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ABSTRACT. The U6 RNA intramolecular sterrloop (ISL) structure is an essential component of the
spliceosome and binds a metal ion required for pre-messenger RNA splicing. The metal binding internal
loop region of the stem contains a partially protonated-€6X79 base pair (Ko = 6.5) and an unpaired

U80 nucleotide that is stacked within the helix at pH 7.0. Here, we determine that protonation occurs
with an exchange lifetime of approximately 28 and report the solution structures of the U6 ISL at pH

5.7. The differences between pH 5.7 and 7.0 structures reveal that the pH change significantly alters the
RNA conformation. At lower pH, U80 is flipped out into the major groove. Base flipping involves a
purine stacking interaction of flanking nucleotides, inversion of the sugar puckertbe flipped base,

and phosphodiester backbone rearrangement. Analysis of residual dipolar couplings as a function of pH
indicates that base flipping is not restricted to a local conformational change. Rather, base flipping alters
the alignment of the upper and lower helices. The alternative conformations of the U6 ISL reveal striking
structural similarities with both the NMR and crystal structures of domain 5 of self-splicing group I
introns. These structures suggest that base flipping at an essential metal binding site is a conserved feature
of the splicing machinery for both the spliceosome and group Il self-splicing introns.

Dynamic motions are likely to play an important role in  (18). A sulfur substitution at the U80 prorS$ionbridging
RNA catalysis and function, as observed in the hammerheadphosphate oxygen within the U6 ISL RNA abolishes the first
(1, 2), hairpin 3), and lead-dependent)(ribozymes. RNA step of splicing but can be rescued by thiophillic ions such
conformational transitions are essential for ribosome function as cadmiumZ0). These data indicate that metal ion binding
and play a significant role in the recognition of proteins, at the U80 nucleotide of U6 is required for the first step of
RNA, and ligands%—7). Although RNA is widely consid- splicing.
ered to be flexible, analyses of its dynamic motions in A protein-free preparation of U2 and U6 RNAs can
relation to structure have been limitetH4, 8—13). Studies catalyze a slow reaction that is similar to the first step of
of RNA conformational dynamics are required to understand splicing 1). The protein-free U2 U6 reaction is signifi-
the correlation between structure and function. cantly stimulated by the presence of a conserved pseudo-

Nuclear pre-messenger RNA (pre-mRNA) splicing is uridine in U2, which likely plays a role in exposing the base
catalyzed by the spliceosome, a megadalton ribonucleopro-of the branch site adenosing?( 23). Thus, although the
tein complex of five small nuclear RNAs (U1, U2, U4, U5, exact catalytic components of the spliceosome active site
and U6) and approximately 70 proteiris4( 15). Evidence are not known, U2 and U6 RNAs, as well as divalent metal
suggests that spliceosomal RNAs may have a catalytic role.ions, are essential in the pre-mRNA splicing reactit8, (
U6 RNA is remarkably conserved and undergoes a large 24—26).
conformational transition between spliceosome assembly and NMR studies of the U6 intramolecular stem loop (U6 ISL)
activation (6-19). The formation of an intramolecular have provided an initial understanding of the structure of
stem-loop (ISL)" within U6 RNA is a part of this large  this metal binding domain2{, 28). Metal ion binding is
conformation switch required prior to the first step of splicing stereoselective for the prasBxygen of U8SO at neutral pH;
however, stereoselectivity of metal binding is lost upon
"This work was supported by an NIH grant (No. GM65166) to protonation of the adjacent, highly conserved €6A79
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¥ Structure coordinates have been deposited in the Protein Data Bank 79 Wobble pair stabilizes the RNA by adding a hydrogen
as entries 1SYZ (pH 5.7) and 1SY4 (pH 7.0). bond, which contributes-0.7 & 0.3 kcal/mol of folding free

* fTO whom Cgfreépon%%rgcg gg%ﬂg??eTa?drgggezdégéngggi butcher@ energy £8). These data suggest that the U6 ISL conformation
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1 Abbreviations: DMS, dimethyl sulfate; HSQC, heteronuclear single may be altered F’y protor.1 uptake. o
quantum correlation spectroscopy; ISL, intramolecular stkop; Although U8O0 is essential for pre-mRNA splicing4 29),
NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effectat pH 7.0 this nucleotide is sequestered within the U6 ISL

spectroscopy; NOE, nuclear Overhauser effect; ppm, parts per million; : - . 9
RDC, residual dipolar coupling; RMSD, root-mean-square deviation; helix and does not participate in hydrogen bondiag @s).

