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ABSTRACT. The NMR structures ot ccacucas . and zccurccecs . are reported. The internal loop,
FeeaS3  is about 2 kcal/mol more stable thafizaas at 37°C. The duplexes assemble into similar global

folds characterized by the formation of tandem sheared GA pairs. The different stabilities of the loops are
accompained by differences in the local structure of the closing GU pairs. Iiﬂﬁﬁg internal loop,

the GU pairs form canonical wobble configurations with two hydrogen bonds, whergg&ats, the

GU pairs form a single hydrogen bond involving the amino group, GH22, and the carbonyl group, UO4.
This pairing is similar to the GU closing pair of the 690 hairpin loop foundEircoli 16S rRNA. The

FoesS? and3oesty structures reveal how the subtle interplay between stacking and hydrogen bonding
determines sequence dependent conformation and thermodynamic stability. Thus, this work provides
structural and thermodynamic benchmarks for theoreticians in the ongoing effort to understand the sequence
dependence of RNA physicochemical properties.

In the post-genomic era, it is evident that RNA actively has been extensively studied experimentall§—«38), and
choreographs many biological events ranging from catalysis some computational approaches have also been tested
to gene regulationl—4). This emerging awareness of RNA (39—41). Despite this effort, there are many unknowns
function compels development of a fundamental understand-regarding the nature of the physicochemical forces shaping
ing of the sequence dependence of RNA stability, structure, internal loop stability, structure, and dynamid®,(42, 43).
and dynamics. The impetus derives from the difficulty of In order to gain further insight into the nature of these forces,
empirically determining important physicochemical proper- this article presents the solution 3D structures of tandem GA
ties for every interesting RNA molecule revealed by genome pairs closed by GU pairs.
sequencing projects. By systematically studying model

systems, rules can be developed for predicting these propers; ctyres, and their occurrence has been linked to both
ties from a primary sequencé+7). This will greatly assist ¢, hctional and structural roles44, 45). The sequence

the rapid extraction of important functional RNAs from  4enendence of both the stability and local structure of tandem
genome-wide searches, ©). GA pairs has been investigatedl( 15, 19, 23, 2527,

RNA typ!cally exists as a single s;randed molecule capable 37, 46). The thermodynamic stabilities of symmetric tandem
of folding into secondary and tertiary structural elements. GA pairs vary in free energy over 4 kcal/mol depending

One important element of RNA secondary structure is the on the identity of the adjacent/closing base pair (Table 1)

internal loop, which consists of stretches of non-Watson (note negativeAG® values are stabilizing)16). The sta-
Crick pairs flanked by canonical helical segments. The bility increment follows the trend3S > 5 > 5Y > 5A 5
sequence dependence of internal loop stability and structures, > sc 8¢ 3¢ 3= 3U=
3A 3u-
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Table 1: Thermodynamics of Loop Formation and Type of Sugar MATERIALS AND METHODS

Pucker for Internal Loops

RNA Synthesis and PurificatiomGCUGAGGCU and

100 (Akfaf]r;’g’s S”gé}:“pe“rf]g?g’f loop GAtype rGCGGAUGCU were prepared by solid-phase synthesis on
e Y Caendo (N) v, an ABI _ 3_92 DNA/RNA synthesizer following the phos_—
3CACE ' phoramidite metho4@, 49). CPG support and phosphorami-
RGeS —0.7 C3-endo (N) sheared dites were purchased from Proligo and Azco, respectively.
e 0.1 C3/C2-endo (N/S) sheared Following synthesis, the resulting support bound oligonucleo-
ghGA 0.3 not determined sheared tides were incubated at _5’5: overnightina 3:1 ammonium
5USA 07 C2-endo (S) sheared hydroxide/ethanol solution to remove the base-protecting
sceau 18 C2-endo (S) sheared groups and to cleave the oligonucleotides from the support.

: The soluble oligonucleotides were separated from the support
2 The reported loop free energy increments for the GU/UG loops \yith a Quik-Sep filtration column (BIO-RAD). Subsequently,

are updated(5) with the most recent nearest neighbor parametgrs ( ol : . -
7). References for the original measurements are given ifGeThe the silyl-protecting groups were removed by incubating at

thermodynamic stability increments were calculated from the following 22 °C in @ _9:1 TEA-3HF (triethylamine trihydrofluoride)/
expression§0): AG°37100p= AG°37,duplex wioop)— AG®37,(duplex wiout loop) DMF solution for 24 h at 55 °C. The deprotected

+ AG®a7 (interrupted basepain AS an illustration, the loop free energy  oligonucleotides were desalted on a Sep-Pak C18 column

increment of (GGAU) is calculated as follows AG®s; (GGAU), = ifi i

AG°37 (tGCGGAUGC) — AG’37 (rGCGUGC) + AG°37 (GU),, where (\{V?tersé)oand purlggd ona Iarge preggrggyfoV\g-hatman T:;C
AG®37 ("GCGGAUGC}) is the measured value of the duplex containing plate ( U CM X _Cm) using a 99:39: -propano
the internal loop 26), AG®s; (GCGUGC) is the measured value of ~ammonia/water mobile phase. The main product bands were

the duplex without the loop26), andAG°s7 (GU); is the free energy  visualized by UV shadowing, scraped from the plate, and
increment of the nearest neighbor interaction interrupted by the loop extracted with RNase free water. The purity of the oligo-
(a)é;iugar g‘;‘:kersh"?‘re ta'f(e”TLrom refsb27 (dCGAG)' 2|3 (GGAC), 37 1y cleotides was checked by analytical TLC, and the masses
, t . tants. o : ’
( ). and from this wor ©Y are based on couping constan's: \vere verified by ESI MS with a Hewlett-Packard 1100
LC/MS chemstation.

