (ASIAH?) (1) ~1.12 kcal/mol (5)

This value, however, is the sum of the contribution from
The Gibb’s free energy change at 3Z was calculated as  two I-U nearest neighbors. Similar calculations were done

for tandem {U pairs. Calculations with internal and tandem

AG°3; = AH® — (310.15A8’ (2) [-U pairs result in aAG°37 value that is the sum of multiple

nearest neighbor contributions to duplex stability. Similar
calculations with duplexes containing terminaUl pairs
result in aAG°s; value that is an individual nearest neighbor
contribution to duplex stability (as opposed to th&°s;
value representing a sum of nearest neighbor contributions
as described above for internal or tandefd pairs):

where AG°s/{S5hUsed is the value determined by optical
¢ Melting experiments. More specifically,

MeltWin (25) requires the sequence of the duplex in order
to calculate the concentration of the duplex from the high
temperature absorbance and extinction coefficients. Since
MeltWin does not recognize inosine, one of two approaches
was taken. Originally, concentrations were calculated manu-
ally using inosine extinction coefficients (described above), G (GCGCAI
and these values were inserted into MeltWin. It was then s\CGCGuUU
noticed that inosine extinction coefficients were relatively CG . [GC . [CA . [Al
similar to cytidine extinction coefficients. The molar extinc- (GC) TAG 37(CG) TAG 37(GU) TAG 37(UU) (©)

tion coefficient of the individual inosine base versus the \;arenGe,; is the free energy change for duplex initiation,
individual cytidine base differs by only 3%. Pairwise values 4 o9 kcal/mol, and remainder of the terms are individual

for each nearest neighbor combination containing inosine nearest neighbor valued8). Therefore, rearranging eq 6

differed, on average, by 4% from pairwise values for each can solve for the contribution of terminal inosine nearest
nearest neighbor combination containing cytidine. We com- neighbors to duplex stability:

pared thermodynamics derived from analysis of Gagplots

when concentrations were inserted into MeltWin to thermo- A e (Al ): AG? (GCGCAl) L AG.. — AG®

dynamics derived when inosine was replaced with cytidine ~ °'\UU ¥\CGCGUU 3 ¥

when entering the sequence into MeltWin; the thermody- (GC) _AGP (CG) _AGP (GC) _AG? (CA) @)
namics derived from these two methods differed<i%. CG ¥\GC ¥\CcG \GU
Therefore, for simplicity, most thermodynamics were derived \yhere AG®s 7(?888’3 Lll) is the value determined by optical
from replacing inosine with cytidine when entering the melting experiments. More specifically,

sequence into MeltWin.

Determination of the Contribution ofWU Pairs to Duplex AG°37(GLIJ) = —-9.84—4.09— (—3.42)— (—2.36)—
;I'hermpdynamlcsThe tot_al free energy change.for duplex (—3.42)— (~2.11)= —2.62 kcal/mol (8)
ormation can be approximated by a nearest neighbor model
(18) that is the sum of energy increments for helix initiation  Similar calculations were done fa&xH®° and AS°.
and nearest neighbor interactions between base pairs. For Linear Regression and Determination of Linearly Inde-
example, for internal-lU pairs, pendent {U Nearest Neighbor Valuesxcel's LINEST

GC

) =AG%y;+ AG°37(CG

) + AG’,,
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function was used to determine the contribution to duplex neighbor contribution, terminal-W pairs contribute an
stability from each individual-lU nearest neighbor. The eight additional negativé\H°, positiveAS’, and negative\G°sy.
possible {U/Watsonr-Crick nearest neighbor combinations, All tandem FU pairs contribute a positivaH®, AS’, and
the three tandemWU nearest neighbor combinations, and a AG°s7. Deviations for the U/Watson-Crick nearest neigh-
terminal FU parameter were used as variables. The contribu- bors and additional terminatUl pair are, on average, 2.44
tion from a combination of-U nearest neighbor pairs (as kcal/mol for AH®, 7.6 eu forAS’, and 0.38 kcal/mol for
described above) for internal and tandetd pairs and the ~ AG°s7. It is important to note that a larger deviation is
contribution from terminal ‘U nearest neighbors were set associated with the tandem nearest neighbors due to the much
as the constants. Excel's LINEST function used linear smaller sample size. Deviations for tander Inearest
regression to simultaneously solve for each variable. Orig- neighbors are, on average, 6.27 kcal/mol Ad1°, 19.5 eu
inally, data was only collected for duplexes containing for AS’, and 0.96 kcal/mol foAG°37.