TOCSY, total correlation spectroscopy; TSP, 3-(trimethylsilyl)-propi- However, the dynamic properties of U8B0 reported here
onic acidd,, sodium salt; VS, Varkud satellite. suggest that it may indeed participate in interactions with
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c A mixing times), 2D'H—H TOCSY (40 ms mixing time), and

76 —A IH—13C HSQC experiments collected in 99.99%Mat 30
g:ém °C (27, 28). Despite significant chemical shift changes
c-G between pH 7.0 and 5.7, NOEs were unambiguously assigned

627G As using nucleotide-type specifically labeled samples and by
L oo 2D NMR s ired i | titrati
c-G pectra acquired at narrow incremental titrations
H:ﬁ of pH (5.06, 5.33, 6.21, 6.58, 6.95, 7.45, 8.21, and 8.44).
G-C The line widths of the Hlresonances were measured using

620G Ces a 2D NOESY spectrum that was Fourier transformed without

FiGURe 1. Secondary structure of the U6 ISL RNA representing the use of a weighting function.

nucleotides 6285 from Saccharomyces cernsiae An asterisk ) ; ; ;
denotes the location of a functionally important phosphate that binds For the line shape analysis of the adenine C2 resonances,

a divalent metal ionZ0). An A62G substitution is boxed and found H—"C HSQC spectra at different pH (5.06, 5.33, 6.21, 6.58,
to have the same overall structure as the wild-type sequée ( 6.95, 7.45, 8.21, and 8.44) were recorded atG0Spectra
were obtained with 2048 points with a sweep width of 4496
other components of the spliceosome, pre-mRNA, or both. Hz in thet, dimension and 192 points with a sweep width
NMR data indicate that an alternative U6 ISL conformation of 4276 Hz in thet; dimension. Thé3C carrier was set to
exists and is the predominating structure below pH 6.0. 148 ppm, and*C chemical shifts were indirectly referenced
Structures were determined at pH 72B)and pH 5.7 with to the TSP!H signal at 0.00 ppm. The chemical shifts and
inclusion of residual dipolar couplings (RDCs). We find that line widths were determined from 18C vectors of the 2D
U80 is in equilibrium between stacked and unstacked *H—C HSQC spectra by Lorentzian deconvolution. Trunca-
conformations and that this base movement is correlated withtion artifacts were minimized by applying an exponential
the protonation state of the adjaceit79 base. Comparisons line broadening of 30 Hz to the FIDs prior to Fourier
with recent X-ray and NMR structures of a similar domain transformation. The reported line width at half-height of the
from group Il introns 80, 31) suggest that the observed A79 C2 signal was determined by subtracting 30 Hz from
dynamics within this metal binding internal loop region is a the deconvoluted line width.
conserved feature of the splicing machinery for both the  Determination of Protonation Exchange at Nucleotide A79.
spliceosome and group Il self-splicing introns. The lifetimes for exchange between protonated and unpro-
tonated states of the A79 N1 were determined by analysis
of the line shape of the A79 CZC signal. In the fast-to-
intermediate case of chemical or conformational exchange
between two sites, A and B, the observed line width depends
on the populations, the inherent line widths, and the rate of
exchange between the two sites. The experimental NMR
signal is given by 10, 34, 35)

