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ABSTRACT: RNA internal loops are often important sites for folding and function. Residues in internal loops
can have pK, values shifted close to neutral pH because of the local structural environment. A series of RNA
internal loops were studied at different pH by UV absorbance versus temperature melting experiments and
imino proton nuclear magnetic resonance (NMR). A StdblllZlng CA pair forms at pH 7 in the € A S and %
nearest nelghbors when the CA pair is the ﬁrst nOHCanHlCdl pair (loop-terminal pair) in 3 x 3 nucleotide and
larger size- symmetr1c internal loops. These & i G and AA A pearest neighbors, with CA adjacent to a closing
Watson—Crick pair, are further stabilized when the pH 1s lowered from 7 to 5.5. The results are consistent with
a significantly larger fraction (from ~20% at pH 7 to ~90% at pH 5.5) of adenines being protonated at the N1
position to form stabilizing wobble CA ™ pairs adjacent to a sheared GA or AA pair. The noncanonical pair
adjacent to the GA pair in gg’ can either stabilize or destabilize the loop, consistent with the sequence-
dependent thermodynamics of GA pairs. No significant pH dependent stabilization is found for most of the
other nearest nelghbor combinations involving CA pairs (e. g, and ) which is consistent with the
formation of various nonwobble pairs observed in different local sequence contexts in crystal and NMR
structures. A revised free-energy model, including stabilization by wobble CA * pairs, is derived for predicting

stabilities of medium-size RNA internal loops.

The NI nitrogen of adenine and N3 nitrogen of cytosine
normally have pK, values of 3.5 and 4.2, respectively, but the pK,
values (/—3) and thermodynamic contributions (4—7) of non-
canonical pairs involving A and C in folded DNA and RNA are
sequence- and context-dependent.

General acid—base catalysis, involving protonation and de-
protonation of nucleobases at physiological pH, has been found
for ribozyme catalysis of cleavage and ligation of specific
phosphodiester bonds (2, 6). The formation of wobble CA ™
(cis Watson—Crick/Watson—Crick) pairs (Figure 1b) causes
local and global conformational changes in RNA (§—13). Under-
standing the sequence-dependent driving force of a pK, shift of
nucleobases within noncanonical pairs is needed to provide
insight into RNA folding and catalytic mechanisms (6, 7). It
may also facilitate better understanding of the pH-dependent
assembly of RNA viruses (/4).

The thermodynamics of CA pairs is also important for
bioinformatic approaches that reveal structure—function rela-
tionships for RNA. For example, an approach for identifying
which strand of complementary RNAs is most likely to rely on
structure for function depends upon the different thermodynamic
stabilities of CA and GU pairs (19).
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Here, thermodynamic stabilities of a variety of RNA internal
loops were measured in 1 M NaCl at pH 7 and 5.5. AtpH 7, a
nearest neighbor of 53 £G v or &A e A with the CA adjacent to a closing
canonical pair, can stabilize 3 X 3 nucleotide and larger size-
symmetric (n1 = n2)" internal loops on average by about
1 kcal/mol at 37 °C. Such nearest neighbors with the CA adjacent
to a closing Watson—Crick pair are further stabilized on average
by 1 kcal/mol at 37 °C when the pH is lowered from 7 to 5.5.
Dependent upon the sequence, the noncanonical pair adjacent to

! Abbreviations: Cr, total concentration of all strands of oligonucleo-
tides in solution; eu, entropy units in cal mol™' K™% nl x n2, an internal
loop with n1 nucleotides on one side and n2 nucleotides on the opposite
side; P, purine riboside; RY, canonical pair of GC, AU, or GU, with R
on the 5 side and Y on the 3’ side of the internal loop; size-symmetric
internal loops, a nl x n2 nucleotide internal loop with nl = n2; Ty,
melting temperature in kelvins; Ty, melting temperature in degrees
Celsius; YR, canonical pair of CG, UA, or UG, with Y on the 5’ side and
R on the 3’ side of the internal loop; AG°scr/3aA ponus @ fTee-energy
bonus derived to account for stabilization in the g—G and/or % nearest
neighbors when the CA pair is the first noncanonical pair (loop-terminal
pair) in 3 x 3 nucleotide and larger size-symmetric internal loops at pH
7,1 M NaCl, and 37 °C; AG°scr/3AA, pH bonus> the free-energy bonus
derived to account for stabilization from pH 710 5.5in the & and/or $&
nearest neighbors when the CA pair is adjacent to a clos1ng Watson—
Crick pair in 3 x 3 nucleotide and larger size-symmetric internal loops
(AG°scR/3'AA. pH bonus 18 also applied for loops with tandem CA pairs);
AG®37 pi7,100p, the measured loop free energy at 37 °C and pH 7;
AAG®37 o, the measured loop free-energy difference between pH 5.5
and 7, unless otherwise noted (see the footnotes of the tables).
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FIGURE 1: Structures of several base pairs discussed in the paper. The
hydrogen atoms in phosphate—sugar backbones are not shown. Only
the base—base hydrogen bonds are shown. The proton from proto-
nation and the bridging water are labeled with H and W, respectively.
Most of the structures are taken from the BGSU Basepair Catalogue
(http://rna.bgsu.edu/FR3D/basepair/). See ref 43 for notations.

the GA pair in § $§ or ¥$§ can cither stabilize or destabilize the

medium-size internal loops, consistent with the previous thermo-
dynamic model (/6). A better understanding of the protonation
effects should help improve the prediction of the RNA internal
loop structure and stability and provide a deeper insight into
folding and function of large RNA.

MATERIALS AND METHODS

Oligonucleotide Synthesis and Purification. Oligonucleo-
tides were synthesized on an Applied Biosystems 392 DNA/RNA
synthesizer using the phosphoramidite method (17, 18), depro-
tected, and purified, as described previously (19, 20). Controlled
pore glass (CPG) supports and phosphoramidites were pur-
chased from Proligo, AZCO, Glen Research, or ChemGenes.
The mass of all oligonucleotides was verified by electrospray
ionization mass spectrometry (ESI—MS). Purities were checked
by reverse-phase high-performance liquid chromatography
(HPLC) or analytical thin-layer chromatography (TLC), and
all were greater than 95% pure.

UV Absorbance Versus Temperature Melting Experi-
ments and Thermodynamics. Concentrations of single-
stranded oligonucleotides were approximated from the absor-
bance at 280 nm and 80 °C, and extinction coefficients were
predicted from those of dinucleotide monophosphates and
nucleosides (21, 22) with RNAcalc (http://www.meltwin.com)
(23). The extinction coefficients were estimated by replacing
purine riboside with adenosine. Although extinction coefficients
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differ upon functional group substitutions, individual nucleotides
contribute only a small portion of the oligomer extinction and,
thus, do not significantly affect thermodynamic measurements.
UV melting buffer conditions were 1 M NaCl, 20 mM sodium
cacodylate, and 0.5 mM sodium ethylenediaminetetraacetic acid
(EDTA) at pH 7 and 5.5 or 1 M NaCl, 20 mM 4-(2-hydro-
xyethyl)-1-piperazinepropanesulfonic acid) (HEPPS), 0.5 mM
sodium EDTA at pH 8. Cacodylate and HEPPS were used
because their pK, values are essentially temperature-independent.
Curves of absorbance at 280 nm versus temperature were
acquired using a heating rate of 1 °C/min with a Beckman
Coulter DU640C spectrophotometer, having a Peltier tempera-
ture controller cooled with a water bath.

Melting curves were first fit to a two-state model with MeltWin
(http://www.meltwin.com) (23), assuming linear sloping base-
lines and temperature-independent AH® and AS° (23—25). Pre-
sumably, the pK, values do not change until the RNA duplex
melts; i.e., pK, values exhibit a two-state manner (with zero-
sloping baselines) coupled with the melting of an RNA struc-
ture (7). This is a reasonable assumption because nucleobase
protonation/deprotonation is linked with the two-state folding/
unfolding of the RNA duplex. The temperature at which half the
strands are in duplex, Ty, at total strand concentration, Ct, was
used to calculate thermodynamic parameters for duplex forma-
tion according to (26)

Twv™' = (R/AH®)In(Cr/a) + (AS°/AH®) (1)
Here, R is the gas constant, 1.987 cal mol ' K™!, and ais 1 for
self-complementary duplexes and 4 for non-self-complementary
duplexes. All of the AH° values from Ty, " versus In(Cr/a) plots
(eq 1) and from the average of the fits of melting curves to two-
state transitions agree within 15%, suggesting that the two-state
model is a reasonable approximation for these transitions. The
equation AG°3; = AH® — (310.15)AS° was used to calculate the
free-energy change at 37 °C (310.15 K).

Exchangeable Proton NM R Spectroscopy. All exchange-
able proton spectra (27) were acquired on a Varian Inova
500 MHz ('H) spectrometer. One-dimensional imino proton
spectra were acquired with an S pulse sequence (28) at tempera-
tures ranging from —5 to 40 °C in 80 mM NacCl, 10 mM sodium
phosphate, and 0.5 mM sodium EDTA. SNOESY spectra (28)
were recorded with an 150 ms mixing time from —5 to 10 °C. The
Felix (2000) software package (Molecular Simulations, Inc.) was
used to process 2D spectra. Proton spectra were referenced to
H,0 or HDO at a known temperature-dependent chemical shift
relative to 3-(trimethylsilyl)tetradeutero sodium propionate
(TSP).

