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ABSTRACT. Many internal loops that form tertiary contacts in natural RNAs have GU closing pairs; examples
include the tetraloop receptor and P1 helix docking site in group | introns. Thus, thermodynamic parameters
of internal loops with GU closing pairs can contribute to the prediction of both secondary and tertiary
structure. Oligoribonucleotide duplexes containing small internal loops with GU closing pairs were studied
by optical melting, one-dimensional imino proton NMR, and one-dimensional phosphorus NMR. The
thermodynamic stabilities of asymmetric internal loops with GU closing pairs relative to those of loops
with GC closing pairs may be explained by hydrogen bonds. In contrast, the free energy increments for
symmetric internal loops of two noncanonical pairs with GU closing pairs relative to loops with GC
closing pairs show much more sequence dependence. Imino proton and phosphorus NMR spectra suggest
that some GA pairs adjacent to GU closing pairs may form an overall thermodynamically stable but
non-A-form conformation.

Internal loops with GU closing pairs occur in RNA pairs depends on loop sequence and asymmetry. Ix 81
secondary structures and participate in tertiary and quaternaryand several 2« 3 internal loops, the average difference in
interactions. In small and large subunit rRNA, 42% of GU stability between loops with GU and GC closing pairs is
pairs occur at loophelix junctions with a strong preference 1.5 kcal/mol, which can be explained by a hydrogen bond
for the motif BUG/3GA (1). For example, helix 44 in the  model @9, 20). In 2 x 2 loops, however, the difference in
Escherichia coli16S ribosomal subunit has a series of stability between loops with GU and GC closing pairs is
consecutive GU and GA pairs; this helix forms part of the more sequence-dependent, which suggests significant changes
interface between the two subunits and the binding site for in stacking interactions and/or backbone conformations, in
initiation factor 1 @—6). In group | introns, GU pairs are  addition to a change in the number of hydrogen bonds. A
80% conserved as a closing pair in the J4/5 logp The downfield-shifted phosphorus resonance is observed in some
J4/5 loop is the docking site for the P1 helig& @), and one-dimensional phosphorus NMR spectra, suggesting that

therefore participates in the first step of self-splicid@-¢ GA pairs adjacent to GU closing pairs have a non-A-form
13). In the crystal structure of the P46 module of the conformation in some context21).
Tetrahymena thermophilgroup I intron GU closing pairs The results provide models for predicting stabilities of

form the base for the AA platforms observed in the J6/6a internal loops closed by GU pairs. These parameters can be
loop and the J6a/6b tetraloop receptdd,(15). In the  incorporated into programs suchragoldfor predicting RNA
tetraloop receptor, GU closing pairs participate in the secondary structur€2p—25). The results also contribute to
coordination of a potassium iorl§). Thus, internal loops  ynderstanding molecular recognition involving internal loops
closed by GU pairs are often important for RNA structure in tertiary structure formation. For example, thermodynamic
and function. stabilities of internal loops that model the J4/5 loop in
Previous thermodynamic studies of internal loops include different group | introns are compared with measurements
few examples with GU closing pairs. In two cases, the of tertiary interactions at this sit8,(26, 27). Thus, the results
stabilities of tandem GA pairs with GU closing pairs are should facilitate prediction of RNA secondary and three-
0.8 and 4.4 kcal/mol less stable than similar loops with GC dimensional structure.
closing pairs 17). In 2 x 2 loops with GC closing pairs,
UU pairs are more stable than AA pairs; inx2 2 loops MATERIALS AND METHODS
with GU closing pairs, however, the order of stability is o . . »
reversed18). Thus, GU closing pairs can affect the sequence ~ Oligoribonucleotides were synthesized and purified as

dependence of the thermodynamic stability of an internal Previously described20). All oligomers were greater than
loop. 90% pure. Optical melting experiments and imino proton

This paper presents thermodynamic parameters for a

variety of internal loops with GU closing pairs. The 1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; HPLC,
difference in stability between loops with GU and GC closing high-pressure liquid chromatography; MES,N&fiorpholino)ethane-
sulfonic acid;m x nloop, an internal loop containing nucleotides
oppositen nucleotides, wheren and n are integers; NMR, nuclear
T This work supported by NIH Grant GM22939. magnetic resonance; NOE, nuclear Overhauser effect; TLC, thin-layer
* To whom correspondence should be addressed. Telephone: (716)chromatography;Ty, melting temperature in kelvinT,, melting
275-3207. Fax: (716) 473-6889. E-mail: Turner@chem.rochester.edu.temperature in degrees Celcius.
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Table 1: Thermodynamic Parameters for Internal Loop and Duplex Formation ‘@237