UV Melting ExperimentsPurified oligonucleotides were

37 °C. This contrasts with a destabilization of about 1

o H H 5'CGAG3 5'UGAG3 :
kcal/mol at 37°C in going fromacaccs 0 z6acus: Which |y ophilized and reconstitutediil M NaCl, 20 mM cacody-
corresponds to less than a 10-fold change in the equilibrium ate (pH 7), and 0.5 MM NEDTA. All experiments were
constant for folding. Théacas internal loop is less stable  performed on a Beckman Coulter DU-640 spectrophotometer
than thej aaass internal loop by 1.7 kcal/mol at 37C (15, equipped with a Peltier temperature controller cooled with

26). According to a hydrogen-bonding modéfaeas and  flowing water. Curves of absorbance at 260 nm versus

Fo255% should be isoenergetic, yet they differ by at least a temperature were recorded using a heating rate°@/fiin
factor of 10 inKeq at 37°C. with a 1 min averaging time. The data were fit to a two-

What are the underlying forces responsible for the dispar- state model, assuming linear sloping baselines and temper-
s o ) 5GGACS ature independetH°® andAS’ using the MeltWin program
ates,géigg't'eS? Part of thAAG®ep in going from 3¢ciGes (50). Additionally, the melting data were analyzed at different
to 3Uaces Can be parsed into a change in the number of concentrations with the following relationship to extract the
hydrogen bonds in the closing base pairs. The averageyan ‘t Hoff thermodynamic parameter§1j (Ty, melting

difference between closing an internal loop with two GC or temperature in kelvins an@, total strand concentration).
two AU pairs is 1.3 kcal/mol 19) and is expected to be

similar for the GC to GU closure if only the number of T 1= (2.30RIAH°) log(Cy) + (AS/TAH®) (1)
hydrogen bonds is important. The difference in stabilities M '

5CGAG3 5UGAG3 ; ; R ;
of 3Gaacs andzgagus IS consistent with this expectation.

This leaves unexplained, howevery3 kcal/mol of NMR Sample PreparationrSamples were prepared for

'GEACS NMR by reconstituting the purified oligonucleotides in 500
Z‘:}g‘;%g_ﬁﬁgdepe”de”ce of the free energy ben&é%bs uL of RNase free water. The samples were then dialyzed

3UAGGS* exhaustively againd L of autoclaved double distilled water.

To provide insight into correlations between the ener- Following dialysis, the samples were lyophilized and recon-
getics and structure for tandem GA mismatches with GU stituted in 30QuL of NMR buffer containing 80 mM Nacl,
closing pairs, the local structures of (rGGAGGCU), and 0.5 mM NaEDTA, and 10 mM sodium phosphate at pH
(rGCGGAUGCU), have been determined by solution 5.5 (90% HO/10% D:O). The pH was measured in the NMR
NMR and restrained molecular dynamic simulations (the tube using an Orion micro-combination pH/sodium electrode
residues in the antiparallel strand will be denoted with an * (Thermo Electron Corporation) and was 5.30 and 5.18 for
throughout the text). The two loops assemble into similar (rGCUGAGGCU), and (rGEGSGAUGCU), respectively. For
three-dimensional structures with sheared GA pairs (transnonexchangeable proton spectra, the oligonucleotides were
Hoogsteen/Sugar edgéd) but with subtle differences in  lyophilized and reconstituted in 99.96%,® three times.
hydrogen bonding and stacking. Comparisons to the ther-The final NMR samples were prepared in 99.996%0D
modynamics and structures of symmetrical tandem GA (Cambridge Isotopes) at pH 5.85. The single strand concen-
internal loops with WatsonCrick closing pairs provide new  trations for fGRIGAGGCU), and (rGGSGAUGCU), were
benchmarks for theoreticians investigating the intricate details ~1.5 and 2.0 mM, respectively.
of the interactions molding tandem GA internal loop stability = NMR SpectroscopyAll of the NMR experiments were
(39). performed on a Varian Inova 600 MHz spectrometer. The
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Table 2: Thermodynamic Parameters of Duplex Formation

1/Tm vs log(Cr) average of curve fits
—AH° —AS —AG°y TPw —AH° —AS —AG°y Tom
sequence (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
FeBAGeCLS 63.5+3 180.0+ 9.6 7.63+ 0.07 46.9 69.9+ 13 200.1+ 40.8 7.88+0.36 47.1
(65.1+ 2) (188.4+ 5) (6.70+ 0.03) (42.0) (58.4+ 6) (166.71+ 20) (6.71+ 0.06) (42.6)
SECCCAUCCUS 58.3+5 168.3+ 16.2 6.12+ 0.08 39.4 63.4+9 184.6+ 29.6 6.19+ 0.27 39.5

JUCGUAGGCES 51 5+1)  (151.144)  (4.64+0.03) (30.9) (50.4+9)  (147.18+31  (4.79+027) (31.6)

a All measurements were made 1L M NaCl, 10 mM sodium cacodylate (pH 7.0), and 0.5 mM,BRTA. The values in parentheses were
measured without the' 8langling U and are taken from ref 26Calculated at 10* M oligonucleotide strand concentration.

1D imino proton spectra were recorded in 90%COHuUsIng data because there are no unusually large intraresidue
an S-shaped excitation pulse with excitation maximum near H1'—H8 cross-peaks indicative of a syn conformation. Sugar
12 ppm. SNOESY spectra were recorded at 100, 120, andpucker restraintsy, were derived from the TOCSY and
200 ms mixing times at various temperatures. NOESY DQFCOSY spectra. All stem bases were restrained to the
spectra were acquired in,D at 100, 200, and 400 ms mixing C3 endo conformation based on the absence ofHiY'
times at 10°C for (rGQUGAGGCU), and 5 °C for cross-peaks and the existence of strong-H3' cross-peaks
(rGCGGAUGCU),. Scalar coupled protons were identified for the duplexes. In (rfGBGAGGCUY),, thed torsion angles

in TOCSY spectra recorded at 12 and 40 ms mixing time for the G4, A5, and U9 were restrained to cover both the
and in DQFCOSY spectra. Data processing was performedC2’ and C3 endo conformations. In(rGE8GAUGCU),, the