RESULTS

Thermodynamics at Different pH. An RNA secondary-
structure prediction and analysis program, RNAstructure 4.2
(http://rna.urme.rochester.edu/rnastructure.html) (29), was used
to design sequences that form heteroduplexes without competing
homoduplexes. Thermal melting studies of the individual single
strands (16, 19) (see Table SI in the Supporting Information)
confirmed the absence of competing homoduplexes. Measured
thermodynamic parameters at 1 M NaCl for duplexes and
internal loops (calculated by eq 3a shown below) are listed in
Tables 1 and 2, respectively. For a given duplex or internal loop,
the values from bottom to top are for pH values 5.5, 7, and 8,
respectively. In Tables 1 and 2, most sequences are ordered from
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Table 1: Measured Thermodynamic Parameters for RNA Duplex Formation in 1 M NaCl“
Sequences Linear fit of Ty, vs In(Cy/a) (eq 1) Average of two-state melt curve fits

AAG®37, o1 -AH®3; -AS° -AG®3; Tn -AH® -AS° -AG®3; Tm

(kcal/mol)  (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)

-0.42 55.6+1.2 154.1£3.8  7.78+0.02  44.1 47.9+3.8 129.7+12.4 7.68+0.04 44.6
GGCGAAGGCU® -1.73 58.1+7.6 160.9+23.8 8.20+0.33  46.2 56.0+4.1 154.1+x12.9 8.19£0.20 46.5

PCCAAAGCCG 73.6x1.4 205.3x44  9.93+0.06  52.0 67.5+5.1 186.2+16.0 9.72+0.19 524

GGCGGAGGCU -1.72 79.143.1 222.349.7 10.13£0.14 51.8 79.8+6.4 224.6+19.7 10.16+0.29 51.8
PCCAAAGCCG 87.2+1.8 243.0£5.6  11.85+0.10 57.2 89.3+4.9 249.2+14.8 11.98+0.29 572

GCCCGAGCG™® -1.59 68.8+3.1 192.249.6  9.20+0.12  53.7 75.842.7 213.7484 9.47+0.13 533
GCGAGCCCG 81.6+9.2 223.1£27.4 12.38+0.69 64.8 85.7+3.4 235.5%10.3 12.67+0.23 64.6
GAGCGAACGAC -1.56 77.1+4.3 235.2+14.3 4.14+0.16 27.7 72.5+7.5 219.9+24.7 4.28+025 27.6
CUCAAGAACUG 75.1+4.5 223.8+14.7 5.70£0.10 33.6 72.0+£5.9 213.8£19.0 5.73+0.10 33.6

GCCGAAGCCP™  -1.19 60.6+2.4 177.4+7.6  5.61+0.03 36.6 53.3+8.5 153.3+27.5 5.72+0.11 37.2
PCCGAAGCCG 70.5+1.2 201.4£39 7.99+0.03 475 75.1£3.0 216.0£9.5 8.12+0.13 474
(44.7£1.9) (129.0£6.4) (4.66x0.06) (30.1) (48.7+6.5) (142.1+21.4)(4.62+0.10) (30.4)

GCGAAACCGA® -1.19 68.0+4.5 1944143 7.66+0.10 422 74.3+6.4 214.6£21.0 7.70£0.13  42.0
UCGCAACGGC 71.5+3.3 202.1£10.5 8.85+0.10 474  75.4+6.6 214.2+20.9 8.96+0.18 473

GAGCCGACGAC® -1.14 83.1£3.2 235.9+10.0 9.99+0.12  50.5 82.7+4.0 234.5+12.6 9.97+0.15 50.5

CUCGAAAGCUG 93.1+7.5 264.4+23.2 11.13+0.34 53.1 92.3+5.9 261.9+18.8 11.08+0.14 53.1
0.21 92.3+4.6 262.7£14.4 10.77£0.20 51.9 93.7£3.2 267.3£10.1 10.82+0.15 51.9

CGACCGAGCAGH -1.12 79.5+3.8 222.3£11.7 10.56+£0.17 53.6 86.8+6.0 244.6+18.6 10.88+0.30 53.4
GCUGAAGCGUC 92.3+5.3 260.0£16.3 11.68+0.28 55.3 96.5+3.6 272.8+11.3 11.89+0.18 55.2
GCCGAAGCG® -1.07 64.4+5.6 185.7+17.9 6.81+0.14 42.6 61.7+7.5 176.8+24.0 6.86+0.17 43.0
GCGAAGCCG 75.4£3.9 214.2£12.0 8.95+0.15 51.1 76.4+5.4 217.2£16.8 9.02+0.19 51.2
CGCARAGGC® -1.02 61.1+4.3 174.5+13.9 6.96+0.09 39.2 63.5+10.1 181.9+32.6 7.04+0.16 39.5
GCGAACCCG 82.1+£3.9 238.9+12.5 7.98+0.06 42.6 76.4+11.8 220.7£37.9 7.93+0.09 42.8

GAGCCGACGAC® -0.97 73.3+2.8  200.8+8.4  11.04+0.15 57.3 69.4+2.3 188.7£6.6  10.82+0.20 57.4

CUCGAAGGCUG 86.1£2.6 239.0+7.8  12.01+0.15 58.1 80.7+1.5 222.6+4.6 11.69+0.13 582
GAGCUGCCGAC -0.92 95.0+4.3 270.4+13.1 11.12£0.19 52.7 88.6+5.1 250.6+15.8 10.83+0.22 52.8
CUCGAGAGCUG 101.2+3.3  287.5+10.2 12.04+0.17 54.8 97.4£4.0 276.0£12.0 11.84+0.25 54.9

GGCGA _GGCU -0.89 80.3+2.7 229384 9.12+0.07 474 74.4+4.0 210.8£12.6 8.97+0.15 47.5
PCCAAAGCCG 79.2+2.6 223.2+7.9 10.01+0.10 51.2 76.3x4.4 214.2+13.3 9.87+0.24 51.2
CGCGAAGGC® -0.84 80.7+5.4 232.3+17.0 8.65£0.13 454 71.6=5.4 203.5£17.3 8.52£0.09 45.8
GCGAACCCG 87.8+6.1 252.4+19.2 9.49+0.20 47.8 78.8+6.2 224.3+19.7 9.25+0.13 48.1
CGCAAAGGC® -0.82 46.7£2.7 131.7£9.0  5.87+0.08 32.7 48.4£10.7 137.0£35.2 5.88+0.26 329
GCGACCCCG 61.8+4.0 177.7£12.9 6.69£0.07 37.8 60.2£9.6 172.4+31.2 6.78+0.12 383

GGUGAAGGCU -0.80 86.2+2.4 243.6x7.4 10.68+0.10 52.7 88.2+1.7 249.6+53 10.78+0.11 52.7
PCCGAACCCG 90.4+2.6 254.4+7.8 11.48+0.13 55.0 89.7£5.0 252.2+15.2 11.46+0.27 55.1
GAGCCUCGAC -0.79 94.3£1.9 270.5+6.0  10.46+0.08 50.5 89.1£3.6 254.2+11.1 10.27+0.11 50.6
CUCGCUGCUG 94.8+3.1 269.3£9.5 11.25+0.14 53.2 92.3+4.1 261.7+12.9 11.15+0.17 53.3

GCAAGAAGGC® -0.73 81.5£1.8  232.8+5.5 9.31x0.05 479 84.6£3.9 242.4+12.0 9.43x0.15 48.0
UCGUCAGCCCG 81.1+2.5 229.1£7.8  10.04+0.10 51.0 86.1£5.6 244.5£17.3 10.23x0.22 50.9

-0.21 72.2+6.0 208.5£19.1 7.50+0.14 412 70.6+4.2 203.6+13.2 7.48+0.19 41.2
CGACCGAGCCAG"  -0.73 69.0£6.5 197.6+£20.6 7.71+0.18 424 69.1£3.2  197.9£10.5 7.70£0.19 424
GCUGAG GGUC 773£11.0 221.9+34.6 8.44+0.44 448 77.4+59 222.5+19.0 8.42+0.26 44.8

GCAAGAAGGC® -0.73 66.3+4.2 190.8+13.6 7.09+0.08 39.6  61.6£5.8 175.6+18.7 7.11+0.10 39.9
UCGUCUGCCCG 76.0£2.6  219.7£82  7.82+0.04 423 73.0+4.4 210.1x14.1 7.80+0.05 42.5



Article Biochemistry, Vol. 48, No. 24, 2009 5741

Table 1. Continued.

Sequences Linear fit of Ty vs In(Cr/a) (eq 1) Average of two-state melt curve fits

AAG®37, py -AH®;, -AS° -AG®57 T -AH® -AS° -AG®37 T

(kcal/mol)  (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)

CGCGAAGGC® -0.69 58.9+4.9 165.8+15.5 7.52+0.14 423 56.5£9.4 157.7£30.0 7.58+0.10 429
GCGACCCCG 79.5+4.7 229.9+15.0 8.21+0.10 43.7 68.9:9.1 196.1£29.3 8.10+0.11 44.2
CGCAUAGGC -0.64 54.5£3.5 155.9+11.6 6.12£0.08 34.7 56.3£5.1 161.6x16.4 6.13=0.15 34.8
GCGAACCCG 55.6+3.8 157.4+12.3 6.76+0.08 383 61.0=5.8 175.0£18.3 6.78£0.20 38.3

-0.25 85.4+5.7  245.5+17.8 9.28+0.19 473 76.2+£3.7 216.7£11.7 9.02+0.18 47.5
GGUCAAGGCU -0.64 77.9£2.2  220.5£6.9 9.53+0.08 494  78.0x1.5 220.8+4.9 9.53£0.05 49.4
PCCAAAGCCG 80.2+2.1 225.9+6.5 10.17£0.09 51.7 81.7+3.8 230.3x11.5 10.24+0.20 51.8

CGACCGAGCAG® -0.63 85.2+1.9 242.9+59 9.91+£0.07 49.8 88.9+3.6 254.1x11.2 10.05+0.15 49.8
GCUGAAACGUC 87.5+£3.9 248.2+12.0 10.54+0.17 51.9 94.3+£5.3 269.2£16.3 10.81+0.26 51.7

GAGCCGACGAC® -0.31 69.8+2.2 195.6£7.0  9.16£0.07 49.2 61.1£3.1 168.3+9.7 8.87+0.19 493
CUCGAGAGCUG 62.5+6.4 170.9£19.8 9.47+0.30 52.3 66.9+52 184.6£15.9 9.63+0.30 52.1

-0.35 83.9+1.5 241.9+4.7 8.88+0.04 459 76.7£3.5 219.1£11.3 8.72+0.08  46.1
GGUGUAGGCU -0.30 78.4+2.3 223.0£7.2  9.23+0.07 48.1 73.9+4.1 209.1£12.7 9.10£0.17 48.2
PCCGAACCCG 79.3+£2.3 225.0£7.1  9.53£0.08 49.2 73.4+2.6 206.6£8.2 9.35+0.09 49.4