AG%00p, 37 -AG®y -AH° -A8° T (°C) AG%00p,37 -AG®; -AH° -AS° T (°C)
(kcal/mol)  (kcal/mol)  (kcal/mol) (eu) (1.0X10™ M) (kcal/mol)  (kcal/mol)  (kcal/mol) (ew) (1.0X10™ M)
3X3 Loop 2X2 Loops
SCCAGCCAAGUCCU */ 0.140.3 101401 945+19 2721459 49.2 SCUGUGAUGACH 02414 8.440.1 89.8423  262.3+72 437
3GGUUGACGUAGGA (1.6) IGACGAGGCUG (0.8)
2X3 Loops SGGUAGACC 09103 5.140.1 666+2.6  198.248.5 344
3CCAGAUGG ©.7)
SGAGU AA CGAC' 1.840.5 8.040.1 83.742.1 2442466 424
3CUCGAAGGCUG (1.9) SGGAAGUCC */ 1.7+0.3 4.640.1 551418 16274538 312
3CCUGAAGG (0.3)
S'GAGU GA UGAC **¥ 1.941.0 7.040.1 756428 2212492 388
FCUCGAAGGCUG (2.0) 5’ GAGUAACGAC 1.940.5 7.940.1 86.8439  254.5+12.5 419
PCUCGAAGCUG (1.8)
S'GAGC AA UGAC® 22405 7.5+0.1 795426 2322482 40.9
3'CUCGAAGGCUG 2.3) S'GAGUGAUGAC ¥ 22410 6.740.1 77.4+2.8 227.9+8.9 376
ICUCGAAGCUG (1.1)
SCUGU AU GACG “* 3.0405 6.610.1 777422 2293470 37.2
IGACGAAUCUGC 2.9 S’ GCGAGUGC @/ 2.6+0.6 3.840.1 477416 1414452 255
PCGUGAGCG (0.3)
1) el
;gﬁg’g ::A%%%CG 3 éizo)s 66201 TLIE36 20795116 374 SGAGCAAUGAC 2.740.5 7.140.1 774129 226.6493 4238
ICUCGAAGCUG 2.0
S'GAGU AA UGAC® 32110 56101 607125 1774182 325 SCUGUAGGCAG 34408 5.5+0.1 82.2+4.1 24734133 36.1
ICUCGAAGGCUG (3.0) FGACGGAUGUC ©7
SGAGU GA UGAC 33410 5.540.1 50.043.0  143.4%10.0 309 S'GAGUAGUGAC 3.6+1.0 5.240.1 616129  181.949.6 30.6
3CUCGAAAGCUG 3.0) ICUCGAAGCUG @3)
SGAGC AA UGAC 36505 6.2+0.1 641427 1866488 154 S'GAGUAAUGAC 3.641.0 5.2+40.1 621414 183.4+4.7 306
3CUCGAAAGCUG (32) FCUCGAAGCUG @.5)
SGAGU AG UGAC” Stem duplexes
4.0+10 4.840.1 461411 1332438 26.0
ICUCGAAAGCUG (3.0) 5’CCAGCGUCCU 11.6£0.2  87.9434  246.0+103 55.9
3GGUUGUAGGA
SGAGU AA UGAC 4.1+1.0 47401 435510  125.143.5 246
3CUCGAAAGCUG (3.3) 5’GAGGAC 8.540.1 573414 157.1445 483
1X3 Loop 3CUCCUG
SGAGU G UGAC 3.8+1.0 5.140.1 515423 1497475 286 5'GAGUUGAC ¢ (84102)  (748475) (214.2:59)  (448)
3CUCG AAGGCUG (38 - FCUCGGCUG
5’GAGUUGAG* 82 739 2118 442
3’CUCGGCUC

a Melting experiments were carried out 1 M NaCl, 10 or 20 mM sodium cacodylate, 0.5 mMBBTA, pH 7 buffer. For each type of loop,
sequences are listed in order of internal loop free energy, calculated according to eq la. Thermodynamic parameters used in eq 1a and this table
were obtained by fitting plots of inverse melting temperatdig; !, versus natural logk/n) to the equationq3) Tyt = (RIAH®) In(Cy/n) +
AS’/AH®, whereR is the gas constan€r is the total strand concentration, ands 1 or 4 for self-complementary or non-self-complementary
duplexes, respectively. Predicted values/Ags° o are listed in parentheses below the experimental values and calculated according to the values
in Table 2 and the rules in ré@R2 for 2 x 2 loops and in reR0for 2 x 3 and 1x 3 loops (see the discussion in the text). Listed errors are standard
deviations from reported measurements assuming no correlation of errors in the slope and intercept and are therefore overestimates of this source
of error. Estimated errors from all sources at&0%, +10%, +2%, and+1 °C for AH°, AS’, AG®, and T, respectively. Significant figures
beyond error estimates are given to allow accurate calculatidy @nd other parameters. Three duplexes containing otheBloops with GU
closing pairs, 55AGUAUGAC/3 CUCGAAGG CUG, BGAGUAUGAC/3CUCGAAAG CUG, and 5GAGUGUGAC/3CUCGAAAG CUG, do not
exhibit two-state melting transitions. Stabilities for thH&JBAU/3' GGAAG and 3UAGU/3'GGAAG loops are not reported because the stability
of self-complementary duplex formation for theC8) CGGAAG CUG sequence is greater than the stabilities for the combinations of two non-self-
complementary oligomer8.These duplexes were also melted in 10 mM MgOIl15 M KCI, 10 mM sodium cacodylate, 0.5 mM NEDTA, pH
7.0 buffer at one or more concentrations. No significant change in duplex stability relative ta tha¥liNaCl buffer was observedThese
duplexes were also melted L M NaCl, 50 mM MES, 0.5 mM N&DTA, pH 5.5 buffer at one or more concentrations. No significant change in
duplex stability relative to that in pH 7.0 buffer was observEfihese duplexes were also meltedliM KCI, 20 mM sodium cacodylate, 0.5 mM
Na&EDTA, pH 7 buffer at one or more concentrations. No significant change in duplex stability relative ta th&t NaCl buffer was observed.
¢ These duplexes were studied by variable-temperature imino proton NMR (500 MHz) and one-dimensional difference NOE NMR in 80 mM NacCl,
10 mM phosphates, 0.5 mM MaDTA, pH 6.7 buffer and 10% ED. f These duplexes were studied by variable temperature imino proton NMR
(500 MHz) in 80 mM NacCl, 10 mM phosphates, 0.5 mMEBTA, pH 6.7 buffer and 10% fD. 9 Melting curves for the BSAGUUGAC/

3 CUCGGCUG duplex do not exhibit two-state behavior. Therefore, the thermodynamic parameters are estimated from the experimental data for
a similar duplex, ISAGUUGAG/3CUCGGCUC 82), by adding the predicted differencgé9) between the last nearest neighbor pakrom ref

32. ' These loops have the same sequence as J4/5, J6/6a, or J6a/6b loops that occur naturdllytierthephila P. carinii, or C. albicansgroup

I introns (7, 26 74, 75). 1 These duplexes were studied by one-dimensional phosphorus NMR in 80 mM NaCl, 10 mM phosphates, O EBMANa

pH 6.7 buffer and 99% ED.