internal FU pairs. Linear regression of this data did notresult  The new U nearest neighbor parameters, together with

in unique, linearly independent nearest neighbor parametersy/atson-Crick nearest neighbor parametets) were used

for AG%s;. As a result, data was collected on duplexes g predict the stabilities of the duplexes measured (Table 1).

containing 3- and 3-terminal tU pairs, and data was added  Average deviations between the predicted values and the

from previous studies16, 17). Linear regression with  measured values are 5.1%, 4.6%, 5.1%, and@ ®r AG°s,

internal, tandem, and terminall pairs resulted in a set of ~ AH° AS, andT,, respectively. These values are comparable

linearly independent parameters #4G°s;, AH®, andAS’. to those reported for RNA WatseiCrick (3.2%, 6.0%,
6.8%, and 1.3C, respectively)18) and dtT (3.5%, 4.8%,

RESULTS 5.0%, and 1.2°C, respectively) 12) nearest neighbor
parameters.

Thermodynamic ParameterBhermodynamic parameters

of duplex formation derived frofiy~* vs log(Cr/4) and from DISCUSSION

fitting the shape of each melting curve to the two-state model

are listed in Table 1. The model used to obtain thermody-

namic parameters from melting data assumes that the helixd

to coil transition is two-state. Typically, agreement within 1

15% for AH® values from curve fitting and from loGr plots

Thermodynamic ParameterBhermodynamic parameters
erived from optical melting experiments are listed in Table
. Melting temperatures of all duplexes were dependent on
; ! S oligonucleotide concentration, suggesting that a duplex was
IS cqnydered a reaso.nable. indication of the t\_/vo—_state formed. Although the single strands were designed to form
transition. All oligomers listed in Table 1 meet this criterion. the desired duplexes when mixed, it is possible that some
Thermodynamic Comparison to Duplexes Containing A-U of the single strands could self-associate and form a duplex.
and G-U Pairs.Table 2 shows theAG’s; of measured  For example, B5CGICGC3was mixed with TGCUGCG5
duplexes containingU pairs compared to nearest neighbor g form a duplex with an-U pair. However, 53CGICGC3
calculations of the same duplexes containing A-U and G-U may form a duplex with itself, resulting in a duplex with an
pairs. On average, duplexes containing interdldairs are  |.| pair. Several arguments can be used to show that self-
2.4 and 2.0 kcal/mol less stable than equivalent duplexesassociation is unlikely. First, each of the duplex melting
with internal A-U and internal G-U pairs, respectively. On  cyryes had a single, sharp transition. If one strand was self-
average, duplexes containing termindJ ppairs are 0.8 and  assembling, a contribution from the other strand or the
0.9 kcal/mol more stable than equivalent duplexes with gesigned duplex would also be expected, resulting in multiple
terminal A-U and terminal G-U pairs, respectively. On transitions or a broad transition during the optical melting
average, duplexes containing tandetd pairs are 5.9 and  experiment. Second, assuming that inosine provides the same
3.8 kcaI/mOI |eSS Stable than equiva!ent dup|6?(es W|th tandemstabmty as adenosine' the experimenta| free energy is much
A-U and tandem G-U pairs, respectively. Similar calculations cjoser to the predicted stability for the designed duplex than
gnd comparisons for e.nthalp|es and entropies are availableg the self-assembled duplex. Third, preliminary NMR
in Supporting Information (Tables S1 and S2). spectra show one set of sharp peaks (unpublished data),
Contribution of tU Nearest Neighbors to Duplex Ther-  suggesting one conformation and one duplex present. If self-
modynamicsThe contribution of {U nearest neighbors to  assembly were a problem, multiple sets of peaks from self-
duplex stability is defined in eqs 4, 5, 7, and 8. These assembly of strands, free single strands, and designed duplex
contributions are listed in Table S3 (Supporting Information). may be observed. Fourth, r(GCGICGGyas melted (un-
Similar calculations were done fakH® and AS’ and are  published data) and the resulting thermodynamics were
also listed in Table S3. inconsistent with the thermodynamics obtained from melting
I-U Nearest Neighbor Parameter8s described in Ma-  what is likely the designed duplex. Last, the thermodynamic
terials and Methods, results from optical melting studies can trends are consistent with the designed duplexes. For
be used to calculate the individual contribution to duplex example, designed duplexes wittlpairs adjacent to two
thermodynamics of each individuailu nearest neighbor.  G-C pairs are more stable than designed duplexes with |
These nearest neighbor parameters are listed in Table 3. Allpairs next to one G-C pair which is more stable than designed
I-U/Watson-Crick nearest neighbors contribute a negative duplexes with iU pairs next to no G-C pairs. There would