MATERIALS AND METHODS

RNA Sample Preparatiohe U6 ISL sequence is shown
in Figure 1. RNA was prepared by in vitro transcription as
previously described(, 28). Sample conditions for all NMR
experiments were 0-:81.3 mM RNA and 50 mM NacCl at
pH 5.0-8.4. The pH 5.7 U6 ISL RNA sample used in the
measurement of residual dipolar couplings (RDCs) was
partially aligned with 7.2% C12E5/hexanal£ 0.96) @2). Sy =1 [P(1 + 7 (PaTWg + Pg7tWa)) + QR 1)
C12E5 denotes an-alkyl-poly(ethylene glycol) molecule, 0 P2+ R?
where 12 is the number of carbons in thalkyl group and
5 or 6 is the number of glycol units in the poly(ethylene wherel, is the intensity factorpa andpg are the fractional
glycol) moiety. Final sample conditions before and after the populations of sites A and Biex = 7at8/(ta + 8), P =
addition of the alignment media were 6:8.3 mM RNA in Ted TWaWs — ((va + v8) — 270)? + 7% (va — ve)?] +
300 uL (pH = 6.0). Samples were placed in thin-wall p.7ws + peaws, Q = Ten(va + vs) — 27V — 7(Pa —
Shigemi microcell NMR tubes (Shigemi Inc.). Pe)(va — vB)], andR = 7(pa — Pe)(va — VB) — TexT(va —

NMR SpectroscopyAll spectra were acquired at the wvg)(@wa — awg) + [(va + vB) — 27V][1 + Texva + vB)].
National Magnetic Resonance Facility at Madison (NMR- 7. is the exchange lifetime for the exchange between the
FAM) on Bruker DMX 500, 600, and 750 MHz spectrom- protonated (A) and unprotonated (B) statesand v; are
eters. CryoProbe (Bruker) singleaxis gradient HCN probes  the line width and frequency, respectively, of siia hertz.
were used with the 500 and 600 MHz instruments, whereasThe two-site exchange line shapes were simulated for
a conventional triple axis gradient HCN probe was used with different values of exchange times using a previously
the 750 MHz spectrometer. Line width and RDC measure- developed fitting program3g).
ments, as well as all NMR data for the structure determi-  The apparent line widths of the A79 C2 signal in the fully
nation of the U6 ISL pH 5.7, were processed using protonated and fully deprotonated states were determined by
XWINNMR 2.6 software (Bruker Biospin). Resonance assuming that the exchange lifetime is independent of pH
assignments were completed using Felix 98 (MSI) and (or p,). This allowed for the line width derived from eq 1 to
Sparky (http://www.cgl.ucsf.edu/home/sparky). All structures pe simultaneously fit for all eight observed line widths and
were viewed and analyzed using MOLMORJ). pa. The parametersia, ws, andze, were determined while

Exchangeable proton resonances were assigned as previkeeping the values fab, and dg fixed at their previously
ously described?7, 28) and also by reference to 2D NOESY determined values (Table 1 and Supporting Information). The
spectra (150 ms mixing time) in 90%,8/10% DO at 12 uncertainties in the exchange lifetimes were estimated by
°C. Nonexchangeable proton resonances were assigned byrror propagation of the uncertainties in the experimental
reference to 2D NOESY spectra (150, 200, and 250 ms line width and the parametets, dg, Wa, andwe.
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Table 1: Chemical Exchange Associated with the Protonation of dipolar couplings, the experimental RDCs from the final

A79 at 30°C as Reported by the A79 C2C Signal converged structures were plotted against the back-calculated
A79 C2 A79C2 predicted RDC values generated from PALES®)( The
A79 C2 line width fractional exchange experimental RDC errors were estimated from duplicate
chemical  at half-height population? lifetime measurements. The experimental RDC RMSDs for the pH
pH  shift (ppm) (Hz) Pa (usy 7.0 and 5.7 structures (2.4 0.1 and 1.74 0.2 Hz,
5.06 148.00 27.8&2.0 0.972 2 14 respectively) were lower than the back-calculated RDC
5.33 148.29 30.%2.0 0.930 16.4:5.4 RMSDs (2.8 4+ 0.3 and 2.0+ 0.2 Hz, respectively),
6.21 150.34 67.52.0 0.639 21818 indicating that the RDC data was appropriately weighted
6.58 151.22 67.% 2.0 0.514 20.8t 1.4 : X .
6.95 153.33 56 5 0.215 25 AL 4.2 during the structure calculations (i.e., the back-calculated
7.45 154.18 43t 10 0.095 36+ 15 RDC RMSD obtained from the structures should not be more
8.21 154.63 2k:4 0.030 29+ 22 accurate than the measured RDC RMSD).
8.44 154.72 16t 4 0.018 224 25
aThe fractional population of site A is calculated ps= (g — RESULTS