-0.23 93.842.7  268.7+8.4  10.50+0.10 50.7 83.6£2.5 237.0£7.8 10.12+0.14 50.9

GGUGGAGGCU -0.29 87.9+2.3 248.7£7.2  10.73£0.10 52.6 80.6+1.8 226.3+5.7 10.43+0.10 52.8
PCCGAACCCG 89.4+3.6 252.7¢11.2 11.02+0.16 53.4 84.9+59 239.0+18.2 10.82+0.27 53.5
GGUAGAGGCU -0.25 78.5+£0.9 224.1£2.8 8.98+0.03 47.0 68.2+£2.5 192.0£7.5 8.66+0.16 47.0
PCCGAACCCG 82.6+2.2 236.4+7.1 9.23+0.06 47.5 72.0+£3.9 203.4+12.2 8.93+0.19 47.7

-0.43 90.9+4.5 261.5£14.1 9.74+£0.14 483 83.8+4.1 239.4+129 9.51+0.16 484
GGUCAAGGCU® -0.19 87.1£2.0 248.0+6.1  10.17+0.07 50.5 78.9+3.3 222.6+10.1 9.85+0.16 50.6

PCCGAAGCCG 84.9+1.9 240.5+5.8  10.36+0.08 51.6 80.6+2.7 226.9+8.4 10.19+0.14 51.8
GGUGA _GGCU -0.16 73.7£2.1 208.7£6.6  8.98+0.06 47.6 66.6+2.2 186.6£6.9 8.77£0.14 47.8
PCCGAACCCG 79.6+3.1 227.1£9.7  9.14£0.08 47.5 70.1+6.5 197.3£20.3 8.85£0.27 47.6

GAGCCGACGAC® -0.09 79.7+4.9 227.2+15.3 9.25+0.16 48.0 71.3+3.2 200.9+10.4 9.02+0.07 48.2

CUCGAUAGCUG 76.3£2.7  215.9+84 9.34+0.09 489 66.8+4.3 186.1£13.5 9.06+0.12 49.2
CGCAGAGGC -0.04 56.5+1.7 160.2+54  6.75+0.02 382 55.1£3.7 155.8+12.0 6.77+0.06 38.4
GCGAACCCG 55.8+1.0 157.9+3.1  6.79+0.01 38.5 54.9+2.0 155.0£6.4 6.81+0.05 38.6

GCGAGAC CCG! 0.00 69.1+1.4 193.8+4.5 8.97+0.04 484 72.3+4.6 203.8+14.4 9.03+0.17 48.1

CGCUAGGAGGC 70.8+2.9 199.4£92  8.97+0.09 48.1 67.8+5.1 190.0£15.8 8.86+0.21 48.0
GAGCAAACGAC 0.01 78.2+3.1 224.9+9.7 8.41+£0.06 44.7 76.8+5.7 220.518.1 8.40+0.13  44.7
CUCGCAAGCUG 79.3+3.3 228.6+10.3 8.40+0.06 44.5 77.5£5.6 223.0£17.8 8.36+0.17 44.5

CGACGCAGCAG* 0.06 75.9£1.6  215.0+4.9 9.23+0.05 484  69.8+4.6 196.0£14.3 9.02+0.18 48.5

GCUGAAGCGUC 76.4+2.9 216.7£9.2  9.17£0.09 48.1 70.1£4.5 196.9+14.3 8.99+0.15 48.3
GAGCAAGCGAC 0.08 68.9+2.8 195.7+8.7  8.20+0.05 44.7 71.3+£3.6 203.3x11.2 8.23+0.13 44.6
CUCGCAAGCUG 73.242.0 209.7+6.3  8.12+0.03  43.9 70.3+3.2 200.6+10.4 8.10+0.05 44.1
CGACGCAGCAG® 0.09 76.1£3.2 218.2£10.0 8.46+0.07 45.0 76.1+£7.2 218.3+22.6 8.42+020 44.9
GCUGAAACGUC 79.4+3.7 229.0+11.8 8.37+0.08 44.4 76.4+6.2 219.7£19.4 8.27+0.19 442

GAGCCUCGAC  0.11 76.6£1.9 2192459 8.62+0.06 49.4 71.5£2.5 203.4+7.8 8.47+0.08 49.6
CAGCUCCGAG 69.2+1.9 195.8£5.9 8.51x0.06 50.2 73.9£3.5 210.5+11.0 8.64+0.13  50.0

GAGCUGCCGAC® 0.13 86.8+4.8  247.6+14.7 10.05+0.19 50.1 88.4+4.6 252.5+14.5 10.12+0.15 50.1

CUCGUAAGCUG 89.0£3.7  254.8+11.4 9.92+0.13 49.3 83.3£6.2 237.0+19.3 9.74+0.22 49.4
GAGCQCGACj 0.16 90.7+1.8  260.2+5.7 9.97£0.06 49.2 83.5+2.9 237.7+9.1 9.73%0.15 49.4
CUCGUUGCUG 85.7£2.0  244.6+6.4 9.81+0.07 494  80.7£2.5 2292+7.6 9.64+0.13 49.4

GAGCUGCCGAC® 0.17 81.0+1.9  231.3+58 9.24+0.05 47.7 77.9+£5.5 221.8+17.4 9.14+0.14 47.8
CUCGUAUGCUG 82.2+1.8 235758 9.07+0.05 46.9 75.0+3.4 213.3+10.6 8.87+0.17 47.0
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Table 1. Continued.

Sequences Linear fit of Ty vs In(Cr/a) (eq 1) Average of two-state melt curve fits
AAG®y7pn -AH%y -AS° -AG°y Tu -AH® -AS° AG%; Tw
(kcal/mol)  (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
-0.40 90.4+4.8 259.1£14.9 10.07+£0.16 49.6 78.6+3.8 222.3+11.8 9.66+0.23 49.9
GCAAGAAGGC™® 0.19 88.5+1.0 251.6£3.2  10.47+0.04 514 80.9+5.0 228.2+15.3 10.15+0.27 51.5
UCGUCAGGCCG 88.5+1.4 252.1+42 10.28+0.05 50.7 75.4+3.6 211.5£11.6 9.78+0.13 51.0
GAGCUUCGACK 0.21 99.7+1.3 285.3+4.1 11.20+0.06 52.2 97.1£7.3 277.1£22.5 11.13+0.36 52.4
CUCGCUGCUG 97.4+3.5 278.6+10.8 10.99+0.15 51.9 93.8+4.3 267.4+13.3 10.84+0.17 51.9
GAGCCGACGAC® 0.41 79.6+3.1 226.249.6  9.42+0.08 48.7 71.5£1.2 200.7£3.9 9.21+£0.07 49.1
CUCGUAAGCUG 65.0+2.7 180.4+8.4 9.01+0.08 49.3 56.743.4 154.3£10.9 8.79+0.14 499
CGCAUAGGC 0.42 79.2+2.1 222.6£6.5 10.20+0.08 52.1 86.2+2.8 244.2+8.4 10.49+0.19 51.9
GCGUCUCCG 75.8+3.6 212.9+11.3 9.78+£0.13 50.9  76.7+6.2 215.6+19.2 9.86+0.24 51.1
CGCUUUGGC® 0.57 55.3+3.3 153.0+10.5 7.80+0.06 44.3 62.6+4.3 176.5+13.6 7.88+0.11 43.8
GCGUCUCCG 65.5+4.8 187.9+15.6 7.23+0.10 404  60.1+5.8 170.3£19.0 7.26+0.12 40.8

“For each duplex, the values from bottom to top are measured at pH 5.5, 7, and 8, respectively. Sequences are ordered from
the most negative to the most positive values of AAG®3;,n = AG°37pnss — AG®37pn7, unless noted in footnote c.
T, values were calculated from eq 1 at C = 0.1 mM. Data in parentheses were measured in NMR buffer with 80 mM NaCl
atpH 7. ?Imino proton NMR spectra were measured (Figure 2). ¢ AAG®3; ppis per CA pair. “Loop sequence from a J4/5 loop
of a group I intron (36). “Data at pH 7 are from ref 19. /Loop sequence from the substrate loop of a VS ribozyme
(8,9). *Loop sequence derived from the loop A of hairpin ribozyme (3). " Loop sequence from a leadzyme (7, 65—67). ‘Loop
sequence from the Alu domain of human SRP RNA (77). / The pH-independent thermodynamics is consistent with the NMR
structure without the formation of the C* U pair (6/). * The pH-independent thermodynamics is consistent with the NMR
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structure without the formation of the UC™ pair (62).

the most negative to the most positive values of AAG®3; ,y, which
is defined as

AAG®37, 1 = AG°37, pHs.5s —AG®37, pH7 (2)

For several duplexes with two loop-terminal CA pairs, AAG®37 py
is half the value given by eq 2 (see the footnotes of Tables 1 and 2).
Measured thermodynamic parameters for the formation of the
internal loops (Table 2 and Table S2 in the Supporting Infor-
mation) are calculated according to the following equation (30):

AG037, loop = AGoBﬁ(duplex with loop) _AG°37(duplex without loop) +

AG°3(interrupted base stack)  (32)
For example,
aGe GCGAAG _ . GGCGAAGGCU
CAAAGC PCC AAAG CCG
Here, AG®3;,0G SGAAGOCU s the measured value of the duplex

containing the internal loop (Table 1); AG°3,,2G0os Y is calcu-

lated from the measured value of the duplex SSUGSCY (20) by a

PCCGCCG
: GGGGCU

nearest neighbor model (25, 31) (AG°3ypicccq =
o GGUGGCU __ o GU _ o UG o _GG).

AG®37pccGeca AG°ycg = AG%yge + AG%3¢c); and

AG°37g8 is the free-energy increment for the nearest neighbor
base stack interaction interrupted by the internal loop. Values for
AH% 0, and AS°o,p, are calculated similarly. Whenever available,
measured thermodynamic values of canonical stems are used for
the calculation of measured thermodynamic parameters of loops.
All of the thermodynamic parameters used in this calculation are
derived from Ty~ ' versus In(Cr/a) plots (eq 1).