AH° and a negativeAS’ to duplex thermodynamicﬁd) probably be an inconsistency in this trend if self-assembly
and (;5) contribute a positiveAG°3; while all other +U/ was a problem.
Watson-Crick combinations contribute a negatits°s; to Thermodynamic Comparison to Duplexes Containing A-U

duplex stability. In addition to theW/Watson-Crick nearest ~ and G-U pairs. ADAR enzymes selectively convert adenos-
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Table 1: Thermodynamic Parameters for Duplex Formation

Ty vs log Cr plots average of curve fits predicted®
-AH® -AS° -AG®; T -AH® -AS° -AG®; T’ -AH® -AS° -AGy T
lex’ (kcal/mol) (en) (kcal/mol) Q) (kcal/mol) (en) (kcal/mol) Q) (kcal/mol) (en) (keal/mol) Q)
Internal
5335255 715+ 33 203.7+103 834007 450 705+ 99 2004+319 835+0.14 452 70.5 199.2 8.66 46.9
223{,552 742+ 43 209.5+134 920+0.14 486 746+ 60 210.8+188 924+020 487 75.0 210.5 9.75 50.7
gggéggg 700137 197.6+428 869079 469 721110 2042+345 880+044  47.1 702 199.2 8.43 456
gggéggg 737+ 44 2042136 1040%0.15 542 702+114 193.1+354 1032+039 547 737 204.9 10.17 53.0
gggéggg 852+ 4.9 2354+148 12.14:031 589 837+ 5.6 230.9+168 1209+039  59.1 783 2162 1126 56.9
e 687150 19524477 814079 445 694+ 95 1975+£310 B8.19£031 446 718 2205 9.39 489
O 688%156 19632495 791066 433  69.5% 9.4 1984%304 798+025 436 653 1844 8.10 a7
ggg;ggg 728+ 50 2053158 9.08+0.17 482 734+163 207.6+517 9.06+033 480 68.8 190.1 9.84 527
gggéggg 724+ 31 1970+ 94 1133016  59.0 735+ 7.3 20014223 1144+042 592 734 201.4 10.93 56.8
ggg;ggg 756+ 3.5 213.9%109 922:0.11 485 754% 37 2133115 925+0.15 486 729 205.7 9.06 483
2225322 646+ 94 189.2+30.6 593036  34.1 65.1£100 190.5+33.0 6.02+0.41 346 65.4 1912 6.11 350
g‘éﬁ{]ggg 76.1+ 45 2183+142 8.40=0.11 44.8 715+ 64 203.6+204 834012  45.1 68.9 196.9 7.85 43.0
Sf;}iéﬁﬁé 712100 200.6+31.1 9.03+046 483 708+ 8.6 199.0+262 9.05+0.47 485 73.5 208.2 8.94 475
ggg;ggg 754+ 63 2219204 658%0.10 372 749+ 47 2204156 659£0.17 373 73.0 2125 7.07 39.4
pdibendnd 61.0% 19 1766+ 6.1° 63 £006°  40.1° 678 2004 571 368
Terminal
Gochl 588+ 61 1577188 9.84%033 555 589+ 89 158.1£27.0 990055 558 59.0 1612 8.96 50.5
Soocor 64T 49 1753%149 10354028 564 636+ 48 1717+144 10312040 566 623 166.9 1047 58.0