Oobd/(08 — O4), USINgOa = 147.80+ 0.20 ppm anddg = 154.84+

0.17 ppm determined from a three-parameter fit of the observed Exchange Lifetime Associated with Protonation of U6

chemical shift as a function of pH usiniyps = pada + psde, Where Nucleotide A79Exchange processes on the chemical shift
Pe = (1 — pa) andps = 1/(1 + 10°"P%). The apparentifs value — ima gcale are reflected in the line width of the detected signal

obtained for protonization of A79 N1 is 6.5 0.06 (Supporting h th h . lei b . ing t
Information) @7). ® Lifetimes derived from fits to eq 1, usinga = where the exchanging nuclei may be experiencing two or

21.0+ 1.3 Hz,wg = 12.5+ 1.3 Hz,04 = 147.80+ 0.20 ppm, ands more electronic environment84). The imino proton of
= 154.844 0.17 ppm (Supporting Information). nucleotide A79 is not directly observed due to its fast

exchange with solvent. However, the C2 chemical shift is
NMR Structure Determination of the U6 ISL at pH 5.7. highly sensitive to protonation of the adjacent N1 atom,

NMR experiments and determination of structural constraints Which has a s of 6.5 7).
for the solution structure of the U6 ISL at pH 5.7 were as A large chemical shift change for the A79 C2 resonance
previously described2, 28) with minor modifications. ~ occurs between pH 5.04 and pH 8.44 (Table 2))(
Internuclear residual dip0|ar Coup"ngs were measuﬁﬂjq Addltlona”y, the A79 C2 line width is Significantly broader
Hz) at natural*C abundance in the proton (F2) and carbon at intermediate pH values but remains sharp at pH values
(F1) dimensions ofH—3C HSQC experiments. Homoge- corresponding to the predominately protonated (pH 5.04) and
neous alignment of all samples was determined by measuring/nprotonated (pH 8.44) states. Determination of the fully
the2H splitting (~31 Hz at pH 5.7) and line widths2 Hz). protonated and deprotonated line widths of the A79 C2 signal
Measured RDCs represent the difference betweetHtsnd enabled a full line shape analysis across eight pH values
13C coupling for isotropic and partially aligned samples. Due (Supporting Information). Other C2 atoms, such as those in
to the observed dynamic nature of the U6 ISL internal loop Nhucleotides A73, A76, A82, and A81 (Figure 1), have modest
and pentaloop (nucleotides 67,715, 79, and 80) (Blad chemical shift changes and are not line-broadened in this
and Butcher, unpublished results), RDCs from these regionsPH range (data not shown), indicating that the variation in
were not applied to the pH 5.7 structure calculations. *5C line width of the C2 resonance of A79 can be directly
Structure CalculationsAn initial set of 100 structures were ~ attributed to proton exchange equilibrium.
calculated using CNS 1.B7) (http://cns.csb.yale.edu/v1.1), Fitting the line width as a function of chemical shift change
as previously describe®®). The values of the axiallly) for the A79 C2 resonance to eq 1 reveals that exchange
and rhombic R) Components of the a|ignment tensor were between the protonated and unprotonated state has a lifetime
determined by analyzing the powder pattern distribution for Of approximately 2Qus (Table 1). Although imino proton
each experimental RDC data set and further refined by €xchange in WatsenCrick pairs occurs on the millisecond
following a grid search procedure, in which a series of time scale 40), this exchange lifetime is similar to the
structures were calculated with different rhombicitig3)( observed exchange lifetimes for-CA pairs in other RNAs
An axial component ) of —26.0 Hz and a rhombic (10, 36).
component of 0.28 were found to be the experimentally NMR Eidence for an Alternatie Conformation below pH
determined values for the U6 ISL at pH 5.7. 6.0. Initial evidence for a dynamic internal loop in the U6