The thermodynamics of canonical stems is calculated for pH 7
and assumed to be independent of the pH between 5.5 and 8, as
shown for other stems (32, 33). This is a reasonable assumption
because the N1 of adenine and N3 of cytosine normally have pK,
values of 3.5 and 4.2, respectively, and the pK, values shift furt-
her down in forming Watson—Crick pairs in canonical stems
(1—3, 7). In addition, most of the duplexes do not form wobble
CA " or CC" pairs (panels b and i of Figure 1) and do not show a
pH effect, consistent with the assumption of pH-independent
thermodynamics in the absence of CA™ or CC ™ pairs (Table 1
and Table S1 in the Supporting Information).

Thermodynamic Model Including Stabilization Effects
of CA and CA" Pairs in Medium-Size RNA Internal
Loops. Measured free energies of RNA internal loops with 6—
10 nucleotides, AG®37, 100p, reported here and previously (16, 19, 20)
for 1 M NaCl at pH 7 and 37 °C were combined for linear
regression to the equation

AGopredicted = AGoloop initiation (”) + mlAGOAU/GU penalty
+ ‘nl _nzlAGoasym + mzAGOUU bonus
+ m3AGOS’YA/3’RG bonus 1 MAAG°GA bonus
+ AGomidd]e GA bonus (3x3 loop)

+ AGOS’GU/3’AN penalty (3x3 loop)
+ AG®4(5GA/3CG) bonus (3x3 loop)

+ mSAG°26A bonus + MOAG3GA bonus
+ mTAG®5uG/3GA bonus
+ m8AG®s5icr/3AA bonus (4)

Here, nl and n2 are the number of nucleotides on each side of the
loop; m1—m8 can be 0, 1, or 2; and the definitions of free-energy
parameters are given in Table 3. Multiple linear regression on 168
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Table 2: Measured and Predicted Thermodynamic Parameters for RNA Internal Loop Formation in 1 M NaCl*
Sequences AAGO37, pH AGopredicled AGo37,loop AHoloop ASoloop

(kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) (cal/mol-K)

-0.42 035:0.59  1.8:9.6  4.9+29.5
GGCGAAGGCT -1.73 0.13 -0.07:0.68  0.7+122  -1.9437.7
PCCAAAGCCG -1.8040.60  -16.29.6 -46.329.6
GGCGGAGGCU -1.72 -2.23 2.00£0.61 -21.7+10.0 -63.3:30.8
PCCARAGCCG 23724060  -29.8+9.7 -84.0+29.8
GCCCGAGCG” -1.59 0.50 0.56+047  -7.9+483 -23.6+25.0
GCGAGCCCG 215083 -143+12.0 -39.1+35.38
GAGCGAACGAC -1.56 0.72 0.79+0.25 -33.9+17.2 -112.1+15.2
CUCAAGAACUG 0774022 -31.9+17.3 -100.7+15.6
GCCGRAGCCP -1.19 -1.16 -1.76£020  -32.5+4.7 -99.3:14.5

PCCGAAGCCG 4145020  -42.4+42 -123.3+12.9
GCGARACCGA® -1.19 1.08 2032045 -13.3:84 -49.7+25.4
UCGCAACGGC 0.84+0.45  -16.8+7.8 -57.4+23.5
GAGCCGACGAC® -1.14 0.19 0.69+0.58 -16.4+10.2 -54.6+30.8
CUCGARAGCUG -045£0.66 -26.4:122 -83.1x373
021 -0.81+0.54  -32.4+9.8 -102.0+29.5

CGACCGAGCAG™ -1.12 -1.02 -0.60+£0.53  -19.6+9.4 -61.6+28.3
GCUGAAGCGUC -1.724057 -32.4£10.1 -99.3+30.5
GCCGAAGCG™ -1.07 -1.16 -1.16£024  -27.3£69 -84.6+21.7
GCGARGCCG 23304025  -38.3%5.6 -113.1£17.2
CGCABAGGC® -1.02 1.08 156045  -12.148.5 -43.8+25.9
GCGAACCCG 0.54£045  -33.1483 -108.2425.2
GAGCCGACGAC® -0.97 -1.02 2036058 -6.6:10.1 -19.5+303
CUCGAAGGCUG -1.3340.58 -19.4£10.0 -57.7430.2
GAGCUGCCGAC -0.92 0.32 1.67£0.55 -15.8:104 -56.6+31.7
CUCGAGAGCUG 0.75£0.54 -22.0£10.0 -73.7+30.6
GGCGA_GGCU -0.89 -0.49 -0.99:0.60  -22.9:9.9 -70.3+30.4
PCCAAAGCCG -1.88+0.60 -21.859.9 -64.2+30.3
CGCGAAGGC® -0.84 0.14 -0.13:046  -31.729.1 -101.6+27.7
GCGAACCCG -0.97£049  -38.8+9.6 -121.7+29.1
CGCARAGGC® -0.82 2.15 2.65:045  24:78  -1.0:23.6
GCGACCCCG 1.83:045  -12.8+84 -47.0+25.4
GGUGAAGGCU -0.80 -0.10 004054 -16.29.4 -52.1£29.4
PCCGAACCCG -0.84+055  -20.4%9.5 -62.9+29.5
GAGCCUCGAC -0.79 0.57 0.22£0.57  -27.6:9.8 -89.2+29.7
CUCGCUGCUG -0.57+0.58 -28.1+102 -88.0+30.6
GCAAGAAGGCE 0.73 0.52 -0.09:037  -27.26.8 -87.6+20.4
UCGUCAGCCCG -0.82£0.38  -26.8+7.0 -83.921.1
-0.21 281£041  -7.0:99 -31.6+30.6

CGACCGAGCCAG" -0.73 3.07 260£042 -3.8£102 -20.6+31.6
GCUGAG GGUC 1874058 -12.1+13.5 -45.0+42.1
GCAAGAAGGC® -0.73 242 213£038  -12.0:79 -45.7+23.9
UCGUCUGCCCG 1406037 21.7+7.1 -74.5+21.3
CGCGAAGGC® -0.69 1.21 1006047 99488 -35.126.8

GCGACCCCG 0.3140.46  -30.5+8.7 -99.2426.5
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Table 2. Continued.
Sequences AAG®7 1 AGpregictea  AG37100p AHC45p AS®g0p

(kcal/mol)  (kcal/mol)  (kcal/mol) (kcal/mol) (cal/mol-K)

CGCAUAGGC -0.64 2.15 2.40+0.46  -5.5+8.2 -25.2424.7
GCGAACCCG 1.76£0.46  -6.5+8.3 -26.7+25.0
-0.25 1.09£0.55 -16.6£9.2 -57.0£29.5

GGUCAAGGCU -0.64 0.75 0.84+0.52  -9.1+8.0 -32.0+24.5
PCCAAAGCCG 0.20+0.52  -11.4+8.0 -37.4424.4
CGACCGAGCAG® -0.63 0.19 0.05£0.51 -25.3+8.8 -82.2426.5
GCUGAAACGUC -0.58+0.53  -27.6£9.5 -87.5+28.4
GAGCCGACGAC® -0.31 2.15 1.52£0.57  -3.1£9.9 -14.3+30.0
CUCGAGAGCUG 1.21£0.64  4.2+11.6 10.4+35.3
-0.35 1.76+0.53  -13.9+9.4 -50.4+28.8

GGUGUAGGCU -0.30 1.71 1.41+0.54  -8.449.5 -31.5+29.3
PCCGAACCCG 1.11£0.54  -9349.5 -33.5+29.3
-0.23 0.14+0.54  -23.8+9.6 -77.2+28.6

GGUGGAGGCU -0.29 -0.19 -0.09+0.54  -17.9+9.4 -57.2429.3
PCCGAACCCG -0.38+0.56  -19.4£9.8 -61.2430.5
GGUAGAGGCU -0.25 1.87 1.66+0.53 -8.549.3 -32.6+28.5
PCCGAACCCG 1.41+0.53  -12.6£9.5 -44.9429.3
-0.43 0.90+0.55 -20.9+10.3 -70.0+31.7

GGUCAAGGCU® -0.19 0.75 0.47+0.54  -17.149.4 -56.5+29.1
PCCGAAGCCG 0.28+0.54  -14.949.4 -49.0+29.0
GGUGA GGCU -0.16 1.92 1.66+0.53 23.749.5  -17.2429.2
PCCGAACCCG 1.50£0.54  -9.6+9.7 -35.6+30.0
GAGCCGACGAC® -0.09 2.15 1.43+0.58 -13.0+10.9 -45.9+32.9
CUCGAUAGCUG 1.34+0.57  -9.6+10.1 -34.6+30.3
CGCAGAGGC -0.04 1.26 1.77£0.45  -7.5£7.6 -29.5+22.5
GCGAACCCG 1.73£045  -6.8+7.4 -27.2422.0
GCGAGAC CCG' 0.00 1.19 0.69+0.39  -10.7+7.1 -36.8421.7
CGCUAGGAGGC 0.69+0.38  -12.4+7.5 -42.4423.1
GAGCAAACGAC 0.01 2.15 2.2740.56 -11.5+102 -43.6+30.7
CUCGCAAGCUG 2.28+0.56 -12.6+10.2 -47.3+30.9
CGACGCAGCAG® 0.06 0.27 0.73+£0.50  -16.0+8.8 -54.3+26.3
GCUGAAGCGUC 0.79+0.51  -16.5£9.1 -56.0+27.4
GAGCAAGCGAC 0.08 2.15 2.48+0.56 -2.2+10.1 -14.4+30.4
CUCGCAAGCUG 2.56£0.56  -6.5+9.9 -28.4+29.8
CGACGCAGCAG® 0.09 1.21 1.50£0.51 -16.2+9.2 -57.5+27.7
GCUGAAACGUC 1.59+0.51 -19.5+94 -68.3+28.4
GAGCCUCGAC 0.11 0.50 0.55+0.33  -12.2+7.4 -40.7+23.1
CAGCUCCGAG 0.66+0.33 -4.8+7.4 -17.3+23.1
GAGCUGCCGAC® 0.13 0.65 0.63+0.59 -20.1+10.8 -66.3+£32.6
CUCGUAAGCUG 0.76+0.58 -22.3+10.4 -73.5+31.3
GAGCQCGACj 0.16 0.42 0.71+0.56  -24.0£9.9 -78.9+29.7
CUCGUUGCUG 0.87+0.56  -19.0£9.9 -63.3+29.8
GAGCUGCCGAC® 0.17 1.54 1.44£0.56  -14.3£9.9 -50.0+29.7
CUCGUAUGCUG 1.61£0.56  -15.5£9.9 -54.4+29.7
-0.40 -0.85+0.40  -36.1+£8.1 -113.9+24.7

GCAAGAAGGC® 0.19 -0.55 -1.25+0.37  -34.2+6.6 -106.4+19.9

UCGUCAGGCCG -1.06+£0.37  -34.2+6.7 -106.9+20.1
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Table 2. Continued.