with NMRPipe 62). o torsion angle for G4 was restrained to the' @Ghdo

Restraint Generation and Structure CalculatioReak  conformation because of the presence of a stronig-HZ'
integrations were performed in Sparky using the sum-over- (> 10 Hz) cross-peak in the DQFCOSY spectrum. A5 and
box method %3). Data from the 100 ms mixing time NOESY U9 were restrained to cover both sugar pucker conformations
spectra were used to derive distance restraints using the two2s in fGAGAGGCU),.
spin approximation with t# scaling. Data from the 400 ms Restrained molecular dynamics and simulated annealing
mixing time NOESY spectra were only used to confirm calculations were performed in CNS version 156)( The
peaks that were weak at 100 ms. The reference volumes werenitial input structures were built as A-form duplexes in the
taken from the Ht-H2' cross-peaks of the stem bases with Biopolymer module of Insight Il. The rna-dna-all-atom
the reference distance for this pair of protons set to 2.75 A. parameter and topology files of CNS were used to assign
To account for relaxation effects, spin diffusion, or baseline atomic charges, masses, atom linkages, and force constants
distortions, distance bounds were setit80% for the 100 (56). The dielectric constant was set to unity. The structure
ms mixing time data. Distances derived from overlapped calculations proceeded as follows. (1) High temperature
cross-peaks were loosened because of the inaccuracies ilynamics: the system was raised to 1000 K and allowed to
their volume measurements. There were several critical loop-develop over 1 ps under the influence of bond, angle,
defining distance restraints for both (rGGAGGCU), and improper, NOE (5 kcal/mol A, and dihedral angle (100
(rGCGGAUGCU), determined from the SNOESY data, kcal/mol rad) restraints. (2) Simulated annealing in Cartesian
which are discussed below. All of these restraints were placedspace: the temperature was cooled from 1@00 K in 100
into bins of 1.8-3.5 and 2.5-5.5 A based on the average K steps while holding the NOE and dihedral angle force
volume of pyrimidine H5-H6 cross-peaks (2.45 A) at"& constants at 150 kcal/mol 2Aand 200 kcal/mol r&l
for both (rGAJGAGGCU), and (rGGSGAUGCU),. Hy- respectively, and increasing the van der Waals scale factor
drogen bond restraints were applied to the four GC pairs in linearly from 1 to 4. The electrostatics were off except
the stems of each duplex. The values were set to the averag&etween hydrogens and other atoms, which were set to 10%.
hydrogen bond distance: the standard deviation mea- Ateach temperature, the system was allowed to develop over
sured for a 1.20 A crystal structure of an all A-form RNA 20 ps using 5000 MD steps. (3) Energy minimization:
dup|ex determined by Steitz and co-worker54)( (See Powell energy minimization was applled with the van der
captions to Tables S4 and S5 (Supporting Information) for Waals scale factor at 1 and electrostatic terms at 100%.
details). The GU pairs in (fGAGAGGCU), were restrained Planarity restraints (25 kcal/molPfwere applied to the GC
to be in a canonical wobble configuration, but the GU pairs Stem regions during the course of the simulation. Duplexes
of (rGCGGAUGCUY), were left unrestrained or restrained (TGCUGAGGCU), and (rtGGGAUGCU), required 2000

to various conformations because of the lack of G and U and 1000 steps, respectively, to fully optimize van der Waals
imino NOE cross-peaks (see below). contacts. All structures agreed with the experimental NOE

Backbone torsion angle restraints were semiquantitatively a_md dihedral angle restraints .W'th'n 0.2 A ant Egspec—
determined fromH-31P HETCOR spectra. The Watsen tively. All quels were visualized and anglyzed in Pymol
Crick region of each oligonucleotide displayed a typical (57) and helical parameters calculated with X3DNB8J
A-form spread in the phosphorus chemical shiftd (ppm) RESULTS
(55). As a result, this region was restrained to have A-form-
like backbone torsion angles. The loop torsion angles for ThermodynamicsTable 2 shows the thermodynamic
both duplexes were left unrestrained. The glycosidic torsion parameters measured for the duplex formation of UGBG-
angle, y, was restrained to the anti-conformation for all GCU), and (rGGGGAUGCU), along with previous values
nucleotides in the duplex. This is consistent with the NMR for the duplexes without the 8angling uracilsZ6). Addition
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= 1: NMR spectra for the imino proton redion as a function Ficure 2: Comparison of the imino region of the 120 ms mixing
IGURE L. P imino p a uncti time SNOESY spectra at 8C for the internal loops of (left)

of temperature for (left) (fGGGAGGCU), and (right) (rGG- (rGCUGAGGCU), and (ri
= ¢ GA ght) (rGGGAUGCU),. The labels and
GAUGCU]. The spectra were recorded in 80 mM NaCl, 0.5 mM color scheme are as follows: red, similar NOE cross-peaks in both

NaEDTA, and 10 mM sodium phosphate at pH 5.30 and 5.18, rGCUGAGGCUY), and (rGAGAUGCUY),; blue, NOE cross-peaks
respectively. The bars above demarcate the regions expected fo{mique% (rGLWGAGGCU),; green NO’E cro’ss-peaks unique to

base pair types: GC, WatsefLrick GC; GU, wobble GU; nhb, rGCGGAUGCUY),; and orange, similar NOE cross-peaks in both
non-hydrogen bonded U; and nhbG, non-hydrogen bonded G. TheErGCU(ﬁGGCU))ZZ’and (rGGB%AUGCU)Z with ~2 ppr?] chemical
loop G and U bases are colored red. shift difference in thew; dimension. Notice that the GU pair in

) o B (rGCUGAGGCUY), is characterized by a strong NOE between
of the 3 dangling uracils increases the duplex stability by U3/3*H3 and G6*/6H1, whereas in (rGEGAUGCU), the

0.9 and 1.5 kcal/mol at 37C for (fGOUGAGGCU), and ~ UB/6*H3 peak is missing (see text for more details).
(rGCGGAUGCU),, respectively. This is less than the 2.2 o . o

kcal/mol increase in stability anticipated for tgg" inter-  Which is typical for non-hydrogen-bonded imino protons of
actions per duplex 59). Evidently, the internal loops  9Uanosines. _ _
destabilize the 'Favorable stacking interaction imparted by ~ The imino and stem amino protons were assigned from
the dangling U relative to a fully WatserCrick helix. This =~ the SNOESY spectra following established procedures
is a non-nearest neighbor effect. A similar destabilization (Figures S1 and S2, Supporting InformatioGjLy Some

for 3 dangling ends has been observed for bulge loops wherebase-specific assignments of the G and U imino protons were

the stability increments become less favorable as a functionConfirmed by natural abundanc#i-“*N HSQC spectra
of loop size 60). (Figure S3, Supporting Information). G1 and G7 imino

