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ABSTRACT. U6 RNA is essential for nuclear pre-mRNA splicing and has been implicated directly in catalysis
of intron removal. The U80G mutation at the essential magnesium binding site of thatd@olecular
stem-loop region (ISL) is lethal in yeast. To further understand the structure and function of the U6 ISL,
we have investigated the structural basis for the lethal USB0G mutation by NMR and optical spectroscopy.
The NMR structure reveals that the UB0G mutation causes a structural rearrangement within the ISL
resulting in the formation of a new Watsegrick base pair (C6180), and disrupts a protonated C67

A79 wobble pair that forms in the wild-type structure. Despite the structural change, the accessibility of
the metal binding site is unperturbed, and cadmium titration produces similar phosphorus chemical shift
changes for both the U80G mutant and wild-type RNAs. The thermodynamic stability of the U80G mutant
is significantly increasedXAGsq = —3.6 £+ 1.9 kcal/mol), consistent with formation of the Watson

Crick pair. Our structural and thermodynamic data, in combination with previous genetic data, suggest
that the lethal basis for the U80G mutation is stdoop hyperstabilization. This hyperstabilization may
prevent the U6 ISL melting and rearrangement necessary for association with U4.

Proteomic diversity in eukaryotes is generated by alterna- The formation of the U2U6 complex is initiated by a
tive splicing of exons from nuclear premessenger RNA (pre- large conformational change in U6 RNA,(11). During
mRNA) by the spliceosome. The spliceosome is a large spliceosome assembly, U6 extensively base pairs with U4
ribonucleoprotein complex, made up of five small nuclear RNA, forming a helical secondary structure. After the
RNAs (snRNAs), U1, U2, and U4, U5, U6, and more than spliceosome is assembled completely, base pairing between
70 proteins {—4). The spliceosome catalyzes a two-step U4 and U6 is disrupted and U6 undergoes a large confor-
transesterification reaction, speculated to be RNA-catalyzedmational change, in which an intramolecular steloop
by analogy to mitochondrial group Il self-splicing ribozymes (ISL)* region forms near the’ nd of U6 (, 11). This ISL
(2, 3,5). Two snRNAs (U2 and U6) likely comprise part of is mutually exclusive with the U4U6 complex, and allows
the spliceosome active site, and U6 is essential for catalysisthe U2-U6 complex to form.

(2, 3, 5). In the active spliceosome, U2 and U6 form a  The structurally significant U6 ISL has also been impli-
complex by base pairing to each other, and have also beercated in catalytic steps of the spliceosome. U6 RNA
shown to base pair to pre-mRNA at the first step of splicing. stereospecifically binds a metal ion at tl¥% phosphate
Moreover, mutagenesis data have shown that certain regionxygen 5 of the highly conserved residue U80 of the ISL
of U6 must be intact for the assembled spliceosome to (9, 12). The S, phosphate oxygen has been shown to be
catalyze the first or second step of spliciy. (Other atomic essential for the first step of splicing7{9); a sulfur
substitution studies of U6 RNA have revealed several substitution at this position iSaccharomyces carsiae U6
phosphate oxygens that are essential for splicing9j, halts splicing after the assembly of the spliceoso®e (
which are potential sites of magnesium coordination required Splicing activity is rescued with the addition of the thiophilic
by the spliceosome. Recently, the Y26 complex was metal ion cadmium, demonstrating the importance of metal
shown to catalyze a reaction similar to the first step of ion coordination at U6 ISL residue U80 for spliceosome
splicing in the absence of protein, lending more evidence to function @). Recently, structural studies have shown that
the hypothesis of an RNA active site in the spliceosome protonation of a C6&A79 wobble pair modulates metal ion
(20). binding at U80, suggesting a possible method for splicing
regulation (2). Interestingly, mutation of the U80 residue
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Structure of the Lethal USOG U6 RNA Mutation
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Ficure 1: Secondary structures of the wild-type and U80G mutant
U6 ISL RNAs, representing nucleotides-625 fromS. cerevisiae
The A62G substitution is boxed.