Sequences AAG®7 o1 AG®predicted AG37100p AH®o0p AS%00p
(kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) (cal/mol-K)
GAGCUUCGACK 0.21 042  -0.5240.56 -33.0+9.8 -104.0+29.4
CUCGCUGCUG -0.31+0.58 -30.7+10.3 -97.3+£31.1
GAGCCGACGAC® 0.41 1.26 1.26+£0.57 -12.9£10.2 -44.9+£30.7
CUCGUAAGCUG 1.67+£0.57 1.7£10.1 0.9+30.3
CGCAUAGGC 0.42 1.90 2.36+0.51 -8.1+8.8 -33.9+26.3
GCGUCUCCG 2.78+0.52 -4.749.3  -24.2427.9
CGCUUUGGC® 0.57 0.93 0.72+0.45 -6.3+8.1 -22.34+24.2
GCGUCUCCG 1.29+0.46  -16.5+8.8 -57.2+£26.8

“Calculated from eq 3a and data in Table 1 unless noted otherwise. Experimental errors for AG®3,, AH®, and AS° for the
canonical stems are estimated as 4, 12, and 13.5%, respectively, according to ref 25. These errors were propagated to estimate
errors in loop thermodynamics. For each duplex, the values from the bottom to the top are measured at pH 5.5, 7, and 8,
respectively. Sequences are ordered from the most negative to the most positive values of AAG®37 piy = AG®37 ps.s — AG®37 o7,
except for (GCCCGAGCQG), and those noted in footnote ¢, where AAG®37 y is divided by 2. AG® predicted values are calculated
according to eq 4. Loops smaller than 3 x 3 nucleotides are predicted according to refs (16, 29, and 31). ” Imino proton NMR
spectra were measured (Figure 2). “AG°ycr/3aa bonus is applied twice to predict the free energy for loop formation. “Loop
sequence from a J4/5 loop of a group I intron (36). € Data at pH 7 are from ref 79. /Loop sequence from the substrate loop of
a VS ribozyme (8, 9). *Loop sequence derived from the loop A of hairpin ribozyme (8). "Loop sequence from a leadzyme
(1, 65—67). "Loop sequence from the Alu domain of human SRP RNA (71). / The pH-independent thermodynamics is

consistent with the NMR structure without the formation of the C* U pair (61). * The pH-independent thermodynamics is
consistent with the NMR structure without the formation of the UC™ pair (62).

loop free energies (Table S2 in the Supporting Information) gives
the free-energy parameters listed in Table 3, with an R* = 0.87
and standard deviation of 0.55 kcal/mol, which averages less than
0.07 kcal/mol for each nucleotide contributing to AG°predicted at
37°C. The last term (AG°scr/3AA bonus = —1.07 kcal/mol) in eq
4 represents the only difference with the equation derived
previously (16). Without the last term, R* = 0.82 and the
standard deviation is 0.65 kcal/mol. Aside from the last term,
the parameters in Table 3 are essentially the same as previously
derived (/6). Note that the bonus and penalty parameters have
negative and positive values, respectively.

Size-symmetric internal loops with 5CR/3'AA nearest neigh-
bors with the CA adjacent to a closing Watson—Crick pair, are
further stabilized on average by 1.03 £ 0.32 kcal/mol when the
pH is lowered from 7 to 5.5 (see Table S2 in the Supporting
Information). Thus, a bOHUS, AGOS’CR/}’AA, pH bonus — —1.03 +
0.32 kcal/mol, is used to account for the pH stabilization at pH
5.5 compared to pH 7 (Table 3). At this stage, we do not apply
AG°scR/3 A, pH bonus fOr the size-symmetric internal loops with
5'CR/3'AA nearest neighbors with the CA adjacent to a closing
UG or GU pair. Loops with tandem CA pairs are also further
stabilized when the pH is lowered from 7 to 5.5 (see Table S2 in
the Supporting Information).

Dependent upon the sequence, the noncanonical pair
adjacent to the GA pair in Y$§ or R$G can either stabilize
or destabilize the medium-size internal loops, consistent with
the previous thermodynamic model (e.g., AG°Ga bonus and
AGOS’GU,’3’AN penalty (3 x 3 loop)) (16) No signiﬁcant stabilization
at pH 7 and 5.5 is found for most of the other nearest neighbor
combinations involving CA pairs, which is consistent with
wobble CA™ pairs (Figure 1b) not forming in different local
sequence contexts in crystal and NMR structures ((3, 34—40)).
Thermodynamics of several duplexes were measured at pH 8§,
and no significant differences were observed compared to those
atpH 7.

Exchangeable Proton NMR Spectra at Different pH.
Figure 2 shows 1D imino proton NMR spectra for selected
sequences. The resonances observed are consistent with the expected

canonical and sheared GA base pairs. Figure 3 shows 2D SNOESY
spectra for Ug’gﬁ AGAAGCC and  SCSSAAGCCP The spectra

contain the typical cross-peak patterns expected for the imino
protons in the duplexes, although in some cases, definitive assign-
ment is not made. In Figure 3a, four of the five imino protons
between 12 and 14 ppm exhibit cross-peak patterns typical of
a Watson—Crick GC pair (two strong cross-peaks to resonances
that show a very strong cross-peak to each other and to a likely
H5 resonance, as expected for the C amino protons of a GC pair).
The fifth imino proton shows a strong cross-peak to a narrow
resonance, as expected for a U imino proton close to the AH2 in a
Watson—Crick AU pair. There is a very weak cross-peak between
the imino protons of two of the GC pairs, which are assigned to
G1 and G19. Three other resonances between 9.5 and 11 ppm have
chemical shifts and cross-peaks typical of G imino protons in
sheared GA pairs, including those observed in a duplex with the
same sequence of three GA pairs (20). In Figure 3b, the two imino
proton resonances between 13.0 and 13.5 ppm show typical GC pair
characteristics. A cross-peak between the equivalent imino protons
in the similar sequence, 3G SEAR GCG, confirms that these protons
are in adjacent pairs (see Figure S2 in the Supporting Information).

The 1D imino proton spectra of several duplexes in Figure 2
reveal a similar peak near ~10.6 ppm that increases in intensity at
lower pH. These peaks are likely due to adenine amino protons in
CA™ pairs, as observed in other cases of CA™ pairs (/2). The
broad peak in Figure 3b at ~10.6 ppm assigned to the A6 amino
group has a strong cross-peak to the other amino proton and a
weak cross-peak to the G7 imino proton.

DISCUSSION

The pK, of N1 nitrogen of adenine is about 3.5 and shifted by
less than 0.3 pK unit when incorporated into unpaired single
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Table 3: Free-Energy Parameters (kcal/mol) at 37 °C for Predicting 3 x 3 Nucleotide and Larger RNA Internal Loops”

AG”loop initiation(6) 2.15+0.10 | Applied for loops with 6 nucleotides (n1 + n2 = 6).

AG”loop initiation(7) 2.22+0.19 | Applied for loops with 7 nucleotides (nl1 + n2 = 7).

AG 10 iniiation(8) 2.14+£0.16 | Applied for loops with 8 nucleotides (n1 + n2 = 8).

AG 1o0p initiation(9) 2.35+0.26 | Applied for loops with 9 nucleotides (n1 +n2 =9).

AG 1g0p initiation(10) 2.95+0.28 | Applied for loops with 10 nucleotides (nl + n2 = 10).

AG’ Au/GU penalty 0.61+0.10 | Applied for each AU, UA, GU, or UG pair closing the loop.

AG’ sym 0.46+0.07 | Applied when the loop is size asymmetric, nl = n2.

AG° U bonus -0.61 £0.12 | Applied for loops with a UU loop-terminal pair.

AG’ 5y ARG bonus -0.72+ 0.28 | Applied for an AG loop-terminal pair adjacent to a YR canonical pair.

AG’ GA bonus -0.94£0.07 | Applied for loops with a GA loop-terminal pair.

AG" niddie GA bonus (3 x 3 loop) -0.89+0.19 | Applied for 3 x 3 loops with a middle pair of GA and at least one non-
pyrimidine-pyrimidine loop-terminal pair unless a AG"GA bonus OF
AG’364 bonus has been applied.

AG’56U/3AN penalty (3 x 3 loop) 0.74 £ 0.20 Applied for 3 x 3 loops with a single loop-terminal GA pair that has a
U 3'to the G of the GA pair. This penalty is also applied to 4 x 4 loops
with a single GA pair adjacent to a loop-terminal CA pair with the
motif 5S'CGU/3'AAN.

AG’ 3(5GA/3'CG) bonus (3 x 3 loop) -1.11+£0.40 | Applied for loops with two motifs of 5'GA/3'CG in 3 x 3 loops.

AG"26A bonus -1.16£ 0.14 | Applied for loops with the motif 5'YGA/3'RAG, 5'RGA/3'YAG,
5'YGG/3'RAA, or 5’RGG/3'YAA (i.e., loops with the closing
canonical pair 3' to the A of a GA pair) unless the motif is represented
by a 3GA bonus or has asymmetry | nl - n2 | > 1. This bonus is also
applied for loops with the motif of 5’RGGA/3'YAAG or
5'GGAY/3'AAGR (i.e. 352} not closed at least on one side with a
YR canonical pair). This bonus is also applied for the motif
5'YCGA/3'RAAG, 5’RCGA/3'YAAG, 5'YCGG/3'RAAA, or
5'/RCGG/3'YAAA in size-symmetric loops.