After the initial structure calculations, the 50 lowest energy ISL was observed for the U80 nucleotide in 2D NOESY
pH 7.0 and 5.7 structures were subjected to refinement inspectra acquired as a function of pH. At pH 7.0, average
the presence of RDCs using XPLOR-NIH 2.038) A weak H1' resonances of nucleotides in Watsd@rick base pairs
planarity weighting function of 10 kcahol-A-2 was have narrow line widths (6.5 2.5 Hz, corresponding to a
included for the WatsonCrick base pairs. The structure Tz relaxation time of approximately 49 ms). In contrast, the
refinement involved cooling from 2000 to 100 K in 38 cycles H1' resonance of U80 is broad (116 1.3 Hz, T, ~ 27
of restrained molecular dynamics in Cartesian coordinate ms). The H1 line widths in Watsor-Crick base pairs do
space corresponding to a total of 28 ps. During this hot change when the pH is lowered to 6.0 (&8.0 Hz,T,
calculation, the force constant for dipolar couplings was ~ 47 ms), while the U80 Hlresonance becomes signifi-
slowly increased from 0.001 to 0.2 kealol1-Hz 2. The cantly more line broadened (158 3.4 Hz, T, ~ 21 ms).
simulated annealing was followed by 500 steps of energy At low pH, several new NOEs and chemical shift changes
minimization using the Powell algorithm in XPLOR-NIH. are observed within the U6 ISL internal loop. At pH 7.0, a
The lowest energy structures had no NCGE(5) or dihedral sequentiali¢ i + 1) NOE between A79 and U80 is observed
violations (>5°). To assess the quality of measured residual (Figure 2A). However, at pH 5.7, this sequential NOE is
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A pH57 pH 6.0 pH7.0 Table 2: Statistics for the Refined U6 ISL RNA Solution Structure
ppm ;—UBO 6 at5.7 and 7.0
7.3 7.3 7.3 pH5.7 pH 7.0
7.4 7.4 7.44 structures:
o |-GB1HS8 1 accepted 14 20
7.5 7.5 75 calculated 100 100
26 6l @ -GBIHE B NOE derived distance 471(19.6) 506 (21.1)
' ' ’ -G81 H8 restraints (per nucleotide)
7.7 7.7] @ [FUBOHE 771 @|-AT9H8 dihedral restraints 173 180
-U80 HE6 1 ag-AT9 H2 hydrogen-bond restraints 25 25
781 = |-AT9H2 7.5 18D dipolar coupling restraints 29 31
. . © [FAT9HZ . RMSD, all heavy atoms to
“le@raroHs U @B-ATIHE Y] the mean structure (A)
6.12 6.11 5.92 ppm overall (62-73,75-84) 1.2+ 0.4 0.8+ 0.3
! , y \ ! \ internal loop (66,79-80) 14405 0.440.2
AT9 H1 AT9 H1 AT9 H1 RMSD, 5 lowest energy
ppm 72 structures (vs. pH 7.0)
B 3.9 85 H overall (62-73,75-84) 1.6+ 05
[) o internal loop (66,79-80) 2.0+ 0.8
4.14 NOE violations ¢ 0.5 A) 0 0
4.3 u74 uso avg dihedral violations%5.0°) 0 0
1 Are_ ) ° an avg NOE RMSD (A) 0.037 0.027
454 o ° 0 avg dihedral RMSD (deg) 0.84 0.64
H340 WL, AT avg exptl RDC RMSD (Hz) 1.20.2 24+0.1
471 [ et 9:31 avg expti/calcd RDC RMSD (H2)  2.0+£0.2  2.8£0.3
4.9 A75 B aDetermined from the lowest energy structures using PALE (
5.1 G62
61 59 57 55 573 ppm RNA structure. To determine this conformational change,

FiGURe 2: NMR evidence for a pH-induced conformational change Structures were calculated from the corresponding NMR data
within the U6 ISL internal loop. In panel A, the aromatic NOEs acquired at pH 5.7 and 7.0 (Table 2). At pH 5.7, the unpaired
oﬁserveld ff?lmtt_he P{? Héfespn«':l\n%eﬁat IC;HA%%JH%OA?S?_' g~0ua8fg nucleotide U8O0 is disordered and flipped out of the helix
shown. In all strips, the chemical shitts o , , i i H i H
H6, and G81 H8 are indicated. Panel B presents the 750 MHz 2D |r!t0 the major groove .(Flgures s "?‘”d 4). Aside fro”? this
1H-1H TOCSY spectra (40 ms mixing time) comparing’HH2 disorder and the previously descr_lbed bulg'ed U74 in the
and HI1—H3 ribose proton correlations between the pH 6.0 (red) Pentaloop27), the pH 5.7 structure is well defined by NMR
and pH 7.0 (black) U6 ISL. Unless noted, all resonances indicate data (1.2 A RMSD, Table 2).