of the functional importance of residue U80, as well as the
structural significance of the ISL, the basis of U80G lethality
is unknown. To gain more insight into the structural

requirements of U6 RNA for splicing, we sought to determine
the solution structure of the UB0G mutant U6 ISL.
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either conventional HCN triple-resonance, triple-axis pulsed-
field gradient probes, a cold (cryoprobe, Bruker) siriglaxis
gradient HCN probe, or a Bruker QNP (quadruple-nucleus
probe) tuned to phosphorus wittZaaxis gradient. Exchange-
able resonances were assigned by reference to two-
dimensional (2D) NOESY (mixing time of 150 ms) and 2D
H—15N HMQC spectra of the RNA in a 90%4/10% DO
mixture at 283 K. Nonexchangeable resonances were as-
signed by reference to 2D NOESY spectra (mixing times of
75, 150, and 250 ms) and 2D TOCSY, 2B—C HSQC,
three-dimensional (3DPH—13C—!H TOCSY, 3DH—-13C—
H HCCH COSY, and 3BH—C NOESY-HMQC spectra
of the RNA in 99.99% RO at 303 K, as described previously
(12). Water suppression for samples in a 90%0H.0% DO
mixture was achieved with a 1-1 spin-echo pulse sequence.
For experiments in 99.99%,D, the residual HDO resonance
was suppressed with a low-power presaturation pulse.
Hydrogen bonds were detected on the fully labeléel
and®N sample by 2DJyy HNN-COSY in a 90% HO/10%

Recent advances in NMR structure determination methodsD20 mixture and in 99.99% D at pH 6.3 and 298 Ki(7—
have improved the precision of solution structures through 19). Water suppression for the 90%®/10% DO sample

the use of residual dipolar coupling$5j, and the direct
detection of hydrogen bonds via scalar coupliriy).(Using

was achieved using Watergate suppression methods.
Partial alignment of RNA for residual dipolar coupling

these methods, we have determined the structure of the Ugneasurements was achieved by adding 17 mg/mL Pfl

ISL harboring the lethal US0G mutation. The mutation leads
to the formation of a new WatserCrick base pair in the
internal loop, between G80 and C67, which in turn disrupts
the phylogenetically conserved G&79 wobble pair that
forms in the wild-type structurel@) (Figure 1). Thermo-

filamentous bacteriophage (ASLA Ltd., Riga, Latvia) to the
13C- and N-labeled samples1f, 20). 'H—°N residual
dipolar couplings (RDCs) were measured for exchangeable
protons using®N-coupled one-dimensional (1B spectra,
and!H-13C RDCs were measured in the carbon dimension

dynamic studies reveal that this altered secondary structureof 2D *H—*C CT-HSQC spectra for a uniformhfC- and

causes an increase in stabiliftAGq = —3.6 = 1.9 kcal/
mol) over that of the wild-type ISL. Surprisingly, we also
find that the U80G mutant and wild-type ISL RNAs produce

5N-labeled sample @aha G only-labeled sample in a 90%
H>0/10% DO mixture at 303 K, for both isotropic and
oriented samples. Uncertainty in RDC measurements was

similar phosphorus chemical shift changes upon cadmium estimated to bet1.2 Hz.

binding, which suggests that the mutant is still capable of
binding metal ion. We propose that the basis for lethality of

All data were processed using XWINNMR software from
Bruker. Resonance assignments were completed using Felix

the USOG mutation is likely due to a structural rearrangement 98 (MSI) and Sparky (http://www.cgl.ucsf.edu/ home/

within the conserved internal loop of the U6 ISL, resulting
in hyperstabilization of the structure, which normally must
function as a marginally stable stertoop structure that can
rearrange.

MATERIALS AND METHODS

RNA Synthesis and Purificatiofhe U6 ISL RNA with
the A62G and U80G substitutions was transcribed in vitro
using purified Hig-tagged T7 RNA polymerase and synthetic
DNA oligonucleotides (Integrated DNA Technologies, Inc.).
RNA was purified by denaturing 20% polyacrylamide gel

sparky/).

Interproton DistancesNOE distances were obtained using
information from nonexchangeable 2D NOESYs at varying
mixing times (75, 150, and 250 ms). NOE peak volumes
were integrated using the Gaussian peak fitting function in
Sparky. Distances were calibrated by setting the peak
volumes of pyrimidine H5-H6 NOEs to the fixed distance
of 2.4 A, using the CALIBA macro in DYANA 21). These
distances were used to group NOEs into three classes: strong
(1.8-3.0 A), medium (1.8-4.5 A), and weak (3.66.0 A).
NOE distances for exchangeable protons were qualitatively
assigned to one of these three classes.

electrophoresis, identified by UV absorbance, and excised Torsion Angle ConstraintsAll 3P chemical shifts fall

from the gel. RNA was recovered by soaking gel pieces in

between—4 and—5 ppm, suggesting that rmand¢ in the

0.3 M sodium acetate, ethanol precipitated, purified on a 6 structure are in thegansrange. Therefore, aft and¢ values

mL DEAE anion exchange column, ethanol precipitated
again, and desalted on a 15 mL G-25 gel filtration column.
The purified RNA was lyophilized, resuspended in water,
and brought to pH 6.5 by the additioi ® M NaOH. 13C-
and *N-labeled RNA was prepared usifdgC- and °N-
labeled rNTPs (Silantes GmbH, ‘Mcdhen, Germany).