AG"364 bonus -2.36+£0.14 | Applied for loops with the motif of 5"YGGA/3'RAAG or
5'GGAR/3'AAGY (i.e. 55 closed at least on one side with a YR
canonical pair).

AG’ 516/3'GA bonus -0.85+0.14 | Applied for 3 x 3 and larger loops with the motif of 5'UG/3'GA.

AG’ scr/3'AA bonus -1.07+0.13 | Applied for 3 x 3 and larger size-symmetric internal loops with nearest
neighbors of % and/or % when the CA pair is the loop-terminal
pair.

AG’scr/'AA, pH bonus -1.03+£0.32 | Applied for stabilization from pH 7 to pH 5.5 in nearest neighbors of
% and/or % when the CA pair is adjacent to a closing Watson-
Crick pair in 3 x 3 and larger size-symmetric internal loops. This pH
dependent bonus is also used to predict the free energy of loops with
tandem CA pairs, 5S'CA/3'AC and 5'CC/3'AA.

“These parameters are used to predict the free energy of the 3 x 3 nucleotide and larger internal loops in 1 M NaCl according to eq 4. Except for the new
parameters, AG°scr/3AA bonus ANd AG°scr/3AA, pH bonus» the parameters derived here are similar to those in ref /6. YR is a canonical pair of CG, UA, or UG,
with the pyrimidine Y on the 5 side of the internal loop. In general, Y and R are defined, respectively, as U or C and A or G in the UG, UA, or CG pair.

strands (7). Small pK, shifts were also observed for other nucl-
eobases when incorporated in unpaired single strands (7, 41).
When incorporated into double helices, however, the pK, of
A shifts down in Watson—Crick pairs but up by as much as 3 pK
units in some noncanonical pairs (/, 7). For example, the pK, of
the A ina &3S sequence is <3.1, whereas the two A’s in § €GA9 &
(loop sequence of a leadzyme) have pK, values of 6.5 (shown in
bold) and 4.3, respectively (/).

In addition to local context effects, pK, values may also be
shifted by global context. For example, the local dielectric
constant in the middle of large structures, such as the ribosome
and viral RNA encapsidated in virion, may differ from that in
bulk water. Thus, it is important to know the possible effects of
protonation on thermodynamic stability of RNA structures.

Dependent upon the sequence context and pH, a CA* pair can
form with A protonated at the N1 position (Figure 1b). The CA
pair can form two hydrogen bonds and easily fit into an A-form
helix. Thus, it has the potential to stabilize a helix. Protonation
will also affect base stacking and other interactions, however,
so that effects of protonation will be sequence-dependent.

The thermodynamic studies of short oligonucleotides at pH 7
and 5.5 provide insight into the sequence- and context-dependent
stabilization effects of CA pairs. Many of the sequences studied
were chosen because three-dimensional structures are available to
allow stability—structure correlations (1, 3, 8, 9, 12, 34—40, 42).
Single CA™ Pairs Stabilize Watson—Crick Stems. The
CA " wobble pair is isosteric with a UG wobble pair (panels b
and ¢ of Figure 1) and can fitin an A- or B-form structure without
large backbone distortion (see Figure S1 in the Supporting
Information) (12, 42, 43). Consistent with formation of a CA™*
wobble pair, the measured loop free energy of S5 $EGASCE
(AG®37pH7100p = —0.56 kcal/mol for each CA pair) is about 1
kcal/mol more stable than that predicted by a previous the-
rmodynamic model (29, 44), without considering a stabilization
effect for the CA pair (Table 2). In addition, a stabilization

of AAG®y;pn = —1.59 keal/mol was found per S$€ nearest
neighbor combination at pH 5.5 compared to that at pH 7
GCCCGAGCG

(Tgble 2). The resonance at ~1Q.6 ppm in GeGAGeC 6
(Figure 2a) is consistent with a previous assignment to A amino
protonsina CA™ pair (12). Thus, both UV thermal melting and
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FIGURE 2: One-dimensional imino proton NMR spectra in 80 mM
NacCl, 10 mM sodium phosphate, and 0.5 mM sodium EDTA at 0 °C
unless otherwise noted at different pH values, with the top spectrum of
each RNA sequence acquired at near pH 7 and the bottom spectrum at
lower pH. Assignments are preliminary and largely based on assign-
ments for similar sequences. Values between sequence and spectra are
AG°37 100p 1n keal/mol measured in 1 M NaCl at pH 5.5 (bottom) and
pH 7 (top). Resonances labeled with arrows are consistent with a
previous assignment to the adenine amino protons in a CA™ pair
(12). No resonances were observed between 14 and 16 ppm. (a) Ct =
0.5mM, pH 6.9 and 5.4; (b) Ct = 0.3 mM, pH 6.9 and 5.0; (c) Ct =
1.8mM, pH 6.8 and 5.1; (d) Cr = 0.5mM, pH 6.9 and 5.3 (see Figure 3a
for 2D spectrum); (¢) Ct = 0.5 mM, pH 6.9 and 5.9; and (f) Cr =
1.5mM, pH 6.6 and 5.1 (5 °C, see Figure 3b for the 2D spectrum).

NMR results are consistent with the formation of the hydrogen
bonds in a wobble CA " pair (Figure 1b).

A similar pH effect on thermodynamics was found for single
CA mismatches in DNA (4, 7). The A™ imino proton was not
observed by NMR (4), probably because of broadening by
solvent exchange. The pK, of the NI of adenine in the DNA
nearest neighbor combination, §$¢, is about 6.6, as measured
with a pH profile of the chemical shifts of the N1 nitrogen (45).

Detailed understanding of the stabilization effect of CA or
CA™ wobble pairs within different Watson—Crick stems will
provide insight into RNA structure and function. For example, a
single CA mismatch has been shown to be preferred for efficient
A to I editing by adenosine deaminases acting on RNA (ADAR)
(46). Understanding the sequence-dependent thermodynamics
of CA (44) and CI mismatches and the pH effect might
facilitate better understanding of the editing specificity and
mechanism (46).

% Nearest Neighbor with CA Adjacent to a Closing
Canonical Pair Stabilizes 3 x 3 and Larger Size-Sym-
metric Internal Loops at pH 7. When the CA is the first
noncanonical (loop-terminal) pair, most of the size-symmetric
internal loops with nearest neighbors of % and/or % are more
stable than predicted by a recently proposed thermodynamic
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model (16, 19). A bonus parameter, AG°scr/3AAbonus =
—1.07 £ 0.13 kcal/mol at pH 7, is derived here for such nearest
neighbor combinations with a loop-terminal CA pair followed by
a GA or AA pair (Table 3). These nearest neighbor combinations
occur in several internal loops within catalytic ribozymes, e.g., the
VS ribozyme substrate loop (8, 9), SSEA8 (AG°37p17100p =
—0.60 kcal/mol), the loop A of hairpin ribozyme (3), {2552 &
(AG°37 pH7100p = 2.13 keal/mol), and the J4/5 loop of a group I
intron (36), 8%8 (AGO37,pH7,loop =203 kcal/mol).

The thermodynamic stabilization is consistent with the geo-
metric compatibility of % and % nearest neighbors if the CA pair
is protonated and the purine—purine pair is sheared (panels f and
g of Figure 1) (3, 8, 9, 36). Solution NMR reveals a protonated
wobble CA™ pair adjacent to a sheared GA pair (g g—g, sequence
in a hairpin ribozyme and VS ribozyme) (see Figure 4 and Figure
Sla in the Supporting Information), and the pK, of the A
(in bold) is about 6.3, according to the pH profile of the chemical
shifts of the C2 carbon in adenine (3, 8, 9). Consistently, the
amino protons of A" (shown in bold) for the symmetric loop
SSSARG resonate at 10.6 ppm at neutral and lower pH (panels e
and f of Figure 2 and Figure 3b). In addition, a wobble CA pair
forms adjacent to a sheared AA pair (shown in bold) within the
J4/5 loop, $A2 €, in the crystal structure of a group I intron
(see Figure Slc in the Supporting Information) (36).

The noncanonical pair adjacent to a loop-terminal GA pair
was previously found to either stabilize (e.g., AG°GA ponus) OF
destabilize (e.g., AG°5yGu 3 AN penalty (3 x 3100p)) the loop (16, 19).
Here, the noncanonical pair adjacent to the GA pair in the
nearest neighbor combinations § $§ and §$§ was also found to
be stabilizing or destabilizing, although the CA but not GA pair
is a loop-terminal pair. Thus, when the parameters in Table 3
were derived, the CA pair in the nearest neighbor combinations
¥$Sand ¥ €5 was treated in a way similar to a canonical wobble
UG pair; i.e., the thermodynamic effect of the GA pair was
modeled as a first noncanonical (loop-terminal) pair. For exam-
ple, a penalty of AG°sGu/3AN penalty 3 x 3100p) = 0.74 kcal/mol
was applied for [, SS8 AGAR GGC (AGO3; 147 100p = 2.13 keal/mol),
although this parameter was proposed only for 3 x 3 nucleotide
internal loops (16, 19). This is suggested by NMR data for this
loop, which shows the formation of a stabilizing CA™ wobble
pair, isosteric to a canonical wobble UG pair and adjacent to a
sheared GA pair, even at nearly neutral pH (3). Consistent with
the penalty of AG°sGu/3 AN penalty (3 x 3100p)» the U is flipped out
in an NMR structure of the $ 2824 E Joop, which is from a
hairpin ribozyme (3).

Similarly, a bonus of AG°>Ga ponus = —1.16 kcal/mol (Table 3)
was applied for (S5 29A8 GEC (AG°37 p7100p = —0.09 keal/

GC CGAA GCCP - _ .
mol), pcsxaacca . (AG°3pn7100p = —1.76 keal/mol), and

oG SOARGES (AG°37 p7100p = —1.16 keal/mol), although the

two consecutive GA pairs are not adjacent to a canonical pair on
either side. Note that, for the latter two sequences, the AG°scg,
VAA bonus Was applied twice.