) o proton peaks were confirmed by cross-strand NOEs to amino
Exchangeable Proton Asagnmen‘[_be _1D imino proton and H5 (by spin diffusion through aminos) protons of C8*
spectra for both duplexes are shown in Figure 1. In the-12.5 544 c2*, respectively, indicative of the formation of homo-
13._5 ppm region, each duplex gives two imino proton peaks, duplexes (Figures S1 and S2, Supporting Information).
which correspond to GC base pairs. In ((GGAGGCU), In (rfGCUGAGGCU), the U3 and G6 imino resonances
at 5°C,_ four imino proton peaks are observed_ u_pfleld of the \yere assigr@ by the presence of a strong cross-peak between
GC pairs. These peaks belong to the remaining G and Uipe two protons (Figure 2), which is expected for a GU
bases. Even at pH 5.2 and’6, only three of the expected  \opble pair because the separation distance is less than 3
four peaks are distinctly observed in an analogous region of . GeH1 was confirmed to resonate upfield of U3H3 on
the spectrum for (fGGGAUGCU). A previous 1D NMR  the basis of the imino resonance connectivity pathway, a
analysis at 20C of (rGGGGAUGC), without a 3dangling  strong NOE to its H21 (Figure 2), and from the natural
U exhibited a broad peak around 13 pp26)( On the basis  abundancéH-15N HSQC spectrum (Figure S3, Supporting
of the downfield shift of this peak, it was suggested that |nformation). The U9 imino resonance was confirmed by a
(rGCGGAUGC), forms a tandem head-to-head Watson  very weak cross-peak to G1H1 and to C8H41. The chemical
Crick GA pair similar to that found in (rGGGACGCY), (23). shift of U9 at~10.9 ppm is consistent with the chemical
The work shown here contradicts that assessment because ghift of the 3 dangling uracil in 5GGUGGAGGCU/ 3PC-
similar shifted peak is not observed until the temperature is CGAAGCCG (L0). By the process of elimination, the imino
elevated above 258C, which is within 15°C of the Ty resonance at 9.7 ppm was assigned to G4.
(Figure 1). This peak is probably a result of the conforma- A similar strategy provided the assignments for
tional exchange of one of the stem guanosines. Also, the(rGCGGAUGCU). An important difference between
spectral assignments of (r&GAUGCU), reported here  (rGCGGAUGCU), and (rGAJGAGGCUY), is the lack of a
establish that G4H1 resonates a9.5 ppm (see below), G3/3*H1 to U6*/6H3 cross-peak because the U6H3 imino
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resonance is broad (Figure 1). The lack of a G3/3*HIb*/ 4.2

6H3 NOE in (rtGGSGAUGCU), (Figure 2) suggests that the 0 ) O }') O

closing GU pairs are not in a wobble conformation. _ , {} A6 ll)
Important NOE restraints for defining the loop topology ARG : A w VAl {

in both duplexes were obtained from SNOESY spectra  5-4

(Figure 2). In (rG@GAGGCU), there is a cross-strand 4

NOE between the G4 imino proton and G4*H8. This NOE
is useful in orienting the G4 base from one strand relative 5 .
to the G4 base in the other strand. Also, G4H1 has a NOE
to G4*H1 and to G4*H2. Both cross-peaks are cross-strand
NOESs because the intranucleotide separationad\, which
is too far to give rise to a cross-peak of the observed size. | | (';lelGﬁ\GG?Cfl
Thus, the G4 base from one strand is close to the G4 from g UCGGAGUCG
the other strand. g7 s 3T
In (rGCGGAUGCU),, G4H1 shows cross-strand NOE 6.0
patterns similar to those of G4H1 in (rGGAGGCU),
(Figure 2), that is, the G4H1-G4*H8 and G4H1-G4*H1 L3 s 7 9
cross-peaks. Additional NOEs were observed in (85C GCGGAUGCU
GAUGCUY, relative to (rtGAGAGGCU), (Figure 2). The UCGUAGGCG
differences between the two spectra include the following:
(1) G4H1 of (rGEGGAUGCUY), has a cross-strand NOE to 5.4 G?
its own OH2. (The OH2 assignment was confirmed by a 5
H,O TOCSY spectrum (data not shown).) (2) Both A5SH61 P E'
and A5H62 have a strong cross-strand NOE to G4*KR3) :
Both G4H21 and G4H22 have a strong cross-strand NOE ~ 5-6 A
to G4*H1'. The aforementioned NOE patterns suggest that
different interactions are involved in forming the local 9
structure of (rGGGAUGCUY), relative to (rGAGAG- . s 4] O & TO
GCU),. ' & © D
Tandem GA pairs as well as some GU pairs have been ] 50 o 3 3 7
implicated as metal binding pockets, with cobalt hexamine wy JH (ppm)

serving as a spectroscopic probe for bindidg, 62, 63). ) o
o . Ficure 3: The 400 ms mixing time 2D NOESY spectra of the
The addition of 3 mM cobalt hexamine to (fGGAGGCU), H8/H2/H6 to H1/H5 region of (top) (IGUGAGGCU), at 10°C

did not provide any further NOE information regarding the (pH 5.85) and (bottom) (-GGGAUGCU), at 5°C (pH 5.85). The
exchangeable protons, and the nonexchangeable NOE patblack lines trace the connectivity from H8/H6/H2 to 'Har both

terns with and without cobalt hexamine were identical. duplexes. The green rectangles indicate identical NOE patterns in
Similarly, the addition of 1 mM cobalt hexamine did not P20oth (IGC,U%G§$U)2 and (rG@%UGC%k involving ASH2
harpen the line width of U6H3 in (rG&GAUGCU), or to ASTHI, GOHL for (IGCUGAGGCU), and ASH2 to ASTHI,