NMR SpectroscopyAll NMR spectra were obtained on
Bruker DMX spectrometers at the National Magnetic Reso-
nance Facility at Madison (NMRFAM, Madison, WI). All

were set to exclude thérans range (0+ 120C°) (22).
Nucleotides with strong HEH2' couplings (C72 and U74),
as observed in a 45 ms mixing time ZBI—'H TOCSY
experiment, were constrained as'@ndq while all other
nucleotides were constrained as '@©8da Analysis of
intranucleotide Ht-aromatic NOEs from the 75 ms 2D
NOESY experiment indicated that all nucleotides fell into
the anti range, and were thus constrained witlp galue of
—160 + 15°. Other backbone torsion angles, (/, ande)

spectrometers used for data collection were equipped withwere set to standard A-form values15°) only in the helical
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regions of the structure known to be A-form Watsd®rick phosphate oxygens and amino protons which can be reversed
helices from NOE, dihedral, and through hydrogen-bagad in Cartesian space refinement protocoBO)( The final
coupling data. structures were viewed and analyzed using MOLMQL)(
Residual Dipolar Coupling AnalysisResidual dipolar Metal Binding Studies A62G, U80G U6 ISL RNA
couplings (RDCs) were measured using XWINNMR (Bruk- substituted with a phosphorothioate linkage between A79 and
er) by determining the difference betweéH and °C G80 was purchased from Dharmacon, Inc., and deprotected
coupling for isotropic and partially aligned samples. Values according to recommended procedures. The phosphorothio-
for the axial and rhombic component®,(and R) of the ate-substituted RNA was purified by denaturing PAGE, anion