SoecoT  6l6x58 1685178 939030  s21 612+ 50 1672151 938£036 522 573 152.1 10.14 579
Soocur  509%35 1376110 816010 473 486+ 49 1303154 8.19%0.18 479 574 1589 8.15 46.0
JACCOC 53138 47120 821x003 471 522£106 1416327 824£048 475 55.6 153.0 8.09 46.1
égcsggg 633+ 44 1712£136 10.14+023 558 624+ 3.1 1686+ 9.0 1009+028 558 59.1 158.7 9.83 555
JoeCGC 64848 1762+148 10202027 556 633 47 17142143 10.16£035 558 63.6 170.0 10.92 59.9
éggggg 67.1+ 4.8 181.9+148 1064+028 573 664+ 70 179.5+214 1067£040 576 63.1 1743 9.05 50.1
secect 557+ 17° 1521+ 52° 85 £0.09°  53.5° 57.1 155.0 9.08 56.3
oot 548+ 1.1° 1462% 3.6° 95 £0.02°  545° 58.8 1584 9.61 54.5
Tandem
e tbaind 65.1% 065 1930+ 16 53 £0.18  349° 62.4 185.6 487 330
SocTuace 599t 1m2* 68 2.0 59.1¢ 168.9° 67 24 599 1712 6.80 30
pootraon QT ¥ 193.6¢ 8.6’ 507 7.8 211.4° 827 479 73 200.8 9.05 522
e ny 207.4¢ 8.6 459° 79.47 21.7¢ 8.8¢ 46.1° 68.8 207.4 8.60 279

aSolutions ae 1 M NaCl, 20 mM sodium cacodylate, 0.5 mM JE®DTA, pH = 7.0. The top strand of each duplex is writtent® 3 and the
bottom strand is written'30 5.  Calculated for 10* M oligonucleotide concentratiofi.Referencel7. ¢ Referencel6. ©Predicted values based
on Watson-Crick 18) and inosine (Table 3) nearest neighbor parameters.
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Table 2: Free Energy Comparison between Duplexes ContairlihgA+U, and G-U Pairs

-AG%; NNA-U AAU NNGU AG-U -AG’; NNA-U AA-U -NNGU AGU
Duplex”  (kcal/mol)® (kcal/mol)* (kcal/mol)? (kcal/mol)® (kcal/moly’  Duplex® (kcal/mol)® (kcal/mol)° (kcal/mol)? (kcal/mol)* (kcal/mol)’

Internal Terminal
Soeel 8.4 1039 205 1028 1.94 St 984 7.70 2.14 7.32 2.52
e 9.20 1113 1.93 1078 1.58 Cooeer 1035 1003 -0.32 9.33 -1.02
SoneS 869 1113 244 1077 2.8 oo 939 937 002 855 084
Sooicee 1040 1272 232 1229 189 S 816 807 009 774 042
Smees 1214 1346 1.32 1279 065 e 8al 7.67 -0.54 8.01 -0.20
e 814 1133 319 1080 275 Leo%SC 014 926 -088 9.53 -0.61
SoRee 191 1047 256 9.99 2.08 e 1020 1000 =020 1003 -0.17
e 9.8 1206 298 11.51 243 e 1064 787 277 8.13 251
e 1133 1280 147 12.01 0.68 e ¥ 794 -0.56 8.48 0.02
SooTIeS  om 10.67 145 10.11 089 PSS . 9 8.69 -0.81 8.72 -0.98
Soes  5.93 9.17 324 9.18 325 Average -0.83 -0.93