S p o . . = U6HY in (rGCGGAUGCU). Asterisks denote H5H6 cross-peaks.
provide any additional information about the other exchange- —

able protons. Only slight spectral differences were observedpositioned above or below an aromatic ring as observed with
in the aromatic region of the spectrum, while leaving the GNRA tetraloops and sheared purifgurine pairs 27, 64,
NOESY walk pattern unchanged (data not shown). Evidently, 65). The equivalent Hlin (rGCGGAUGCU),, U6HT, has
cobalt hexamine does not perturb the structures. a chemical shift of 5.77 ppm (Figures 3 and S6 (Supporting
Nonexchangeable Proton AssignmemM©ESY spectra  Information)), which is within the standard chemical shift
were recorded at 10 and & for (rGQUGAGGCU), and region for H1/H5 protons. The H5 proton of U6 in
(rGCGGAUGCU), respectively. At higher temperatures, (rGCGGAUGCUY), is shifted upfield to 4.4 ppm, however
both duplexes show a number of conformational exchange (Figures S4 and S6, Supporting Information). The differences
peaks. The 400 ms mixing time NOESY spectra in the in the chemical shifts of Hlat position 6 of (rGRUGAG-
(H8/H2/HB6)—(H5/HYT') region are shown in Figure 3. Com- GCU), and (rGEGGAUGCU), suggest a difference in the
plete sequential NOEs are observed for both duplexes,local structure at the base 5 to base 6 step in the duplexes.
indicating structured loops. Except for KHI55", and U9H4 Also, the A5H2 protons in the two duplexes show medium
of (rGCGGAUGCU),, complete aromatic and sugar proton strength NOEs to both A5HIlprotons and to G6H1of
assignments (Tables S2 and S3, Supporting Information) (rGCUGAGGCU), or U6H of (rGCGGAGUCU), (Figure
were made for both duplexes following established proce- 3). The intensity of the ASH2-HINOE for both duplexes
dures 61). Identification of the pyrimidine H5H6 cross- suggests that it is an interstrand NOE, implying that the A5
peaks from TOCSY spectra assisted with initiating the bases stack on each other across the strand and on G6 of
assignments (Figure S4, Supporting Information). In ((&AG- (rGCUGAGGCUY), or U6 of (rGGGGAUGCU), as has been
GCU), the G6H1is shifted upfield to around 4.3 ppm. This  observed in (GGCAAGCCWand (GCCGAGGG)(14, 27).
peak was confirmed by the observation of a cross-peak in  The assignments of M®rotons follow directly from the
the natural abundandél-13C HSQC spectrum (Figure S5, strong H1-H2' cross-peaks in NOESY spectra. The assign-
Supporting Information). An upfield shift of the G6Haf ments were confirmed by strong intrastrand (n)H8HHE'
(rGCUGAGGCU), is consistent with this proton being (n-1) NOEs in the aromatic to sugar region of the spectra.
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Ficure 4: Modeled GU pair conformations for (rG&GAUGCU),
(see text for more details).

H3 assignments were made from cross-peaks tés Hi2
DQFCOSY spectra and fromH-3'P HETCOR spectra
(Figures S7 and S8, Supporting Information), which also

Tolbert et al.

Table 3: Comparison of Observed and Predicted Chemical Shift
Values for U6H5 and Hlof (rGCGGAUGCU), Modeled with
Different GU Hydrogen Bond Conformatiohs

UBHSPbs  UBHSPed  UBH1'Obs  UBH1Pred
GU SHB4 4.41 457404 5.77 5.43k 0.30
GU bifurcated 4 4.41 5.45% 0.10 5.77 5.19 0.15
GU wobble 4.41 5.59- 0.07 5.77 3.55: 0.46
GU bifurcated 2 4.41 5.5% 0.10 5.77 3.58: 0.43

aThe GU SHB4 model shows the best agreement between the
observed and predicted shifts (see text for more details). The predicted
values were calculated with the program Nuchem§ 67). As a
comparison, the GU SHB4 structure was also calculated in the Discover
98 software package using the AMBER 95 forcefield. The predicted
values for U6H5 and Hlare 4.26+ 0.16 and 5.8 0.04, respectively.

tions satisfied the dihedral angle selection criteria. Structures
derived from the GU wobble and bifurcated 2 conformations
consistently displayed a Gadihedral angle violation greater
than 5, which is likely a result of the tight contraints used
for they dihedral angles-150+ 20°). Supporting Informa-
tion, Table S1 (a-d) shows the average simulated energies
for all converged structures along with the NOE energy
components. As judged by the simulated energies, the SHB4
(—453.14+ 14.3 kcal/mol) and bifurcated 4-459.1+ 9.1

facilitated assignments of phosphorus resonances. The H3kcal/mol) models satisfy the force field parameters better
assignments were further verified by the presence of mediumthan the wobble£359.6+ 9.0 kcal/mol) and bifurcated 2

strength intrastrand NOEs from H8/H&3' protons in
NOESY spectra. Some Hassignments were made from
the scalar coupling to H3rotons observed in DQFCOSY

(—356.6+ 13.0 kcal/mol) models. This is in part a reflection
of the more unfavorable NOE energies associated with the
wobble (10.96+ 1.19) and bifurcated 2 (12.34 2.05)

spectra. All aromatic and most ribose proton assignmentsM0dels compared to the SHB4 (1.840.36) and bifurcated

were further verified by natural abundandg-3C HSQC
spectra.

Structural ModelingThe structures for rGGGAGGCU),
and (rGGSGAUGCU), were modeled by restrained molec-

4 (1.754+ 0.25) models (Table S1, Supporting Information).

The SHB4 pairing (Figure 4) provided the best agreement
between the observed chemical shifts for the loop aromatic
and H1 protons and those predicted by the program

ular dynamics and simulated annealing as described in theNuchemics €6, 67) (Tables 3 and S1 (Supporting Informa-

Materials and Methods section. The closing GU pairs of
(rGCUGAGGCU), form canonical wobble configurations,

tion)). In particular, the unusual U6H5 chemical shift of 4.41
ppm is predicted to be 4.5% 0.4 ppm for SHB4 and 5.45

which is consistent with the strong cross-peak betweento 5.59+ 0.1 ppm for the other GU pairings. SHB4 also

U3/U3* and G6*/G6 imino resonances (Figure 2). The
conformation of the closing GU pairs in (rGGAUGCU),

shows the best agreement between the observed and predicted
UG6HZ' shifts (Table 3). The unusual U6H5 shift is a result

is less obvious because of the lack of a NOE between theOf ring current effects from the neighboring A5 nucleoside.