NMR experiments were conducted as previously describedwere referenced to the phosphate buffer peak (pH 6.7) at
(20). The standard melt buffer consisteftloM NaCl, 10 or 0.0 ppm; the data were multiplied by a-%2 Hz exponential

20 mM sodium cacodylate, 0.5 mM pEDTA, pH 7 buffer. line-broadening function. Additional experimental details are
Some samples were also meltedliM NaCl, 50 mM MES, provided in the Supporting Information.

0.5 mM NaEDTA, pH 5.5 buffer1 M KCI, 10 mM sodium

cacodylate, 0.5 mM N&DTA, pH 7 buffer; or 10 mM RESULTS

MgCl,, 0.15 M KCI, 10 mM sodium cacodylate, 0.5 mM Thermodynamic ParameteiBable 1 lists thermodynamic
NaEDTA, pH 7 buffer. The'H-decoupled one-dimensional parameters for the formation of duplexes and for internal
phosphorus spectra were collected at 202 MHz with a sweeploop formation. Duplexes are grouped by the type of loop
width of 2.4 kHz and WALTZ decoupling. Samples in@ and listed in order of decreasing loop stability. The thermo-
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i -1
dynamic parz_imeters fronfy— versus I_nC_T/n) plots and Table 2: Free Energy Increments for Symmetris 2 Purine
from curve fits of the data agree within 15% (see the |oops

Supporting Information), which is consistent with the two-

; ; GA AG GG AA
state model assumptio@&—30). As noted in footnotes-bd Closmg:ase par AG GA 6 AA
of Table 1, duplexes melted in other buffers exhibit no B -2 -1 (08y 18
difference in stability as compared to thoseli M NaCl, ¥ -0.7 -0.7 0.8 1.?
pH 7 buffer. _ , s 0.3 17 19 2.8
_ The thermodynamic parameters fpr formation of Fhe su 0 0.9 23 o
internal loops are calculated according to the following A
equation 81): 35 1.8 26 (2.1) 4.2

5U 0.1¢ 3.4 (2.1) 2.2

3G

aSee footnote a of Table 1. Values in parentheses are predicted
values. The predicted free energy increments f@&GU/3UGGG
and BUGGG/3GGGU are the average of the free energy increments
for 5AGGU/3UGGA and BUGGA/3'AGGU. The prediction for
5'GAAU/3'UAAG is based on the free energy increments for related
nonsymmetric 2x 2 loops (Table 1) and equations in ré&3 and37.
The (BGCGAAUGC), sequence did not exhibit a transition in the
melting curve at 1.4x 10~* M, indicating the duplex is less stable

values fOfAH°|oop and A5°|oop are similarly derived and the_ln_ the (SGCUAAGGC), duplex (L8).  Values are fror_n ref22.
Original data are from ref$7, 18, and35 but recalculated with nearest

included in the Supporting Information' The Ia,lSt t?rm in eq neighbors from the INN-HB parameterkdj. When there is more than
la accounts for the nearest neighbor stacking interactiongne measurement of a loop, the average value is given. Values in
present in the uninterrupted helix but absent in the helix parentheses are predicted stabilitieErom ref36. ¢ Values are from
containing an internal loop. These nearest neighbor param-ref 17 and corrected for the new nearest neighbor paramel&)s (
eters, taken from an analysis of nearest neighbor GU pairSeVaIues are from refl8 and corrected for the new nearest neighbor
(22, 32), have errors as large as 0.96 kcal/mol, which parameters19).
accounts for the large error in somés°,, parameters.
Listed in parentheses in Table 1 are the free energies o
loop formation predicted by the models described below. For
3 x 3,2x 3,and 1x 3 loops, the thermodynamic stability
of an internal loop is predicted with the following equation
(20, 22, 33):

o — o _ o _
AG loop — AG duplex with loop (AG duplex without loop
o
AG interrupted base pa%r (la)

For example,

5'GAGUUGAC

eacy A 5Uy
uGAC
sency - ( AG® 3cuceecuG - AG°¥6G )

A6 385 G
3Gy, & 3CUCG,gBCUG

(1b)

fexperimental error of the measured values. Similarly, the 1
x 3 loop with two GU pairs is 1.4 kcal/mol less favorable
than the average value for< 3 loops with GC closing pairs
(see the Supporting Information and 24). For eight 2x
2 loops, however, the effect of changing the two closing pairs
from GU to GC varies from 0.8 to 4.4 kcal/mol. Thus, for 2
x 2 loops, the changes in stability between GU and GC
closing pairs may be due to not only one fewer hydrogen
bond per closing base pair but also changes in base stacking

The loop initiation term accounts for the penalty of forming Nteéractions and/or backbone conformations. _
a loop closed by two GC pairs and depends on loop size Table 2 summanzes.the expeymgntal thermodyr)amlc
(20, 22). The asymmetry penalty increases with an increasing Parameters for symmetric 2 2 purine internal loops with
difference in the number of nucleotides on each side of the different closing pairs. When the closing pairs change from

5C 5U
loop 34). The AU/GU penalty accounts for the different

o p— o o
AG loop (predicted) AG loop initiation +AG asymmetry penalty+
o o
AG AU/GU penalty+ AG GA/GG/UU bonus (2)

3¢ to 34, the changes in loop free energy for all the

number of hydrogen bonds in AU or GU pairs versus GC Symmetric purine 2x 2 loops are consistent with the

pairs (L9, 20) and has a value of 0.2 kcal/mol in addition to hydrogen bonding ’modeI’. In contrast, when the closing pairs
a 0.45 kcal/mol penalty for terminating a helix with an AU are changed frontg to 3§ or 55, the changes in thermo-
pair (18, 22). The GA/GG/UU bonus accounts for potential - dynamic stability are not consistent with a simple hydrogen
stabilizing effects of GA, GG, and UU pairs when these bonding model. Forjze and 3aa, the loop free energy
noncanonical pairs are adjacent to the closing pairs in anchanges by 3 and 4 kcal/mol on average when the closing

internal loop (8, 33, 35, 36). This term is zero for 1x 3 pairs change fromyg to 51 and from 33 to 3o