CA pairs are not treated exactly as canonical UG closing pairs,
however. Only one thermodynamic parameter, AG°sycr/yaa

. . . . . Y CG
bonus» 18 applied for the nearest neighbor combinations of ¢ 5%

R CG YUG . RUG oYU
or yax but for p 7 or ¢, three parameters of AG°,; (or

AG°%E), AG°516/3GA bonuss a1d AG°G 4 are applied (16).

%i Nearest Neighbors with the CA Adjacent to a Wat-
son—Crick Pair in Size-Symmetric Internal Loops Are
More Stabilizing When the pH Is Lowered from 7 to 5.5.
If a wobble CA™ pair is responsible for the extra stabilities
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F1GURE 3: Two-dimensional exchangeable proton SNOESY spectra
(150 ms mixing time in 80 mM NaCl, 10 mM sodium phosphate, and
0.5 mM sodium EDTA). The NOE cross-peaks of G imino protons
to C amino and G amino protons are labeled with corresponding
residues. Values beside the sequence are AG°3;j00, in kcal/mol
measured in 1 M NaCl at pH 5.5 (bottom) and pH 7 (top).
(a) Uggﬁ éSGAé ggg (Ct = 0.5 mM, pH 5.3, 0 °C, see Figure 2d for
1D spectrum). There is a very weak cross-peak of GIHI—G19H1 (not
shown). The imino protons of G5, G14, and G15 have chemical shifts
and cross-peaks typical of consecutive sheared GA pairs (16, 20, 72).
The G15 amino protons resonate at 9.2 and 5.5 ppm, respectively,
suggesting the formation of sheared GA pairs with G5 and G15 in the
C2'-endo sugar pucker (73, 74). There is no indication of the formation
of AT C pair in this loop. (b) peaC LOAA GECP (Cp = 1.5 mM, pH 5.1,
—5 °C, see Figure 2f for 1D spectrum). The cross-peak of G1H1—
G7H1 is unresolved because of overlap but is observed in
GOCLOAA GEG (see Figure S2 in the Supporting Information and
Figure 2e for 1D spectrum). The broad peak at ~10.6 ppm is likely
due to the amino protons of A * 6, which shows a strong cross-peak to
the other amino proton and a weak cross-peak to the G7 imino proton.
Adenine amino protons with similar chemical shift have been observed
in other cases of CA™" pairs (/2). The G4 amino protons resonate at
8.8 and 6.2 ppm, respectively, suggesting the formation of sheared
GA pairs with G4 in the C2'-endo sugar pucker (73, 74).

observed for % nearest neighbors, then lowering the pH should
further enhance stability because a larger fraction of A is
protonated for the formation of CA™ pairs. About 89 and
17% of adenine NI residues are protonated at pH 5.5 and 7.0,
respectively, with a pK, of 6.3, as shown for the A (in bold) in § ¢
(3, 8, 9). We observed an enhanced stabilization of 1.03 4 0.32

' : CG oy CA
kcal/mol on average per nearest neighbor 5% or & with the CA

Chen et al.

adjacent to a Watson—Crick pair when lowering pH from 7 to
5.5, e.g., the VS ribozyme substrate loop (8, 9), & $SA & (AAG®y;,
o = —1.12 kcal/mol), and the J4/5loop of a group I intron (36),
GARE (AAG®y7pn = —1.19 keal/mol). Note that two CA™
pairs can form in the symmetric loop $$$84 6 (AAG®s7pn =
—1.19 and —1.07 kcal/mol per CA pair for the two duplexes
measured).

Only one pH-dependent bonus parameter, AG°scr/3an, pr
bonus = —1.03 % 0.32 keal/mol, is derived here for £ or $3 with
CA adjacent to a Watson—Crick pair (Table 3). The sequence

dependence is likely more complicated, however. For example,

the thermodynamic stabilities of & and §$$ may be signifi-
cantly different. A stabilization effect of AAG®37,y = —1.67 £
GCG

0.10 kcal/mol per %7 nearest neighbor combination was

observed when lowering pH from 7 to 5.5, e.g., p2g £G4 GGCU

(AAG®37 oy = —1.73 keal/mol) and p(ég’%ggglj (AAG®37 o1 =
—1.72 keal/mol). This contrasts with the average of AAG®37 pyy =
—0.98 =+ 0.21 kcal/mol for loops with a $% combination (see
Table 2 and Table S2 in the Supporting Information). The pK, of
A NI in the CA pair of 555 (sequence found in a hairpin
ribozyme and VS ribozyme) is about 6.3 with a wobble CA pair
adjacent to a sheared GA pair (3, 8, 9). Presumably, the same
noncanonical base pairs form in g%, although the pK, of A N1
in the CA pair is not known. Further detailed experimental (e.g.,
measurement of pK,) and computational studies (47, 48) are
needed to understand the different pH effect on the thermo-
dynamics of 55 and §$S.

No Significant Stabilizing Effect Was Observed for CA
Pairs within Other Sequence Contexts in Size-Symmetric
Internal Loops. No significant thermodynamic stabilization
(i.e., free-energy stabilization of 1 kcal/mol or more) at either
pH 7 or 5.5 was found for size-symmetric loops with the A of a
potential AC pair 3’ to the adjacent Watson—Crick pair, e.g.,

GAGC AAA CGAC o _ . o _
oG an oeug (AG°37pu7100p = 2.27 keal/mol, AAG®37 5y

0.01 keal/mol), SASE ARG COAC (AG®37 1117 100p = 2.48 keal/mol,

— GAGC UGC CGAC —
AAGO37_pH = 0.08 kcal/mol), CUCG UAA GCUG (AGO37’pH7~100p =

0.63 keal/mol, AAG®37 511 = 0.13 keal/mol), and | S51 AGAA GCC
(AG°37 pi7.100p = —1.25 keal/mol, AAG®s7 o = 0.19 keal/mol).
The pH stabilization for 88 SGARCGAC (AAGy; iy = —1.56
keal/mol) and |, SCAAGARGOC (AAG®s7 5y = —0.73 keal/mol)
can be attributed to the GG and 8% segments (see the
discussion above for different pH stabilization observed for

¢SS and £S5 when lowering pH from 7 to 5.5), respectively,

with no contribution from the 22 and 25 segments.

The lack of extra stability when the A of an AC pair is 3’ of a
Watson—Crick pair is probably general. For example, on the
basis of NMR spectra of a 7 x 9 nucleotide loop B domain of a
hairpin ribozyme, the apparent pK,, of the N1 position of the bold
Aina 2§ segment is 5.4, and, at pH 6.8, the AC has a single
hydrogen-bond, A N1—C amino pair (Figure 1c). The GA is a
sheared pair (37). Here, the single hydrogen-bond (A N1—C
amino) AC pair has A and C shifted to major and minor grooves,
respectively, which is opposite to a wobble AC pair. A sheared
GA pair has G and A shifted to major and minor grooves,
respectively, which favors base stacking between the single
hydrogen-bond (A N1—C amino) AC and sheared GA pairs
(see Figure 4d and Figure S1b in the Supporting Information).

The enhanced stability of a CA pair with the C on the 3’ side of
a Watson—Crick pair relative to one with the A on the 3’ side of a

Watson—Crick pair may be related to stacking on the adjacent
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Watson-Crick CG and A N1-C amino AC

A
C-

F1GURE 4: Base stacking and base pairing involving CA. Base pairs shown in gray lines are closer to the viewer. The Watson—Crick CG, wobble
CA™ (the proton from protonation is not shown), and sheared GA pairs shown in a and b are taken from the g% segment of the NMR structure of
the substrate loop of VS ribozyme (9). The Watson—Crick CG, A N1—C amino single hydrogen-bond AC pair, and sheared GA shownincand d are

taken from g % segment of the NMR structure of loop B of a hairpin ribozyme (37). The stacking figures are generated by the 3DNA program (75).

helix. As with the G of a UG pair (49), the A of a CA ™ pair stacks
to its 3’ side by shifting to the minor groove. Thus, having the
Watson—Crick pair 3’ of the A provides more favorable stacking
by increasing the base overlap (see Figure 4a and Figure S1 in the
Supporting Information). Interestingly, the U in g’%g (loop
sequence in a U6 RNA intramolecular stem loop), which is
stacked within the helix at pH 7.0, is flipped out at pH 5.7 to favor
a stacking interaction between wobble A~ C and Watson—Crick
GC pairs flanking the U bulge (/0). Evidently, the stabilization
effect of CA and/or CA™ pairs and the pK, of A in a CA pair is
sequence-context-dependent.

No significant stabilization was observed for g% at either pH

. GGU GGA GGCU o - _
7Tor 5.51n p23G Aac ccg . (AG%37 5171000 = —0.09 keal/mol,

AAGO37’pH =-0.29 kcal/mol), ngg%ggglj (AGO37)pH7,1OOp =
1.66 keal/mol, AAG®3; 51 = —0.25 keal/mol), ,GGU-GA GGEU
(AGO37,pH7,loop = 1.66 kcal/mol, AAGO37’pH = —0.16 kcal/mol),
and ggg ﬁgé (C}gg (AGO37,pH7,100p = 1.77 kcal/mol, AAGO37’pH =
—0.04 kcal/mol). This is consistent with sheared-type CA and GA
pairs (trans Hoogsteen/sugar-edge AC and AG) (panels d and f of
Figure 1) forming in the loop {2 € in helix 41a of the crystal
structure of Thermus thermophilus 16S rRNA (39). It is possible,
however, that a % nearest neighbor may provide enhanced
stability in other contexts. A wobble CA pair adjacent to a
sheared GA pair was observed by NMR for the internal loop
GCAG (sequence of a VS ribozyme active site loop), where the pK,
of N1 of the bold A is 6.2 at 30 °C (50). Evidently, the formation
of a stabilizing wobble AC or CA pair adjacent to a GA, AG, or
AA pair is sequence-context-dependent.