Tandem
SouieS 840 1076 236 1070 230 e 53¢ 1015 485 8.58 3.8
e 9.03 1150 247 1120 217 Cocrese 68" 1416 736 1037 357
SETNSS 658 9.37 2.79 9.30 272 Coaeee 86" 1433 573 1276 4.16
e 63 1015 385 9.05 275 e 86" 1439 579 1286 426
Average 2.43 2.01 Average 593 3.82

aFor each duplex, the top strand is writtent® 3 and the bottom strand is writtert ® 5. ® The measured-AG°3; of the listed duplex, using
values from the lo@r plots, if available® —AG°3; calculated using the nearest neighbor mod8) for the duplex if the U pair was an A-U pair.
¢ The difference in-AG’3; between the-NN A-U value and the measuredAG°s;. € —AG’3; calculated using the nearest neighbor mod8) {or
the duplex if the U pair was a G-U pairf The difference in—AG’3; between the-NN G-U value and the measuredAG°3;. 9 Referencel?.
h Referencel6.

ine to inosine within mostly double-stranded RNA, which  As expected from ADAR nuclease studi@®)yand from
results in the conversion of A-U toU pairs. After this the value reported in Strobel et all7), all 14 duplexes
conversion, RNA duplexes become more sensitive to single- containing an internal-U pair are significantly less stable
strand specific nuclease29) suggesting that-U pairs are than predicted for the same duplex containing an internal
less stable than A-U pairs. A previous study reported that A-U pair (Table 2). On average, a duplex containing an
the r(GUCUAGIC) duplex is 1.8 kcal/mol less stable than internal FU pair is 2.4 kcal/mol less stable than predicted
the (GUCUAGAC) duplex (7). This sequence, however, for the same duplex containing an internal A-U pair. An |
was the only sequence studied that contained an internal | U pair can adopt a conformation with two hydrogen bonds
U pair. In order to determine if this destabilization is general and a slight shift of the uridine in thelW in comparison to

for sequences with internatU pairs, the stabilities of 14  the uridine in an A-U pair (Figure 1). It is possible that the
RNA duplexes containing internall pairs were measured, electrostatics of the inosine ring system result in hydrogen
with each sequence containing a unique combinationldf |  bonds (Figure 1) that are weaker than those in an A-U pair.
nearest neighbors. Similarly, electrostatics of the inosine ring may result in a
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than an internal G-U pair are inconsistent witk,plata. For

Table 3: Nearest Neighbor Parameters f&t Pairs e ‘ !
example, the K, of guanosine is 9.2, but thelg of inosine