20, respec-
loops @Q0). The rules for approximating stabilities of sym-
metric 2 x 2 loops have been previously summariz&8, (
22,37, 38). The loop free energies for 2 loops presented

tively. Thus, base stacking and electrostatic interactions also
influence the loop free energies of symmetricc22 loops
closed with a 5purine.

in this paper suggest that the dependence on the GU and Imino Proton NMR.Imino protons in AU and GC pairs

AU closing pairs may be more idiosyncratic than previously
predicted, however.
The values in Table 1 foAG®q0p can be compared with

typically resonate in the regions between 13.5 and 15 ppm
and between 11 and 13.5 ppm, respectiv8B).(Formation
of expected WatsonCrick pairs was confirmed by imino

values for previously measured loops with one or two GC proton NMR, and tentative assignments were made by one-
closing pairs and identical loop sequences (see the Supportinglimensional NOE difference spectra (some examples are
Information and refd8, 20, 22, and37). Ten 2x 3 loops shown in Figures 43; also see footnotes e and f of Table
with one or two GU closing pairs are less stable than similar 1 and the Supporting Information). GU pairs in a helix
loops with two GC closing pairs by average values of8.6 ~ contain two imino protons that typically resonate between
0.2 or 1.5+ 0.2 kcal/mol, respectively. The AU/GU penalty 10.5 and 12 ppm and give a strong NC&,(40, 41). Imino
adds a predicted value of 0.65 or 1.3 kcal/mol for loops with protons in imino hydrogen-bonded GA pairs and sheared GA
one or two GU closing pairs, respectively, which is within pairs in RNA internal loops typically resonate near 2.5
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~
* FIGURE 2: Dlagrams of (a) a GU Wobble pair, (b) a sheared GA
* pair, and (c) an imino GA pair7(7, 78). Imino protons in GU pairs,
NN o sheared GA pairs, and imino hydrogen-bonded GA pairs in RNA

internal loops typically resonate near 168, 10, and 11.5 ppm,

Gl respectively 17, 32, 40—42). Imino proton NMR spectra (915

ViZozo 63 611 8 U4/G18 y7/614 ppm) in 80 mM NaCl, 10 mM phosphate, 0.5 mM JEDTA, pH
6.7 buffer. The single spectrum shown from a variable-temperature

j\k study was selected for the best dispersion: 'QUBGUGAUGAC/

E— . 3'GACGAGGCUG, 0.2 mM, 1°C, AG®up 37 = 0.2 kcal/mol;

- (i) 5'GAGUGAUGAC/3CUCGAAGCUG, 0.6 mM, 1 °C,

FiGURE 1: One-dimensional NOE difference NMR spectra- (5 AGio0p 37 = 2.2 kecal/mol; (iii) (BCUGUAGGCAG),, 0.6 mM, 1
ppm) of 0.6 MM 5GAGUAAC GAC/3CUCGAAAG CUG at 1°C °C, AGiop 37= 3.4 kcal/mol; (iv) ((GCGAGUGC), 0.4 mM, 10
and 2 mM 3GAGUGAUGAC/3CUCGAAGG CUG at 5°C in 80 °C, AG®io0p 37= 2.6 kcal/mol; and (v) (33GAAGU CC), 0.5 mM,
mM NacCl, 10 mM phosphate, 0.5 mM BEDTA, pH 6.7 buffer. 5°C, AG®li0p 37 = 1.7 kcal/mol.

Asterisks denote observed NOE peaks when the resonance marked _.
with an arrow is saturated. Tentative assignments are marked in Figure 2 shows the structures of GU, sheared GA, and

the off-resonance spectrum. Spectra were acquired with 3 simino hydrogen-bonded GA pairs and imino proton spectra
saturation at the following frequencies: 11.45 and 10.51 ppm (top) of several duplexes containing>2 2 loops with GA pairs

and 11.32 and 10.94 ppm (bottom). and GU or AU closing pairs. The upfield resonances provide
11.5 and 10 ppm, respectivel§?, 42). Thus, peaks in the  some information about the structures of the internal loops.
upfield region of the spectra<(12.5 ppm) provide informa-  The spectra of duplexes with'BGAU/3'GAGG and
tion about the GU closing pairs and the imino protons in 5UGAU/3'GAAG loops (spectra i and ii of Figure 2) exhibit
the loops. The absence of a peak in the imino proton resonances near 10 ppm that are consistent with either a
spectrum does not necessarily imply that a hydrogen-bondedproton in a sheared GA pair or a GU closing pair. The peaks
GU or GA pair does not form; the imino protons in the pair below 10 ppm are difficult to assign but may reflect an
can exchange with water if the structure is partly flexible. unusual amino protorig). For self-complementary duplexes,
Figure 1 shows some of the results of one-dimensional each resonance can be attributed to two imino protons due
NOE experiments for the BAAC/3GAAA G and SUGAU/ to symmetry. In spectrum v of Figure 2, the U imino protons
3'GAAGG loops. The peaks at 10.5 and 11.4 pprEAC/ in AU closing pairs adjacent to tandem imino GA pairs have
3 GAAAG) or 10.9 and 11.3 ppm BGAU/3'GAAGG) an unusual upfield chemical shift (12.7 ppm); this unusual
give mutual NOEs, which is characteristic of a GU pdio,( chemical shift was also observed for the U imino protons in
43—45). Each of these peaks has an additional NOE to a AU closing pairs adjacent to tandem sheared GA pdigs. (
peak that is tentatively assigned to the adjacent GC pair inIn the (BCUGUAGGCAG), duplex, NOEs between the
the stem. In a hairpin construct containing thH& BAU/ resonances at 10 and 11.5 ppm confirmed the formation of
3 GAAGG loop, weak NOEs were observed between G14 the GU closing pairs (Figure 3); however, the G6 imino
and U7 imino protons in a two-dimensional NOESY experi- resonances are not seen, prohibiting the assignment of
ment (data not shown). These NOEs confirm the formation sheared or imino GA pairs. The G6 imino proton apparently
of the GU closing pairs in these 2 3 internal loops. exchanges with water; thus, the loop may be partly flexible.
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Ficure 3: One-dimensional NOE difference NMR spectra- (5
ppm) of 0.6 mM (BCUGUAGGCAG), at 1°C in 80 mM NacCl,