an HI—H2 correlation. RDC measurements provide long-range distance informa-
tion and are therefore excellent indicators of conformational
change. Agreement between input RDC data and predicted
(back-calculated) RDC values from structures is indicated
by the linear correlation factoR, and the quality factorQ

absent, and instead, only ai i(+ 2) NOE between A79
and G81 is detected (Figure 2A). In addition, an aromatic
stacking NOE is observed between A79 and G81 at pH 5.7
but not does occur at pH 7.0 (data not shown). At pH 6.0, (41). Compari
: . . o . parisons of the measured and back-calculated RDC
bgth ¢ Id+ é) and gﬁi +T2h) NOES of equal |nt_en5|t|es_e;]reh values indicate that the RDC data are in agreement and
ﬁ serxe .( Ir?ureUBO).' lese data are coHn35|s;ent (\;V't the consistent with the corresponding solution structures at their
ypot esis that IS looped-out at p -fand 1sin respective pH values (Figure 5A,D). A comparison of the
conformatlonql exchange between a s.tacked-m and IC’c’pe‘j'measured and predicted RDC values for different pH values
out conformation at pH 6.0. A comparison of the observed yields a poor correlation and a substantial increased uncer-

chemical shift changes as a function of pH indic_ate that the tainty in the RDC data (Figure 5B,C). This poor correlation
most pronounced changes occur throughout the internal IOOp’between the experimental and predicted RDC data is indica-

particularly at U8O (Supporting Information). _tive of a global change in the orientation #1—3C bond
The internal loop ribose sugar puckers change as a functionyectors relative to the alignment tensor of the molecule.
of pH (Figure 2B). Sugar puckers that are in the S-type range

(including C2-endo) or undergo conformational averaging p|SCUSSION

give detectable H+-H2' scalar couplings, whereas ‘@hdo

sugar pucker conformations do not. At pH 7.0, the A79  Nucleotides within RNA internal loops have previously

pucker is conformationally averaged, as evidenced by a weakbeen observed to adopt stacked or looped out conformations

H1'—H2' correlation (Figure 2B). In contrast, the A79 ribose or an equilibrium between the twdZ—44). Similarly, base

displays strong H:H2' and H1I—H3' correlations at pH  maodifications, such as a change from a uridine to pseudo-

6.0 and below (Figure 2B), characteristic of a'@®ado uridine @), can alter the base stacking conformational

conformation. The U80 sugar pucker is'@hdo at pH 7.0  equilibrium of an adjacent nucleotide in RNA structu2&)(

but undergoes conformational averaging at low pH (Figure These alternative conformations within internal loops can

2B), which is consistent with increased disorder for this affect RNA tertiary folding and bending within a helix, as

nucleotide at low pH. well as potential RNA-protein, RNA-RNA, and RNA-
Determination of the U6 ISL Structure at pH 5.The ligand interactions.

NMR data indicate that, upon a change from pH 5.7 to 7.0, The comparison of U6 ISL structures at pH 7.0 and 5.7

a significant conformational change occurs in the U6 ISL indicates that the dynamic equilibrium within the internal
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A

Ficure 3: Stereoview of the NMR solution structure ensemble for the U6 ISL RNA at pH 5.7 (A) and pH 7.0 (B). Twelve pH 5.7 and pH
7.0 structures represent the lowest-energy structures from XPLOR-NIH that incorporate residual dipolar couplings3@r0OMs)ghosphate
backbone is designated by the gray ribbon, guanosines are green, uridines are yellow, cytidines are blue, and adenosines are red.