imino protons of the GU pairs (Figure 2). The NOE is

A similar ring current effect explains the upfield shift to 4.32

missing because the U6H3 resonance is broad (Figure 1) and®Pm of G6H1 of (rGCUGAGGCU),, which is consistent
lost during the mixing time, presumably because of the rapid with the predicted chemical shift of 4.130.33 ppm. Figure

exchange with the solvent. The broad line width of U6H3 is

S9 in the Supporting Information shows the position of U6H5

unlikely a result of conformational dynamics because the and H1 for the SHB4 and wobble models along with the
linewidths of its aromatic and ribose protons are comparable position of G6H1 of (rGCUGAGGCU), relative to the

to the linewidths of the other aromatic and ribose protons in
the duplex. In order to identify possible GU pair structures

respective A5 nucleoside.
U6H3 in (rGAGGAUGCU), has a broad line shape

consistent with the data, the modeling was done several timescompared to the sharp lines for the nonexchangeable protons

with different imposed restraints.

Modeling calculations for (rGGGAUGCU), were per-
formed by restraining the GU pairs in four conformations
(Figure 4): (a) single hydrogen bond 4 (SHB4); GH22 to
UO4, (b) bifurcated 4; GH1/H21 to UO4, (c) GU wobble,
and (d) bifurcated 2; GH1/H21 to UO2 (note that the
numbering for the SHB and bifurcated structures refer to

of U6 and also has a strong cross-peak to water. Both
observations indicate that U6H3 is in rapid exchange with
water and not in a GU wobble conformation. The sharp line
width of the G3/3* imino proton (Figure 1), however,

suggests that it is protected from exchange with water. In
structures with the GU SHB4 conformation, G3/3*H1 is in

the major groove underneath the G4/4* carbonyl oxygen.

the number of the acceptor oxygen atom of U). Each set of In this orientation, G3/3*H1 could be stabilized by a water
structures was analyzed for their agreement with the NMR bridged hydrogen bond to the G4/4* carbonyl oxygen. On
restraints and chemical shifts. Each conformation yielded the basis of functional group substitutiof8f and NMR

structures consistent with the NOE derived distance boundsderived structures6¢), water bridged hydrogen bonds have

within 0.2 A, but only the SHB4 and bifurcated 4 conforma-

been proposed to help stabilize GNRA tetraloops.
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both loops adopt relatively ordered structures at low tem-
peratures. The detailed structures of the loops consist of
tandem sheared GA mismatches but with different hydrogen
bonding patterns within the GU closing pairs. Presumably,
the sequence dependent hydrogen bonding and stacking
contribute to the disparate loop thermodynamic stabilities.

Thermodynamics of Internal Loops Containing Tandem
GA Pairs. Table 1 shows the experimental free energy
increments for all symmetric tandem GA internal loops of
the typeisears, Where XY denotes GC/CG, AU/UA, or
GU/UG base pairs. The loop free energies for tandem GA
pairs span 4 kcal/mol at 37C. Of the six internal loops
listed in Table 1, five have solution NMR structure&3(

27, 37) with one of those also having a crystal structur#) (
The exception is thg{sane internal loop, which is be-
lieved to form a sheared GA pair on the basis of a 1D NMR
spectrum 26). The structural and thermodynamic results
provide a database to probe structusgability relationships.

All of the loops have theta nearest neighbor. Thus,
differences in stability and structure presumably reflect the
differences in pairing within the adjacent base pairs and
stacking between a GA pair and its nearest neighbor.

Five of the six internal loops in Table 1 contain two
sheared GA pairs. Onljceass has imino GA pairs. It is

135789 13579
oy e the most stable internal loop at 3, about 2 kcal/mol more
g s stable than the next most stable internal lod{giace. The

Ficure 5: Minor groove view of a superposition of 15 selected - 5'GGAC3 - .
structures of the 30 converged structures for (left) (UBAG- extra stability ofgcages may reflect the smaller distortion

GCU), (rmsd of 0.94 A) and (right) (fGGGAUGCU), (rmsd of from A-form-like structure fqr imino GA pgirs compared. to
0.78 A). The color scheme is indicated in the sequence below eachthat of the sheared GA pairs. Stacking interactions within
structure. Hydrogens and nonbridging oxygens have been removedhe loop and with the adjacent helix must also be important.

for clarity. Interestingly, the least stable internal loog,&scs, which
is about 1 kcal/mol less stable than the next least stable

The SHB4 conformation of (rGGGAUGCU), agrees best 5UGAA3'

internal loopzaacu=- The other sheared GA internal loops

with the NMR data, and the ensuing discussions will focus have similar stabilities, averaging 041 0.6 kcal/mol at 37
°C. Most of this variation can be attributed to the extra

on this model. The structure calculation statistics are provided
GAG3

in Tables S4 and S5 (Supporting Information). Figure 5 hvdrogen bond in each closin a'ri')(‘f,— relative 1o
shows the superposition of 15 lowest energy structures for 5,3’%639 SAGAUZ ' J5UCANS NG pall Haccs: WV

(rGCUGAGGCU), and (rGAZGAUGCUY,. Both structures ~ 36AGUS: 3UaGAs» @Ndzaxcus- The extra hydrogen bonds are

are well defined because the all-atom pairwise rmsd’s for expected to enhance stability by abOlitUé,L's keal/mish (

the 30 calculated structures of (fGGAGGCU), and  This suggests that interactions in thgices internal loop
(rtGCGGAUGCU), are 0.94 and 0.78 A, respectively. Both differ from those in the other sheared GA structures. As
internal loops form tandem sheared GA base pairs (transdiscussed below, the instability of ti€zecs internal loop