10 mM phosphate, 0.5 mM NBDTA, pH 6.7 buffer. Asterisks
denote observed NOE peaks when the resonance marked with a
arrow is saturated. Spectra were acquired\8is saturation at the
following frequencies: (i) 13.52, (ii) 13.24, (iii) 12.38, (iv) 11.49,
and (v) 9.93 ppm and (vi) off-resonance. Tentative assignments
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3’ GACGAGGCUG
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FiIGURE 4. One-dimensionatH-decoupled®P spectra 5 to 5
ppm) at 25°C for i—iv (v at 10 °C) in 80 mM NaCl, 10 mM
phosphate, 0.5 mM NEDTA, pH 6.7 buffer and 99.99% .
Spectra are listed by type of loop and then decreasing chemical
shift dispersion. The largest peak is the resonance for the phosphate
buffer: (i) 5GAGUGAUGAC/3CUCGAAGG CUG, 2 mM; (ii)
5'GAGUAAC GAC/3CUCGAAAG CUG, 0.6 mM; (iii) BCU-
GUGAUGAC/3GACGAGGCUG, 0.2 mM; (iv) 3GAGUGAU-
r?(%AC/S'CUCGAAG CUG, 0.6 mM; and (v) (35CUGAGGC), 2.0
M.

a reduced bond angle. A downfield shift in the phosphorus

are marked in spectrum vi, and numbering of the bases is shownchemical shift implies a smaller than average R&-OR

at the top.

The (BUAGG), loop in (SECUGUAGGCAG), is 4.1 kcal/
mol less stable than the'(BAGG), loop (Table 2); this large
thermodynamic difference may also imply a less structured,
more flexible loop.

Phosphorus NMREigure 4 shows sample one-dimensional
1H-decoupled'P NMR spectra of duplexes with GU closing
pairs. Typical A-form RNA shows a dispersion-ef..5 ppm
(47); an example is shown in spectrum ii (also see footnote
j of Table 1 and the Supporting Information). Some duplexes
with GU closing pairs and GA pairs, however, have unusual

bond angle, and an upfield shift implies a larger than average
bond angle 21). Hydrogen bonding may also affect the
phosphorus chemical shift by approximately 0.5 pyat).(
Chemical shifts downfield from the large phosphate buffer
peak are unusual, but have been observed for the sheared
GA pair in a GAAA tetraloop hairpin 47) and tandem
sheared GA pairs with AU closing pair43). A similar peak

is seen in spectra i and +iv of Figure 4. The phosphorus
spectra for the duplexes that model the J4/5 loops in
Pneumocystis carinindTetrahymena thermophilgroup |
introns (spectra i and ii, respectively, of Figure 4) exhibit
different chemical shift dispersion, suggesting that the two

downfield phosphorus resonances and thus a wider thanloops have some different backbone conformations.

normal dispersion of resonances. For example, th&3a U/
3'GAGG loop produces the widest dispersion (4.7 ppm;
spectrum iii of Figure 4).

Table 3 lists in order of decreasing phosphorus chemical
shift dispersion several RNA duplexes that contaix 2
and 2x 3 internal loops with GU closing pairs and/or GA

Changes in torsion angles, bond angles, and hydrogenpairs. All duplexes above the bold line have a phosphorus

bonding can affect the phosphorus chemical shift dispersion,
which is approximately 1.5 ppm for the gauche conforma-
tions (60 or —60°) of the R-O—P—0(R) torsion angle in
an A-form helix @1, 47). A trans (180 or —18C°) confor-
mation gives a dispersion of approximately 2.6 pp2i)(
The trans-trans conformation of the torsion angles also has

chemical shift dispersion greater than the approximately 1.5
ppm typical for A-form RNA. The loops that contain both a
sheared GA pair and either GU or AU pairs have a
phosphorus chemical shift dispersion®1.5 ppm and an
unusual downfield phosphorus resonance (Figure 4 and Table
3). The loops that contain GC closing pairs and GA pairs
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Table 3: Comparison of Dispersion #P NMR Spectra and Loop phosphate buffer peak (see the Supporting Information).
Free Energies at 37C Otherwise, loops that contain imino GA pairs with either