Adjacent CA Pairs Provide No Significant Stabiliza-
tion at pH 7 But Are Stabilized by 0.8 kcal/mol on
Average at pH 5.5. The 3 x 3 loops in duplexes, S9€ AAA GGC

> GCG ACC CCG
(AG°37p17.100p = 2.65 keal/mol, AAG®37 15 = —0.82 keal/mol)

p CGC GAA GGC — —
and GCG ACC CCG (AGO37,pH7,100p = 1.00 kcal/mol, AAGO37,pH -

—0.69 kcal/mol), are predicted well without a bonus parameter
at pH 7 but have enhanced stabilities at pH 5.5. A similar

A A N1-C amino AC and sheared GA

pH-dependent effect was observed for the 2 x 2 loopsin duplexes,

CGC CA GCG o - _ GGC AC GCC
Gl ac cae (AAG®y oy = —0.87 keal/mol) and 205 65 c6G

(AAG®37 o = —0.77 kcal/mol) (5). Perhaps adjacent protonated
pairs are not electrostatically favorable and, thus, result in a lower
pK, and stabilized only when pH is as low as 5.5. Tandem wobble
CA pairs were observed in SG6 52 SS9 by X-ray crystallography
at pH 5.5 (see Figure Sle in the Supporting Information) (57). An
average AG°s7 ph bonus = —1.03 2 0.32 keal/mol (Table 3) is used
to predict pH stabilization for both tandem CA pairs and single
CA pairs in appropriate contexts, as described above.

No Significant pH-Dependent Thermodynamic Effect
Was Found for Nearest Neighbors with CA Adjacent to
UG. For the three duplexes, |, SC8 A0ARGOC (AG°37 5147 100p =
2.13 keal/mol, AAG®3; yin = —0.73 keal/mol, but the pH effect is

presumably only due to 8% because no noncanonical pairs form

i AAG GAGC CGA CGAC o -
in a5 ) 066 aua cevg (AG°37pH7100p = 1.43 keal/mol,

AAGO37,pH = —0.09 kcal/mol), and ngg%ggglj (AGO37’pH7’
loop = 0.47 kecal/mol, AAG®s; 5 = —0.19 keal/mol), no sig-
nificant pH effect could be attributed to a CA pair adjacent to a
UG pair. With the exception of GHaG S92 EG4C (AG°37 p7.100p =
1.43 kcal/mol versus AG°prediced = 2.15 kecal/mol at pH 7,
AAG®37 1 = —0.09 kcal/mol), all of the loop free energies are
well-predicted at pH 7 for the loops with a CA adjacent to a UG
pair. Thus, it is unlikely that in these loops a wobble CA ™ pair is
formed adjacent to a wobble UG pair, with the pK, significantly
above 7 for the adenine N1.

Note that there is also no significant thermodynamic dif-
ference between pH 8 and 7 for the loop ooy Saa SOCU
(AG°37p8.100p = 0.90 kcal/mol). We applied the bonus para-
meter of AG®5cR /¥ AA bonus [OT pocs A% SGEU at pH 7, although
there is no further stabilization at pH 5.5. The pH-dependent
shifting of the imino proton resonances from the UG pair sugge-
sts a pH-dependent conformational change within the loop, how-
ever (Figure 2b). This may be another example of the idiosyn-

cratic behavior of UG pairs. For example, thermodynamic and
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NMR studies suggest that adjacent UG pairs do not always form
canonical wobble pairs (52, 53).

Context-Dependent pH Effect of CC Pairs. CC can form
a cis Watson—Crick/Watson—Crick CC ™ pair (Figure 1i). A pH-
dependent stabilization was observed in 2 x 2 loops (5SS GEG
(AAG®37,4 = —2.48 keal/mol for two CC pairs) (5) and in

GACCLU COAC (AAG®y7on = —0.79 keal/mol) (Table 2). In

contrast, the stability of a single CC mismatch is essentially
pH-independent and well-predicted, ., G889 & SVEOAC (AG®y;,
pH7Ioop = 0.55 keal/mol, AAG®37 4 = 0.11 keal/mol). The
thermodynamic effect of GAC 3’ dangling ends are assumed to be
the same as GA 3’ dangling ends (54, 55) to calculate the
measured thermodynamic parameters of the 1 x 1 loop with a
single CC mismatch.

UC Pairs Are Not More Stable at Lower pH. No

significant pH effect was found for SOG 85 268 (AAG®37 51 =

—0.10 keal/mol) and SOE €4 9CE (AAG®s; i = —0.06 keal/mol) (5).

This is consistent with crystal structures of ¢ that reveal
cis Watson—Crick/Watson—Crick UC pairs with a water-
mediated hydrogen bond between the U imino proton
and C N3 but without protonated nucleobases (Figure 1j)
(56, 57). Quantum chemical calculations show that a water-
mediated UC pair is energetically preferred over a UC pair
with two direct hydrogen bonds (U O4 to C amino and U H3to C
N3) (Figure 1k) (58). Molecular dynamics simulations of the
loops GGG (59) and SYUUES (sequence found in human
telomerase RNA) (60) reveal dynamics of the water-mediated

: o : GAGC CU CGAC
UC pairs. No significant pH effect is observed for )25 7y acug

(AAG®37 51 = 0.16 keal/mol) and SH3C YU COAC (AAG®y7 1 =
0.21 kcal/mol), which is consistent with the NMR structures of
S5U & (sequence found in a poliovirus 3-UTR) (61) and & &5 &
(sequence found in HCV IRES domain IT) (62), which contain no
protonated C U and UC™ pairs (Figure 11), respectively.

A Watson—Crick-type UC pair with two direct hydrogen
bonds (U O4 to C amino and U H3 to C N3) (Figure 1k) was
observed in & PE5 ¢ (loop found in several RNA viruses) by
NMR (63, 64), which is consistent with the small pH-dependent
thermodynamics observed for GG U2Y SSC (AG®37 p17100p =
0.72 kcal/mol, AAG®s;,n = 0.57 kcal/mol). The loop free
energies at pH 7 are well-predicted, and no pH stabilization is
observed for loops in the duplexes, S5GE USC COAC (AGOy; 1y
oop = 154 kcal/mol, AAG°3;,u = 0.17 kcal/mol),
gﬁgg&%ggﬁg (AGO37’pH7’1OOp = 1.26 kcal/mol, AAGO37’pH =

0.41 keal/mol), or SE&3 2 8GSE (AG°37 pr7100p = 2.36 keal/mol,
AAG®37 1 = 0.42 kcal/mol).

No pH Bonus Is Applied to Size-Asymmetric Internal
Loops. The duplex, gg{}g Cg’éc’ gg%% (AG®37 517 Joop
2.60 kcal/mol, AAG®37,q = —0.73 kcal/mol), has the 2 x 4
internal loop from the leadzyme (/, 65—67) and is 0.73 kcal/mol
more stable at pH 5.5 than pH 7. This stabilization is consistent
with the formation of a wobble CA ™ pair in the NMR structure
without multivalent metal ions (/, 65) but not with the crystal
structure with multivalent ions (66) and a molecular modeling study
of the active conformation (67). The molecular model of the active
conformation is consistent with kinetic studies, in which different
loop G’s are forced to be in syn glycosidic conformation (68).

In helix 58 of the large ribosomal subunit of Haloarcula
marismortui (40), trans Hoogsteen/sugar AC (Figure 1d) and
trans Hoogsteen/Hoogsteen AA pairs (Figure 1h) (43) form in

GCALAG. The A in bold is in a syn glycosidic conformation, and
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the U is bulged out. Apparently, this conformation is more stable
in this 3 x 4 internal loop than a wobble CA ™ pair adjacent to a
sheared AA pair. Further thermodynamic and structural studies
are needed to see whether the loop structure is preformed or
induced by tertiary and protein binding in the ribosome.

Moderate pH effects were found for the 1 X 2 loop in
REAG L GUCE (AAG®y7 i = —1.04 keal/mol) and the 2 x 3
loop in {&id s SNGh (AAGPy = —0.63 keal/mol) (69).
Pairings within the loop that are sensitive to pH and context are
likely in size-asymmetric internal loops, because they provide
flexibility (1, 65—68). This will make it difficult to determine
sequence- and pH-dependent rules for size-asymmetric internal
loops and other flexible loops.

Thermodynamics of Internal Loops May Be Useful for
Predicting Kinetics. The internal loops of S5 8GAA GOC

_ GCA AGAA GGC
(AGO37,pH7,Ioop = 213 kcal/mO])a UCGU CAGC CCG (AG037,pH7,

- _ GCA AGAA GGC _
loop = —0.09 keal/mol), and ;250 25aa ccg (AG°37pHT100p =

—1.25 kcal/mol) belong to proposed consensus sequences in loop
A of the hairpin ribozymes (3). The bold G has to flip out and
dock with the loop B domain to form the functional hairpin
ribozyme conformation (70). On the basis of loop A stability and
structure, this step is predicted to be slowest at pH 7 for the
AAGAAG |o0p (Figure 3a) if the transition states for all of the

U CAGG C Tle i
sequences have similar free energies.

CONCLUSION

The pK, of the A N1 nitrogen in a CA pair depends upon local
sequence context, as evidenced by thermodynamic and structural
results shown here and previously (1, 3, 8, 9, 12, 34—40,42). Ina
nearest neighbor of % or % with the CA adjacent to a closing
canonical pair (including wobble UG pairs), the formation of a
wobble CA ™ adjacent to a sheared GA or AA pair stabilizes 3 x
3 nucleotide and larger size-symmetric internal loops on average
by about 1 kcal/mol at 37 °C, pH 7, and 1 M NaCl. Such nearest
neighbors with the CA adjacent to a closing Watson—Crick pair
are further stabilized on average by 1 kcal/mol at 37 °C when the
pH is lowered from 7 to 5.5. Other stabilizing nearest neighbor
combinations can exist to shift pK,. The pK, may also depend
upon global context; e.g., pK, could be shifted in the middle of a
large structure, such as the ribosome. The results presented here
along with published NMR and crystal structures provide
benchmarks to test free-energy and structural calculations by
computational chemists.
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