Nz;:,f:sa OI:::::C:; (cal/mol - (kfa?/nill) is 8.8 (13). This suggests that the imino proton of guanosine
is a weaker hydrogen bond donor than the imino proton of
tIJLIJ 1 17004711 433£222 3.58£1.09 inosine. It is po_ssiple, however, t_hat_the ex_ocyclic amino
group of guanosine improves stacking interactions of the G-U
- pair. Additionally, as suggested previously by Serra et al.
o 1 953+£5.75 88£179 2.66+0.88 (16), the FU pair may experience an increase in base pair
opening in comparison to a G-U pair due to the absence of
I].:I[II B 8414594 199£185 223+091 Fhe 2-aminp.group in the minor groove leading to a deqrease
in the stability of water networks around théJlbase pair.
. It is also possible that theW pair is not in the conformation
— 4 -822+287 -279+89 0431044 in Figure 1 or is in a variety of conformations.
Similar comparisons can be made between duplexes with
KIII 5 10.08+255 -33.8+79 0.37+0.39 terminal FU pai_rs and the same duplexe_s containing terminal
A-U and terminal G-U pairs. Interestingly, however, the
AT results are quite different from internal pairs. Duplexes
wu 3  -1M68£305 -363+05 0411047 containing internal<U pairs are approximately 2.2 kcal/mol
lessstable than the same duplexes containing A-U or G-U
ég 4 1583 +2.87 -494+89 -0.50+0.44 pairs, however, duplexes Containing termind) bairs are
approximately 0.88 kcal/moinore stable than the same
o1 duplexes containing A-U or G-U pairs (Table 2). More
Gu 8 -11.99+£255 -362+80 -0.77:0.39 specifically, duplexes containing terminaUl pairs are 0.8
and 0.9 kcal/mol more stable than the same duplexes
s 9 41564192 34060 -1.03%0.30 containing A-U and G-U pairs, respectively. A termindl|
pair may have more conformational flexibility than a terminal
. A-U or terminal G-U pair and provide a favorable entropic
ue 1 -13.38+240 -393+75 -122+0.37 term. Also, conformational flexibility may allow the terminal
[-U pair to overcome destabilizing factors associated with
cétI] 7 0814216 274+67 -1.34%033 an internal U pair and allow the terminal-U pair to
stabilize a duplex more than a terminal A-U or terminal G-U
rerminal pair. It_ is interestin_g to note that the stability of a ter_minal
.0 1 0.08+163 4051 -1.33£0.25 [-U pair may be utilized in nature; it may play a role in the
interaction between the tRNA anticodon loop and the mRNA
a For each nearest neighbor pair, the top sequence is writter@s codon where a terminal inosine pair can form in the wobble
and the bottom sequence is writtent@5'. ® The number of times that position.
nearest neighbor pair appears in the sequences studied. Although the thermodynamics were not measured as part

of this study, it is important to mention the calculations done
to compare duplexes containing tandet pairs to the same
duplexes containing tandem A-U and tandem G-U pairs. On
average, duplexes containing tandeitd pairs are 5.9 and
3.8 kcal/mol less stable than the same duplexes containing
tandem A-U and tandem G-U pairs, respectively. The
destabilizing factors discussed above for single, internal |
U pairs are likely compounded by placing tweJl pairs
adjacent to each other, resulting in a significantly less stable
duplex in comparison to duplexes containing tandem A-U

ring system that results in less favorable stacking interactions.
The slight shift in conformation in going from an A-U pair
to an kU pair may reduce favorable stacking interactions,
may situate the carbonyl oxygen above or below another
partial negative charge, or may cause an unfavorable helix
distortion. Differences in hydration may also play a role. As
shown in Figure 1, different functional groups in the major
and minor grooves of an A-U pair and arUl pair are
available for interaction with water molecules. It is also
possible th{it th_e-U pair is_, ina d_ifferent confor_mation tha_n and tandem G-U pairs.
that shown in Figure 1 or in multiple conformations, resulting . o .
in fewer hydrogen bonds and weaker stacking interactions. _ | "érmodynamic Contributions of anU Pair to the
Since tU pairs can form a conformation isosteric with St@Pility of a DuplexAs expected, summation of theu
the wobble G-U conformation (Figure 1), the stabilities of nearest nelghbor contnpunong_ for duplexes containing a
duplexes containing internatU pairs were compared to nontandem, internatU pair stabilized 13 out of 15 du_plexes
nearest neighbor calculations for the same duplexes contain{T@ble S3). The two duplexes that were not stabilized by
ing G-U pairs (Table 2). The results show, on average, that the summation of th_e-lU nearest neighbor contrlbutlons
duplexes containing anW pair in the middle of a Watsen contained an A-U pair on both sides of theJIpair.
Crick duplex are 2.0 kcal/mol less stable than the same The nearest neighbor combinatidfi,c), was studied by
duplex containing an internal G-U pair. Due to the fact that Strobel et al. 17) and in this study. The summation of the
I-U pairs can form a conformation isosteric with the wobble 1-U nearest neighbor free energy contribution (Table S3) for
G-U pair (Figure 1), it was surprising to see such a large the sequence studied here is1.6 kcal/mol, while the
difference in stability between the two types of duplexes. summation of the:-U nearest neighbor free energy contribu-
These results showing that an internd) pair is less stable  tions per tU pair for the sequence studied by Strobel et al.
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(17) is —2.7 kcal/mol. There are three differences between ~ Sl > 21 > 11) (12). The order of the last two pairs is