GC or GU closing pairs have a typical phosphorus chemical

foop et atert | ot | e shift dispersion. Thus the largest dispersions are associated
SCUGUGAUGAC 47 Lor2 26U o with internal loops having a sheared GA pair adjacent to a
sheare - .
SpGGGCUGAAGCCU 3.9 2 sheared ZAU 0.7 GU or AU pair.
3'UCCGAAGUCGGGp™® 1.7 . .
SGAGU GA UGAC = 30 Tor2 76U (1,9) Table 3 also compares the phosphorus chemical shift
TG AAEAs o Shewed_ £3) dispersion and type of GA pairing with the loop free energy.
3CUCGAAGCUG 2.3) Despite having an unusually downfield phosphorus chemical
5'GCUGAGGC 2.4 2 sheared 2GU 01 : H H
3CGGAGUCY 23) shift, all the loops above the bold line in Table 3 have a
sacaeauaC, 19 2 imino 26U (;g) thermodynamic stability more favorable than or equal to the
YN - m— — — average loop stability for all loops with the same size,
3CUCGAAAGCUG 1GC 238 asymmetry, and closing pairs. Thus, in these cases, the
S'GCGAGUGC 1.4 2 imino 2GU 2.6 . H H H H
JCOUGAGCG 23 backbone configuration that gives rise to a deshielded
RO 12 2 imino 26 (—5-36) phosphorus resonance is not thermodynamically destabilizing
5CUGUAGGCAG i nr 2GU 3.4 overall. Hydrogen bonding to the backbone or changes in
;gggﬁgg‘ggfc = S mieT—oc 2 backbone angles that allow for thermodynamically favorable
JCCGGACGG'! (©.3) base stacking are possible configurations that would be
5'GGCGAGCC 1.0 2 sheared 2GC -0.7 . .
JCCGAGCGG ©.3) thermodynamically stable and also generate a deshielded
5'GGAAGUCC 1.0 2 imi 2 AU 1.7 i
FOCUOARGE imino an phpsphorus resonance. The thermody'namlcally stable and
SGAGC GA CGAC 05 2sheared | 2GC 02 unique conformation of the’'8G/GA motif could thus be a
3'CUCGAAGGCUG 2.1

ood drug target.
aThe dispersion is defined as the difference between the most upfield 9 9 9

and downfield peaks in th&P spectrum at the temperature that gave

the greatest dispersion but was still at leastChelow theT, of the DISCUSSION

duplex. Sequences are listed in order of decreasing dispepsitre. . . . .
type of GA pair is either determined from the solved structure or  Internal loops with GU closing pairs are a common motif
predicted on the basis of a one-dimensional imino proton spectrum in RNA secondary structurel( 7) and can be part of
with a chemical shift at approximately 10 ppm indicating a sheared jmportant tertiary structure motifs such as the tetraloop
GA pair and at 12.511.5 ppm indicating an imino GA paid{, 52, receptor and AA platform14, 15). The free energy incre-

53). When no G imino resonance was observed for the GA pair, the ts for th d int Il ith GU closi
notation nr is used. An alternative arrangement of the data sorted by ments tor three conserved Internal loops wi closing

type of closing pair is included in the Supporting InformatieSee pairs in group | introns, J4/5, J6/6a, and J6a/6b (footnote i
footnote a in Table 1 for details of the calculation of loop free energy. of Table 1), provide information about the stabilities of the
Listed in parentheses is the average value for all measured loops Withloops before they form tertiary contacts. Thex23 internal

the same loop size, asymmetry, and closing pairs. The average value : : - :
for ten 2 x 2 loops with two GU closing pairsl{y, 18), fourteen 2x %Op in helix 22 in 16S rRNA (nucleotides 66566 and

2 loops with two AU closing pairsl({, 18, 22, 36), and seventy X 740-743 ir_‘ E. COID: which has_ a GU closing pair, forms
2 loops with two CG closing pairsly, 18, 22, 34, 36, 37), are 2.3, part of a binding site for protein S15 and thus plays a role
1.7, and 0.3 kcal/mol, respectively. The average values for fixe2 in the folding of the central domaid®). Thus, understanding

loops with two GU closing pairs (this work), five 2 3 loops with  the energetics of internal loops can facilitate modeling of

one GU and one GC closing pair (this work), and eighteen2loops .
with two GC closing pairs 20) are 3.3, 2.8, and 2.1 kcal/mol, RNA secondary, tertiary, and quaternary structure and

respectively. The loop free energy parameters published before 199gthereby al_so facilitate selecting sites for targeting RNA with
were recalculated with updated nearest neighbor parameters for thetherapeutics.

interrupted base pairsl9, 22).9The solution structure and the ;
phosphorus spectrum are reported in42fThe terminal 5phosphate In Small Asymmetric Intemnal Loops, the Free Energy

resonates at 0.80 ppm. The G6 ghosphate and A6’ Shosphate Inc.rement fOI: Changi_ng a GC Closing Pair_to a GU Closing
resonate at-3.09 and 0.27 ppm, respectively, giving a phosphorus Pair Is Consistent with a Hydrogen Bonding Modgi eq
dispersion of 3.4 ppm without including the terminapfosphaté.The 2, the AU/GU penalty is 0.2 kcal/mol in addition to a 0.45
loop free energy is that reported in refg and22. ' The duplex free  kcal/mol penalty for terminating a helix with an AU pair
energy and one-dimensiongd spectrum are reported in réf. Th(_e (18, 22). A loop with one or two GU closing pairs thus is
loop free energy was calculated with updated nearest neighbor ' g
parameters for the interrupted GU pai22) 9 The solution structure predicted to be 0.65 or 1.3 kcal/mol, respectively, less stable
and the phosphorus spectrum are reported in58&f" The solution than a loop with one or two GC closing pairs. This prediction
structure and phosphorus chemical shifts are reported i@6eThe is within experimental error for % 3 loops and one Xk 3
i it e e it o e repted22P W one or o GU closing pais see the Supporting
CG pairs (9). iTFr)le solution structugre anél) phosphorus spectrum e?reqnformatlon)' GC pairs have three hydrogen bonds, and
reported in ref52. ) The one-dimensional imino proton spectrum is Wobble GU pairs have two hydrogen bonds. Half of the free
reported in ref20. energy contribution from the hydrogen bonds in the closing
pairs is counted in the free energy of the internal loop, and
have typical phosphorus chemical shift dispersions and nohalf is counted in the nearest neighbor term in the helix
unusually downfield phosphorus resonance. The 2loop adjacent to the loop. Thus, the free energy of a loop with
with a GU closing pair and no GA pairs also has a typical one or two GU pairs, respectively, has contributions from
phosphorus chemical shift dispersion (Figure 4 and Table one-half or one fewer hydrogen bond than a loop with two
3). Of the loops with imino GA pairs, only thd GGAU/ GC pairs. This hydrogen bonding model is consistent with
3'UAGG loop has a slightly larger than typical phosphorus previous measurements of the free energy of a hydrogen bond
dispersion, but it has no resonance downfield of the large in RNA (29, 49). Similar hydrogen bond accounting explains
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the differences in thermodynamic stabilities fox13, 2 x Changing the Closing Pairs from GC to GU Apparently
2, and 2x 3 loops with AU or GC closing pairs and helices Does Not Change the Conformation of the GA PSineared
terminating with AU, GC, or isoG/isoC paird1—20, 22, and imino GA pairs can be distinguished on the basis of
50). Asymmetric internal loops may have a flexible structure chemical shifts in a one-dimensional imino proton NMR
that accommodates the nonisosteric GU closing pairs withoutspectrum. The spectra of ZBCUGAGGC), (17) and (BGGC-
any further thermodynamic penalties. GAGCCY), (52) duplexes both show a resonance near 10
Free Energy Increments for 2 2 Loops with GU Closing ~ PPM. indicating a sheared GA pair. The spectra of the
Pairs Have a Wide Range of Stabilities That Are Not (SGCGGAUGC), (17)'_(5'G¢GGACGC)2 ,(17’ 53, (5GC-
Explained by a Hydrogen Bonding Mod&he measured free  GAGUGCY. (spectrum iv of Figure 2), and'GCGAGCGC),
energy increments for & 2 loops with GU closing pairs ~ (17) duplexes she' a G imino resonance near 11.5 ppm,
range from 0.1 to 3.6 kcal/mol (Tables 1 and 2). The |ndlcat_|ng an imino hyd_rogen-bonded GA pair. Evidently,
differences in stabilities between loops with GC and GU ¢hanging the closing pairs of the loop from GC to GU does
closing pairs range from 0.8 to 4.4 kcal/mol (Table 2 and not change the conformation Qf the adjacent GA pair in these
the Supporting Information), which is much different than cases. By analogy, the GA pairs of th€GBGUAGGCAG),