Hoogsteen/Sugar edge AG}T 69) as has been observed is accompanied by unexpected structural features in the

elsewhere 11, 27). closing GU pairs.
Context Dependent Structural Interactionss outlined
DISCUSSION above and shown in Figures 2 and 3, the base pair stacking
A complete description of RNA structurdunction rela-  IN [GCUGAGGCU), is established by several spectroscopic

tionships requires a mastery of the sequence dependence dfatures, which result in the following stacking patterns:
the physicochemical properties of RNA. It is impractical to Major groove, U3/G4/G4*/U3* and minor groove, G6/AS/
empirically determine these properties for every known RNA A5*/G6* (Figures 6 and 7). Generally, the adenines overlap
sequence. If the connections between sequence, stability, anénore than the guanines in the GA pairs, possibly because
structure can be deciphered, then rules for predicting structuref the continuous spine of purine bases forming in the minor
and possibly function could be established. Although these 9roove. In comparison, the observed NOE patterns shown
linkages are largely known for fully paired Watse@rick in Figures 2 and 3 for (rGGGAUGCU), result in a major
regions, internal loops still pose a challenge. This is largely 9roove G3/G4/G4*/G3* stack and a minor groove U6/A5/
due to the vast number of possible base pair and stacking/A5*/U6* stack (Figures 6 and 7). In contrast to (rGGAG-
configurations within internal loops. To provide benchmarks GCU, the major groove of (GGGAUGCU), is charac-
toward advancing the basic comprehension of RNA internal terized by a continuous spine of guanines.

loops, the solution structures of two duplexes containing The internal loop of (rGOGAGGCUY), is characterized
tandem GA pairs adjacent to GU pairs have been solved.by different functional groups in the major and minor
Despite being thermodynamically destabilizing (Table 1), grooves. Because of the U3/G4/G4*/U3* stacking pattern,
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FIGURE 7: Major and minor groove functional group disposition
in the internal loops of (top) (rGAGAGGCU), and (bottom)
(rGCGGAUGCU),. Notice the differences in the number of
hydrogen bond acceptors in the major grooves of (JGAG-
GCU), and (rGGSGAUGCUY),. In both (rGAJGAGGCU), and
(rGCGGAUGCU), the major grooves could provide a suitable
molecular surface for ligand docking, tertiary, or quaternary

G U aA interactions. The loop bases are represented as transparent van der
FIGURE 6: Major and minor groove view of the packing and Waals spheres (front) and sticks (back). The atom color code is C,
stacking topology in the internal loops of (top) (rGGAGGCU), light gray; N, blue; and O, red. The phosphate backbone is depicted

and (bottom) (fGGGAUGCU),. The loop bases are represented as an orange tube.

as transparent van der Waals spheres (front) and sticks (back). The

color scheme is indicated in the sequence below each structureThus, the minor grooves of (rGGGAGGCU), and (rGGs-

Minimized average structures are shown. Hydrogens and nonbrid.g-GAUGCU)2 are characterized bﬁifferem hydrogen bond

g‘\?ercl’;‘gge” atoms have been removed to emphasize base ringo4 4 ts, ‘which offers different specificity for ligands or
' tertiary interactions.

the major groove has four adjacent carbonyl groups and two Context Dependent Hydrogen-Bonding Interactiofk.
adjacent N7 groups providing six hydrogen bond acceptorsthough explicit hydrogen bonds were not measured or
in the major groove (Figure 7). This arrangement could serve restrained for the GA pairs, a number of hydrogen-bonding
as a docking site for metal ions, protein side chains, or small contacts are discernible from the structures (Figure 8). For
molecules. Conversely, the minor groove is characterized by (fGCUGAGGCUY), the GA sheared pairs are stabilized by
a tandem AA arrangement flanked by guanosines from the putative hydrogen bond interactions involving G4/4* N3 to
closing GU pairs. The stacking topology of the adenines A5*/5 H61 (2.9 A) and G4/4* H21 to A5*/5 N7 (2.0 A),
results in the N1-C2-N3 base edges forming the minor consistent with other examples of sheared GA pdifs 27,
groove. It has been suggested that this type of stacking37). Base to sugarphosphate backbone hydrogen bonds are
pattern could provide the molecular determinants for the also observed. The detailed nature of these interactions is
formation of A-minor or other tertiary interaction@). As predicated on the G4 sugar pucker. In (lGEGAGGCU),,
expected for a GU wobble pair, the G6/6* amino groups the G4 ribose displayed intermediate5 Hz) HI to HZ
(denoted as H22 in Figure 7) protrude into the minor groove scalar couplings indicative of sampling between” @ad
capping the side-by-side AA arrangement. C3-endo sugar conformers (data not shown). As a result,
The G3/G4/G4*/G3* stacking pattern in the major groove the sugar pucker for G4 was restrained to cover both the
of (IGCGGAUGCUY), places eight hydrogen bond acceptors C2 and C3-endo conformations. For all 50 calculated
in the major groove, two more than for (rGGAGGCU), structures, the G4 sugar pucker was in the'-&@&lo
(Figure 7). The minor groove surface of (rGGAUGCU), conformation. The C3endo conformation of G4 results in
is similar to (rfGAQJGAGGCUY, locally because of the com-  a G4/4* H22 to A5*/5 O2P hydrogen bond (2.5 A). Similar
parable side-by-side stacking arrangement of the adenineshydrogen bonds have been observed in other sheared GA
As a result of thejas to 5o. nearest neighbor switch in  pairs and may add stability to the l00[27(46, 64, 65, 68).
going from (rGAJGAGGCU), to (rGCGGAUGCUY),, the In rGCGGAUGCUY), the base-to-base hydrogen bond
tandem AA stack in the minor groove of (rG@GAUGCU), interactions for the GA pairs are comparable to those in
is capped by U6/6*O2 instead of G6/G6* amino groups. (rGCUGAGGCU),. The average distances between G4/4*
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Ciendo

GU SHB4

GU Wobble

Ficure 8: Putative hydrogen bond network in the GA sheared pairs
of (left) (rGCUGAGGCU), and (right) (rGGGAUGCU),. The
donor and acceptor atoms are rendered as white spheres. The
hydrogen bonds are shown as dashed lines connecting the atom:
along with the average distance. The detailed hydrogen bond
network is predicated on the G4 sugar. In (G&AGGCUY), the

G is displayed as C3ndo (N) but is likely dynamic (see text for
details). In (rGGGAUGCUY), the G4 sugar is restricted to the
C2-endo (S) conformation.

N3 to A5*/5 H61 and G4/4* H21 to A5*/5 N7 are 2.1 A
and 1.9 A, respectively. Thus, the two internal loops form
congruent sheared GA pairs stabilized by similar base-to-
base hydrogen bond contacts.