loop region is the likely cause of the overall global change we hypothesize that protonation of A79 influences the
in conformation of the RNA (Figures 3 and 4). The pH 5.7 stacking free energy betweé®&79 and G81. In vivo DMS
structures reveal that U80 is displaced out into the major modification data reveal that A79 is partially protected from
groove by a~5—10 A base movement (Figures 3 and 4). methylation, consistent with the formation of a dynamic
Although the largest structural change occurs within the *A79—C67 pair at physiological pHL8). Previous molecular
internal loop of the U6 ISL, comparison of the structures at orbital calculations of nucleic acids propose that purine
pH 7.0 and 5.7 reveals that base flipping produces a straightpurine stacking interactions are more favorable for half-
A-form helix. At pH 7.0, the unpaired U80 is intercalated protonated pairs (i.e., one base protonated) than for nonpro-
into the helix and acts as a wedge to separate"hif9— tonated pairs45). A change in sugar pucker equilibrium
G81 stacking interaction observed at pH 5.7. The stacking within the internal loop also coincides with an alternative
of U80 into the helix is accompanied by a bend of conformation at pH 6.0 and below. Ribose sugar puckers
approximately 25 (Figure 4). Helical bending is reflected can flip on the nanosecond time scale for nucleotides that
in the RDC analysis, which indicates an overall change in are free in solution or at the ends of helicd$,(47). The
the orientation of théH—3C bond vectors relative to the  A79 sugar pucker, which is immediately ® the flipped
alignment tensor of the RNA (Figure 5). base, favors a'zndo conformation at low pH (Figure 2B).
Because the conformational change in the U6 ISL RNA Interestingly, a 2endo conformation '5to a looped out
closely correlates with theiy of 6.5 for the A79 nucleotide,  nucleotide is also observed for A73, which is positionéd 5
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FiGure 4: Stereo superimposition of the pH 7.0 (sky blue) and 5.7 (aqua) lowest energy U6 ISL RNA structures from the minor groove
orientation. The backbone is shown as a ribbon to highlight the global change in the helical conformation. Structures superimposed over
only the lower helix (nucleotides 6266 and 8+85) have an RMSD of 0.% 0.1 A.

pH 5.7 RDC pH 7.0 RDC Effect of Protonation on the Structure and Function of
RNAs.The relationship between base ionization and RNA
structural flexibility is emerging as a common feature that
regulates catalysis among ribozymds8)( For example, the
Varkud satellite (VS) ribozyme contains an—& pair
(A622—C637) adjacent to the cleavage site that is thought
to undergo a pH-controlled conformational switch required
302010 0 10 20 30 40 50 20 10 0 100 20 30 for substrate recognitiord@). Additionally, the ionization
Measured RDCs Measured RDCs state of a critical adenine (A756) within the VS ribozyme
appears to play a direct role in the self-cleavage reaction
mechanism&0). For the hepatiti® virus (HDV) ribozyme,
the ionization of an essential cytidine residue (C75) has been
proposed to regulate activation of the HDV self-cleavage
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,,Oo * R =091 R =097 reaction 61—54). These studies suggest that the chemistry
2147 Q=034 ;5 Q=021 of some RNA catalysts is dependent upon the interplay
30-20-10 0 10 20 30 40 50 25 15 -5 5 15 25 between the local structural transitions and the ionization
Measured RDCs Measured RDCs state of nucleobases. Other RNAs involved in gene regulatory

Ficure 5: Comparison of back-calculated RDC values (vertical and recognition processes may also utilize base ionization
axis) from structures at pH 5.7 (A,B) and 7.0 (C,D) with the actual 5 modulate local RNA structure. The HIV-1 nucleocapsid

values (horizontal axis) measured at pH 5.7 (A,C) and 7.0 (B,D). - y . o .
The relationship between the Pearson’s linearized correlation factor, PFOt€IN (NCp?7) recognition of the dimerization initiation site

R, and the quality factorQ, is used to assess the quality of fit for (DIS) RNA structure, which initiates the linkage of two
each data se#(). homologous strands of genomic RNA during viral assembly,

is coupled to adenine protonation (A273p). In this case,

- . adenine protonation drives a conformational switch that in
to the bulged U74 within the pentaloop (Figure 2By,(28). turn increases the rate of NCp7-catalyzed viral maturation
A similar relationship between bulged nucleotides and the (55).