the value of 1.3 kcal/mol predicted by a hydrogen bonding duplex are expected to be imino because theA%G/

: ; 3'GGAC loop has tandem imino GA pair§3). The imino
model. When the closing pairs change from AU to GU and f
no change in the number of hydrogen bonds is expected,pmton spectrum of the BAGGBGGAU loop, however, .
the changes in loop free energy range from 0.6 to 2.5 kcal/ does not show a resonance that indicates the conformation

mol (Table 2). For example, because the closing pairs haveOf the GA pairs (Figure 3). The'GAGG/3GGAU qup s
the same number of hydrogen bonds, similar stabilities were V€Y gnstable thermodynamlpally (Table'2), suggesting weak
previously predicted for BAG U/3’iJGAA 5AGAU/ stacking and hydrogen bonding in a flexible loop that allows

JUAGA, and BUAGG/3GGAU loops. The BAAGU/ exchange between the G6 imino proton and water.
3'UGAA loop, however, is 1.4 kcal/mol less stable than the ~ Sheared GA Pairs Are More Stable Than Imino GA Pairs
5'AGAU/3'UAGA loop and 1.7 kcal/mol more stable than N Symmetric 2< 2 Loops with GU Closing Pairsivhen a
the BUAGG/3GGAU loop (Tables 1 and 2). Stacking Symmetric 2x 2 loop has GU closing pairs, the loop with
interactions between the closing pair and an adjacent GAsheqreq GA pairs (0.1 kcal/mol) is more stable than the loops
pair, either sheared or imino, have a particularly dramatic With imino GA pairs (1.8 and 2.6 kcal/mol) (Table 3). Thus,
effect on the thermodynamic stabilities 0§22 loops (Table  changing the closing pairs fromj to 3¢ for a loop with
2). Although a simple hydrogen bonding model does not the sequencesa causes the GA pairs to switch from an
explain the thermodynamic stabilities of symmetric<22 imino to a sheared conformation, and the loop stability to
loops with GA pairs, the more complete list of experimental become more favorable by 1.7 kcal/md7( 52, 53). In
loop free energies in Table 2 should improve predictions of contrast, changing the closing pairs froﬁg to gg for a
loop stabilities and RNA secondary structures. loop with the sequencéﬁfé also causes the GA pairs to
Stacking Interactions of the Closing GU Pair with the switch from an imino to a sheared conformation, but the loop
Adjacent Helix Can Stabilize % 2 Loops. Studies of  Stability to become less favorable by 1.9 kcal/mbT,(52,
secondary structures of large and small subunit ribosomal 93)-
RNA reveal a preference for a loop to occur on theifle Sheared GA Pairs Adjacent to GU Closing Pairs dda
of a G in a GUpair at a loop-helix junction; the 3side of an Unusual Phosphorus Resonantle 2 x 3 and 2x 2
the G is considered the “stacking” sidg 61). This pattern loops with a sheared GA pair adjacent to a GU closing pair
is consistent with the loop free energies forx22 loops have a phosphorus chemical shift dispersion wider than 1.5
containing GU closing pairs and only A nucleotides. For ppm and an unusually downfield resonance (Table 3 and
example, the WAAC/3GAAG loop, in which the 3side Figure 4). These loops are also thermodynamically more
of the G in the GU pair stacks on the stem helix, is 0.8 kcal/ stable than the average for loops with the same loop size,
mol more stable than the GAAU/3'GAAG loop, in which symmetry, and closing pair (Table 3). Th&J&/3 GA motif
the 3 side of the G in the GU pair stacks on the A nucleotides may have interactions that stabilize its apparent non-A-form
in the loop (Table 1). The'BAAG/3GAAU loop (Table conformation. Sheared GA pairs present amino and imino
1), in which the 3side of both of the G nucleotides in the groups in positions where they can form hydrogen bonds to
GU pairs stacks on the stem helices, is 1.5 kcal/mol more the ribose-phosphate backbon&Z, 54—56). The type of
stable than the'BAAU/3'GAAG loop, in which the 3side  closing pair also affects the type of sugar pucker in the G of
of only one G nucleotide in a GU pair stacks on the stem the GA pair 7). The BUG/3GA motif is very common
helix. Using the known nonsymmetric loop values for loops Phylogenetically and places the “stacking side” of the GU
with GU closing pairs and all A nucleotides, th&SBA U/ pair on the stem helixl). Favorable electrostatic overlap of
3UAAG loop is predicted to have a stability increment of the bases may stabilize a particular orientation of GA and
4.1 kcal/mol. Thus, the'BAAU/3'UAAG loop, in which ~ GU pairs more than other configurationd3( 45, 53).
the stacking sides of both G's in the GU pairs stack on the Evidently, the configuration of adjacent GU and sheared GA
loop, is predicted to be approximately 2 kcal/mol less stable Pairs generates a downfield-shifted phosphorus resonance but
than the BJAAG/3GAAU loop, in which the stacking sides S not overall thermodynamically destabilizing.
of the G’s stack on the stems (Table 2). Evidently, the  Non-Nearest Neighbor Behimr May Affect the Stability
stacking interactions of GU closing pairs on the loop and of 2 x 2 Loops with GU Closing PaitsThe changes in
on the helix stems affect the thermodynamic stability of the phosphorus backbone angles may also cause some non-
loop. nearest neighbor effects. The thermodynamic stabilities of
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Table 4: Comparison of Free Energies for the J4/5 Loop and for a