Base-to-backbone hydrogen bonds in (GEAUGCU),
differ from those in (rGWGAGGCU), however. The G4
sugar pucker was restrained to the'-@2do conformation
on the basis of the-10 Hz G4 H1to H2 cross-peak in the
DQFCOSY spectrum (data not shown). As a result, the
G4H22 to A5*O2P interaction observed in (rGGAG-
GCU), is lost and supplanted with G4H1 to G4*Q3.4 A)
and G4H21 to G4*02(2.0 A). A similar hydrogen bond
interaction has been observed for §j£4,3 internal loop,
where the equivalent of G4 is in a G&ndo conformation
(37).

Context Dependent Structural Differences in the GU
Closures. Perhaps the most striking difference between
(rGCUGAGGCU), and (rGAGSGAUGCU)Y), is the base pair-

5'GU
Ficure 9: Comparison of the base-stacking differences for the
3<S and 355 nearest neighbors icesce modeled as an SHB4

pair (top) and wobble GU pair (middle). The NMR structur@)(

of the E. coli 690 hairpin loop (bottom) is also shown. The base
stacks are viewed down the helical axis with the lower base pair
rendered as spheres and the upper base pair as sticks. Notice that
in the SHB4 model, the GU pair overlaps more extensively with
the adjacent GA pair compared to the corresponding bases in the
ing configuration of the closingladjacent GU pairs. In it S G1Yand GA pairs are the samé for O (red), N
(rGCUGAGGCUY),, the closing GU pairs form a canonical  (plue), and H (white) but differ for C (gray for CG, brown for GU,
wobble configuration. This is experimentally verified by the and black for GA pairs).

strong NOE between the imino resonances of G3/3* and
U6*/6 and the upfield shift{6.5 ppm) of the observable
G6/6* amino protons (Figure 2), which is expected for a
GU wobble pair because the G amino group is not in a
hydrogen bond. The GU pairs in (rGGAUGCU),, how-
ever, do not form a canonical wobble configuration. The GU
pairs in (rGGGGAUGCUY), are stabilized by a G3/3*H22 to
U6*/604 single hydrogen bond (Figure 4). Santalucia et
al. observed an identical non-canonical GU pair in the 690

S11 protein. Evidently, th€Ss nearest neighbor forms a
noncanonical ordered structure that is not predicated on
tertiary or quaternary interactions because similar structures
are found for thg s nearest neighbor in the context of an
isolated hairpin and internal loop.
The different hydrogen-bonding patterns for (rGGAG-

GCU), and (rGGSGAUGCU), suggest that a competition
between stacking and hydrogen bonding determines the

hairpin from E. coli 16S rRNA modeled with the NMR
construct 5GGOGGUGAAAUGCC-3, where the bold
nucleotides are G690 and U697, which are pairdd).(In
their NMR spectra, the G690H1 to U697H3 NOE is also

structure and that hydrogen bonding is not dominant. Figure
9 shows a comparison of the base overlap of 35§ and

3~ hearest neighbor interactions in the NMR structure of
(rGCGGAUGCU), modeled with SHB4 and GU wobble

S and 0% nearest neighbors taken from

missing, although the GB90H1 resonance is as sharp as théestraints. Theég
stem iminos, and the U697H3 resonance is broadened bythe NMR structure of the 690 hairpin loop & coli 16S
solvent exchange?(). The adjacent GA pair is also sheared. RNA are also shown for comparisofid). At the 35 step,

An analogous base pairing configuration for the 690 hairpin the helix is overwound'3o the CG pair more in the wobble

is found in thekE. coliribosome crystal structur&). In the model compared to the SHB4 model. This results in a cross-
context of the ribosome, the 690 loop is involved in tertiary strand stack of the Gs in the wobble conformation at the

and quaternary contacts with the 790 hairpin loop and the ggﬁ step, which leaves the C unstacked on Itsi8e, and a
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diminution of the G stacking at th& ¢ step compared to  3es, which may be related to the different stability and
SHB4 (Figure 9). In the SHB4 structure, G3 is rotated toward structure ofias compared tdioe. Of the 50 rRNA struc-
the major groove, and U6 is shifted to the minor groove. tures surveyed, thgeease internal loop occurs in the 23S
This subtle perturbation of G3 and U6 provides more rRNA subunits ofMicrococcus luteusListeria monocyto-
extensive overlap with the adjacent GA pair. Presumably, genes and Lactococcus lactis Conversely, the3SSAY3
the more favorable stacking in the SHB4 structure compen-jnternal loop was not observed in the 50 structures. A
sates for the difference in hydrogen bonds compared to thesccaus ; : )
GU wobble conformation. A); sh%wn in Figure 9? a similar ggﬁgﬁi;gt%galréi&) rl]?)v\flzl\izg in the 'Shalf of the S.
stacking arrangement is observed for 3§ nearest neigh- ’ '
bor in the 690 hairpin loop oE. coli 16S rRNA (70, 71). CONCLUSIONS
Thus, the base stacking interactions for §{&. nearest - ) )
neighbors are important determinants in fine-tuning the ~ Thelocal structure and stability of internal loops are highly
pairing configuration for this internal loop. sequence dependent, which presents a challenge to predicting
The two least stable tandem GA internal Iooﬁi GAAZ' these propertles_from sequence |nformat|on alone. The struc-
5GGAUT . AGUS' tural polymorphism of tandem pairs depends upon several
and 3UAGGS (Tabl_e 1), have less _than optlr_naIS’ hyﬂrsegen factors such as the type and number of hydrogen bonds,
bonds, given their hydrogen-bonding capacity 3Hks0s: electrostatics, base stacking interactions, and the stability
this is manifested as stretched UA pairs with distances of jncrement of the closing/adjacent base pair. A delicate
2.8 and 3.0 A for the AH61 to UO4 and AN1 to UH3  pajance between these factors determines local structure. This
hydrogen bonds, respectivelq). Presumably, optimal \york and others provide theoreticiar89¢41) with experi-
hydrogen bonding would give less favorable free energy mental structures and thermodynamic data to benchmark

because of less favorable stacking. This implies that hydrogeniheqries aimed at understanding the interplay between these
bonds are not dominant in determining local geometry. Local components.

geometry is a competition between stacking and hydrogen

bonding. This type of competition has also been suggestedACKNOWLEDGMENT
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