5' sugar pucker has been previously observed in other RNA Implications for Base Flipping at Nucleotide UsBase
internal loops 23, 44). Therefore, a purinepurine stacking flipping has been previously observed in DNfrotein
interaction betweehA79 and G81, coupled with the Sugar complexes and was first reported for a cytosine-5 DNA
pucker inversion, are two structural transitions associated methyltransferase binding to DN/&E). Molecular dynamic
with base flipping of nucleotide U80. Along with these by 'simulations of a DNA dodecamer containing the target
findings, NMR line shape analysis reveals that exchange sequence of DNA C5-methyltransferase suggest that base
dynamics between the A79 protonated and unprotonated statg|ipping is likely to favor the major groove direction and is
occur with a lifetime of approximately 2@s (Table 1),  associated with significant backbone and stacking confor-
whereas the analysis 8fC Ty, relaxation data show U80  mational changes upon openirj7). Although the present
structural transitions occurring on the hundred microsecond study involves the dynamics of an unpaired nucleotide in
time scale (Blad and Butcher, unpublished results). Thus, RNA, there exist striking similarities with the DNA

A79 protonation occurs on a faster time scale than the overallmethyltransferase complex. Both processes favor a major
conformational transition and is therefore not the rate-limiting groove base movement, have motions on the microsecond
factor that drives the base-flipping conformational change. to millisecond time scale (Blad and Butcher, unpublished
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A U6 ISL D5

B
U80 u8o
C
Uu8o uso

Ficure 6: Panel A shows the secondary structure of the internal loop regions of the yeast U6 ISL RNA and domain 5 (D5) of a group I
intron from yeast mitochondria (gi$. Panel B shows a stereo superimposition of the internal loop region (nucleotide8322nd
836—841) from the D5 crystal structure (green) (PDB ID 1KXK) and the lowest energy pH 5.7 U6 ISL structure (blue) (nucleotié8s 65

and 78-82). The internal loop RMSD (backbone atoms only) between the two structures # 2.8 A. Panel C shows the stereo
superimposition of nucleotides 82824 and 837841 from the D5 NMR structure (orange) (PBD ID 1R2P) and the lowest energy pH 7.0
ISL structure (cyan) (nucleotides 658 and 78-82). The lowest energy pH 7.0 U6 ISL and D5 NMR structures have an RMSD af 2.7

0.2 A over internal loop backbone atoms.

results) 67), undergo changes in sugar pucker on theide Structural Similarities with Domain 5 of Group Il Introns.
of the opening base, and involve stacking interactions of The spliceosome catalyzes the same splicing reactions as self-
adjacent nucleotides. splicing group Il introns. Due to functional parallels in metal

Previous mutational studies in human and yeast U6 RNA binding and catalytic requirements, the highly conserved U6
suggest that the internal loop of the U6 ISL plays a significant ISL domain has been proposed to be analogous to domain 5
role in splicing. Single point mutations of U80 to G or C67 (D5) of self-splicing group Il introns found in plant, fungal,
to A are lethal in yeast24, 29). The lethal USOG mutation  and bacterial gene$9, 60). D5 is also a highly conserved
induces formation of a C67G80 Watson-Crick base pair, and essential sterrloop domain, and its internal loop region
which dramatically increases the thermodynamic stability of also forms a critical metal binding sité%). The D5 internal
the molecule by—3.6 + 1.9 kcal/mol and prevents base loop nucleotides (823824 and 837840) form a key minor
flipping (58). These genetic and structural studies, along with groove tertiary contact with domain 1 and thesplice site
the aforementioned metal ion binding requirement at the pro- (62).

Se phosphoryl oxygen of U8@(Q), emphasize the functional Despite completely different internal loop sequences
importance of the U6 ISL internal loop and suggest that (Figure 6A), we observe striking similarities between both
dynamic base flipping may play an important role in splicing. the X-ray G0) and NMR @1) structures of D5 and the



13746 Biochemistry, Vol. 43, No. 43, 2004

Reiter et al.

internal loop of the U6 ISL. The crystal structure of D5 material is available free of charge via the Internet at http://
shows nucleotides A838 and C839 in flipped out conforma- pubs.acs.org.

tions, similar to the flipped out U8B0 in the pH 5.7 U6 ISL

RNA (Figure 6B). Although the internal loop region of the REFERENCES

crystal structure is close to adjacent molecules in the lattice,
the flipped out conformation of A838 and C839 is consistent
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