Tertiary Interaction in Group | Introns

Group I Introns

Schroeder and Turner

in P. carinii is more preorganized for the docking interaction,
and therefore, the tertiary interactions involving the J4/5 loop
make a more favorable net contribution to docking. Thus,
elimination of the interactions involving the exocyclic amine

Organism | J4/5Loop Model | AGjp, 37 (keal/mol)® Docl‘g:gaﬁ‘&mﬁ;)gwcl of the G in the GU pair is more. destabilizing. These
correlations suggest that understanding the sequence depen-
T. thermophila | 5GAGU AA CGAC 3.240.5 -2.6° . P . .
3CUCGAAAGCUG dence of internal loop stabilities and structures will provide
a foundation for predicting both sites and stabilities of tertiary
C albicans | SGAGUAAUGAC 3.6+1.0 2.2 interactions in RNA.
3'CUCGAAGCUG
ACKNOWLEDGMENT
P. carinii 5'GAGU GA UGAC 1.941.0 -4.3¢
FCUCGAAGGCUG We thank Mathew D. Disney for helpful discussions.

2 See footnote a of Table 2. The free energy difference for the loss SUPPORTING INFORMATION AVAILABLE
of tertiary interactions when the conserved GU pair in the P1 helix is
changed to a GC pair is calculated according to the methods i refs

26, and27. ¢ From ref8. 9 From ref27. € From ref26.

Detailed methods, sample melting curves apd! versus
In(C+/n) plots for duplexes with internal loops that model
the J4/5 loops ifT. thermophilaP. carinii, andC. albicans
tandem GU pairs display non-nearest neighbor effects in & table of thermodynamic parameters for self-complementary
some contexts22, 32). Structural studies of GU pairs do  Single-strand oligomers, a table comparing the thermody-
not agree about the extent to which GU pairs, which are not hamic parameters derived frofy~* versus InCr/n) plots
isosteric with Watson Crick pairs, perturb the helix beyond ~and from curve fits, a table of internal loop enthalpies and
the adjacent pairs4d, 58—68). Thus, the nearest neighbor entropie;, a table comparing the free energies for internal
AG®, e e part€TM N €Q 1a may be too simple an loops with GU and GC closing pairs, an alternate format

approximation {7). Other possible conformations, for ex- for Table 3, imino proton spectra for duplexes withx23

ample, GU closing pairs with one hydrogen bodAd)( GU

and 3x 3 loops, and additional one-dimensional phosphorus

C|osing pa_irs with |onger than normal hydrogen bonds as spectra. This material is available free of Charge via the

observed for AU closing pairs in a tandem GA lo@), or
GU closing pairs that are part of a base triple as observed in
two loops in 23S rRNA (nucleotides 2092094 and 2652

marismortu) (69), may affect the loop stability in some

contexts. 2.

Thermodynamic Stabilities of Internal Loops That Model
J4/5 Loops in Different Group | Introns Correlate with
Assessments of Tertiary Interactions at This Sitader-
standing the thermodynamic stabilities of internal loops can
contribute to understanding and predicting the stabilities of 4
tertiary structures that involve internal loops. For example,

the J4/5 loop in theT. thermophilagroup | intron is the 5.

docking site for the P1 helix8]. The GU pair in the P1
helix makes specific contacts to the tandem sheared AA pairs
in the J4/5 loop &, 9, 70). Experiments in which the GU
pair in the P1 helix is mutated to a GC pair provide a measure

of the contribution of the G exocyclic amine group to the 6.

free energy of the docking interactio, (71, 72). The
structure and stability of the unbound J4/5 loop will affect
the net free energy of such docking interactions.

As shown in Tables 1 and 4, the internal loops that model 8
the J4/5 loops in th&. thermophilaand Candida albicans

introns, BUAAC/3GAAAG and BUAAU/3'GAAG, have 9.

similar thermodynamic stabilities, 3.2 and 3.6 kcal/mol,
respectively. In contrast, the loop that models the J4/5 loop
in P. carinii, SUGAU/3 GAAGG, is more stable by 1.5 kcal/
mol on average. When the GU pair in the P1 helix is changed
to a GC pair, the docking interactions in thethermophila

C. albicans andP. carinii ribozymes are less favorable by

I

difference in loop stability for theP. carinii J4/5 loop
compared to the other two loops is similar to the difference ;g

0.

11.
12.

13.
2.6, 2.2, and 4.4 kcal/mol, respectivel§, (26, 27). The 14.

Internet at http://pubs.acs.org.
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