the duplex studied here and the duplex studied previously switched for the base pair 5f an A-U pair (SS > gﬁ >
that may help explain this 1.1 kcal/mol difference. First, non- XA > Gﬁ) (18) and for the base pair 6f a G-U pair (88 .

. . e . U
nearest neighbors may be affecting the stability. Second, in cg - XS N GS) (30). It is unclear what causes the last two

this study, the 4U pair is located in the center of the duplex pairs to switch positions when comparing inosine and

while in the_ Strobe_l etal. du_ple>1?), the I-_U pa_ir is adjacent deoxyinosine to canonical pairs.
Loa}:];t:;rmgip:]'gr: E%rgé?ﬂgisnea‘ozgjgﬁ;eg t:c;ij(;nl”n The stability trend for the base pait 6f the -U pair is

- 1G > IC > 1Y) > 1A H _
modate the destabilizing factors contributed by thé pair Ué(l:il' veL;gus a:Jr/: A-UUU.a-iI;hriantrzzlhyed;OI%\?r? Vt\)l%%d;: da|(c3 c
in comparison to WatsoenCrick pairs located in the center P P y N€Ip exp uG

U 1A .
of a Watson-Crick duplex. Third, the Strobel et al. duplex &'¢ more stable tharj, and ;. In order to explain the

. 1G IC i
(17) contains two(g Ll}g) stretches separated by two A-U dllLferrence between,Z and ;¢ and the difference between

pairs. This duplex may be more flexible and “breathe” due ua and U0 differences in hydration, stacking, and helix
to the lack of G-C stretches and may be better able to distortion must be considered. The order of the first two pairs

accommodate anW pair in comparison to the duplex studied in this trend is switched for the trend observed for the base

H + (AC AG AU AA
here which contains only or(§/q) stretch in the center of ~ Pair 3 of an A-U pair (ug > uc > ua = uu) (18) and for
an otherwise all G-C duplex. the base 3of a G-U pair (35 > 5¢ > ga ~ ou) (30). Itis

Another nearest neighbor combination was studied by both unclear why a switch in the trends is observed. thwe trend
Strobel et al. 17) and Serra et al. 16), (gLIJLIJg) The seen for the base ®f a dI-T pair is quite different {5 >
summation of the-U nearest neighbor free energy contribu- 1a > 1¢ > 1r) (12). Different helical parameters for DNA
tion (Table S1) for the sequence studied by Strobel et al. helices versus RNA helices may account for some of these
(17) is —0.6 kcal/mol, while the summation of thell nearest differences. These data provide benchmarks for testing
neighbor free energy contribution for the sequence studied computational chemistry approaches to predicting the se-
by Serra et al.16) is 0.2 kcal/mol. In both of these duplexes, duence dependence of helical stability.
the IU pairs are placed in the center of the duplex and the ~Biological Implications The stability of an RNA duplex
duplexes are of the same length. The only difference betweencontaining an internal-U can be calculated using the new
the two duplexes is the base pair two pairs away from the |*U nearest neighbor model. For example, the stability of
I-U pair. Since the duplexes are self-complementary, there(ggﬁbgé%) would be calculated as follows using previously
are a total of two base pairs different between the two strands.determined WatsonCrick nearest neighborsl§) and the
Clearly, the difference in the summation of th&JInearest ~ new inosine nearest neighbors in Table 3:

neighbor free energy contribution is a result of non-nearest

neighbor effects. ° (GCAlCGC) — AGE_ . o (GC) o

[-U Nearest Neighbor ParameterdNearest neighbor A CGUUGCEG A ar T A CG A
parameters for-U/Watson-Crick neighbors, tandenmW CA) o (Al ) o (lC) o (CG)
neighbors, and terminatW pairs are shown in Table 3. (GU TAGTuu | T AC UG ) T A Ge) T
Similar to the nearest neighbor parameters for Watson AG? (GC) )
Crick/Watsonr-Crick (18) and G-U/Watsor Crick nearest I\CG
neighbors 80), all combinations of 4U/Watson-Crick GCAICGC
nearest neighbors contribute a negative term to the Ad#l AGO37(CGUUGCG) =4.09+ (—3.42)+ (—-2.11)+

andAS’. Unlike all Watson-Crick/Watson-Crick and G-U/
Watson-Crick nearest neighbor combinations, not all pos-
sible IFU/Watsonr-Crick nearest neighbor combinations
contribute a negative (favorable) term to toteG°37. Both
(46) and (i) nearest neighbors contribute a positive (unfa-
vorable) term to totaNG°37. Similar to terminal A-U and
terminal G-U pairs, terminal-U pairs contribute an ad- GCGCA| GC
ditional positive term to the totalS’ value. However, unlike AGO?”(CGCGUU) =AG’4;+ AGO?”(CG) +AGy,
terminal A-U and terminal G-U pairs, terminalu pairs cG GC CA Al
contribute a negative term to totAH° and AG°s; values. (GC) + AG°37(CG) + AG°37(GU) + AG°37(UU) +
Tandem {U pairs contribute a positive term to totAlG°37 AGE (11)
and a positive term to tot&lH®, and two out of three tandem 37 terminal IU
I-U pairs contribute a positive term to totAlS’. GCGCA|

The neighboring WatsenCrick pairs have a large influ- AG°37(CGCGUU) =4.09+ (—3.42)+ (—2.36)+
ence over the stability of-U pairs. The stability trend for (=3.42)+ (—2.11)+ (—0.41)+ (~1.33)=
the base pair'sf the U pairis &) > &> 0> w. The ' ' .96 keallmol (12)

extra hydrogen bond in a G-C pair versus an A-U pair may

help explain why ¢ and ¢ are more stable thaf, and The U nearest neighbor parameters derived here should

au- In order to explain the difference betweed] versus  allow for the comparison of the stability of RNA structures
& and ¢, versus 5, differences in hydration, stacking, before and after adenosine deamination. For example, using
and helix distortion must be considered. The trend observednearest neighbor parameters, {£2) at the Q/R site of
here is similar to that for the base paird a dI- T pair (2} GluR-B (31) is predicted to contribute-5.53 kcal/mol toward

(—0.41)+ (—1.03)+ (—2.36)+ (—3.42)=
—8.66 kcal/mol (10)

Similarly, the stability of(S5ech.) would be calculated as

follows:
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duplex stability. When the adenosine is converted to inosine
resulting in(g/)e), these nearest neighbors contribute only
—1.99 kcal/mol toward duplex stability, resulting in a
destabilization of 3.5 kcal/mol upon adenosine deamination
to inosine. Also, when an adenosine upstream of the Q/R
site in GIuR-6 B81) is converted to inosine, it is predicted

that the duplex becomes 1.9 kcal/mol less stable. Similarly,

upon adenosine to inosine conversion at the B, C, and D 11,

site of the 2C subtype of serotonin recept@1)( it is
predicted that the duplex would become 2.9, 1.1, and 2.3
kcal/mol less stable, respectively. Along with a destabiliza-
tion, conversion of adenosine to inosine at these sites may

also change the local dynamics and structure resulting in 13.

changes in biomolecular recognition.
From the results of this study, it is obvious that occurrences

of inosine in nature cannot be simply approximated as 14,

guanosine or adenosine. More studies are required to fully
characterize the thermodynamics, structure, and dynamics
of RNA containing inosine.
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