alignment tensor were estimated by analysis of a powder-exchange, and gel filtration chromatography as described
pattern distribution of RDC value£3), yielding an axial above. Cadmium binding was monitored by titrating cad-
component D,) of —17 Hz and a rhombic componerR)( mium chloride into the sample and by following the chemical
of 0.14. PALES 24) (http://spin.niddk.nih.gov/bax/software/  shift changes in th&, andR, phosphorothioate signals by
PALES) was used to predict the alignment tensor from 3P 1D NMR at 202 MHz (phosphorus frequency), as
converged, low-energy structures calculated in the absencepreviously describedl@).
of RDCs, having an rmsd from the mean of 1.2 A. However, Optical Spectroscopy Thermal stability studies were
these predictions appear to be less reliable than the powder€onducted on purified U6 ISL and US80G mutant RNAS using
pattern analysis, both because the structures were undera Cary model 1 Bio UV-visible spectrophotometer equipped
determined with respect to the overall helical axis prior to with a Peltier heating accessory and temperature probe. All
incorporation of the RDC measurements and because sig-samples contained 10 mM sodium phosphate buffer (pH 7.0
nificant uncertainty irD, andR results from even moderate or 5.5), 200 mM KCI, and approximately AM RNA.
structural uncertainty25). Finally, CNS structure calcula- Samples were heated to 90 and cooled to 20C at a rate
tions with a grid search for optimd@, and R values 23) of 2 °C/min, while absorbance data were collected at 260
revealed that the best agreement between structure and RDC#m in 1°C increments. Two scans were taken for each RNA.
as evidenced by very low energies and no violations, is Thermodynamic values and transition temperatufgsiere
obtained with @, of —16 Hz and arR of 0.15, which are calculated from normalized data using SigmaPlot version 8.0
in close agreement with the values obtained from the powder-(SPSS Science). For the process of unfolding a stewop
pattern analysis. Therefore,, of —16 Hz and anR of structure composed of a single RNA molecule «F U)
0.15 were used in the final calculations. The final converged whereAC, = 0
structures were used to back-calculate predicted RDC values,
and the calculated RDCs were plotted against the experi- K= U/F = 0/(1 — 0) = exp[-AH/(RT) + ASR]
mentally measured values and were found to be in excellent
agreement. and
Structure Calculation CNS 1.1 26) (http://cns.csb.ya-
le.edu/vl.1) was used to calculate structures using NOE
distance and dihedral restraints, and residual dipolar cou- ) ) ) )
plings. CNS was recompiled with an improved version of Whered is the fraction of RNA in the unfolded statR is
the harmonic potential for RDCs, which corrects the sus- the gas constant, anidis the temperature in kelvirgg). To
ceptibility anisotropy refinement protocd@7, 28). The CNS fit a curve to the ab_sprbance data for the_ l_J6 ISL and_USOG
structure calculations closely followed the default values for RNAS, the pretransitional and post-transitional baselines of
NMR structure determination of nucleic acids with CNS, each thermal stability curve were first determined by a linear
with minor changes. First, an extended (completely unfolded) CUrve fit 32). These baseline; were used to find the fraction
structure was generated, from which 100 starting structures®f unfolded RNA as a function of temperature and subse-
were calculated from random initial velocities. The 100 auently the values ofAH, AS andT; (32). The difference
starting structures were subjected to 60 ps of restrainedin folding free energies AGrig) of the two RNAs was
molecular dynamics in torsion angle space, using 15 fs time c@lculated from theinH and AS values.
steps, followed by 90 ps of slow cooling. Finally, 30 ps (5 RESULTS
fs time steps) of restrained molecular dynamics in Cartesian
coordinate space was performed. Planarity for all base pairs NMR Analysis(A) Watson-Crick Pairing As Determined
detected using exchangeable 2D NOESY and trans-hydrogerby Exchangeable Proton Spectra and a Trans-Hydrogen
bond experiments was enforced during the calculations, andBond ExperimentThe sequence of the U6 ISL, correspond-
hydrogen bonds were maintained by distance restraints foring to nucleotides 6285 of S cerevisiae U6 RNA and the
Watson-Crick base pairs as well as oneA3pair. Structures U80G mutant, is shown in Figure 1. The “wild-type” and
were also calculated without RDCs for comparison. After US0G U6 ISL RNAs incorporate an additional A62G
Cartesian space refinement, the structures were evaluated fosubstitution, which has no effect on growth rates at’G0
convergence. Acceptance criteria of converged structures(11) and no effect on the overall structure of the U6 ISL
were low overall energies and no significant NOE)(5 A) (12), but yields higher-quality NMR spectra and allows for
or dihedral &5°) violations. Finally, the 20 lowest-energy optimal in vitro transcription using T7 RNA polymerase.
structures were subjected to a gentle refinement in XPLOR Comparison of wild-type and mutant ISL 1IH NMR
3.843 @9) for 4 ps (0.2 fs time steps) at 300 K followed by imino spectra at pH 6.5 reveals that seven of eight imino
200 steps of energy minimization. This latter step does not peaks present in the wild type are readily observed in the
significantly change the structures (same overall rmsd), but UB0G mutant (Figure 2A). The similarity in the data indicates
includes a script for maintaining the proper chirality of that the mutant ISL contains two helices separated by an

AS= AHIT,
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Table 1: Structural Statistics for the U80G U6 ISL

with dipolar
coupling data  coupling data

without dipolar

no. of structures

o 65 63 77,8050 accepted 18 20
Mﬁk calculated 100 100
; A no. of NOE-derived distance restraints 474 474
14.0 130 120 11.0 ppm intranucleotide 178 178
B 77,80 g4 internucleotide 294 294
64 65 63 62 [\78 no. of dihedral restraints 179 179
. N no. of hydrogen bond restraints 24 24
ppm 65H3-81H1 ~80H no. of dipolar coupling restraints 31 0
13.0 e rmsd (for all heavy atoms to mean 0.95 1.15
13.4 . po structure, residues 621, 73, and
I | 7 | o TSR violations 00,5 A 0 0
4 - +7d no. o violations of-0.
1:'2 ° M ,,,,,,,,,,,,,, . no. of dihedral violations of 5° 0 0
15'0 P B5H3-81H1 average NOE rmsd (A) 0.028 0.029
: 6'(/ i ‘f . ? """"" average dihedral rmsd (deg) 1.27 0.78
14.0 13.6 13.2 12.8 12.4 12.0ppm average RDC rmsd (Hz) 2.3 -

UH3 GH1
m
65 caces O Ssonsl] o ISL structures. Chemical shifts for protons of the lower helix
200 ) 677189 (residues 6266 and 8%-85) are nearly identical for the two
15 2% RNAs, indicating that the first segment of the helical stem
210+ remains the same with the US0OG mutation. These results
2154 agree with the WatsoenCrick pairs expected from the
220 usgnes o | AN exchangeable proton spectra and trans-hydrogen bond ex-
TV RTY RTRTIRTY: opm periments. Though the U70 imino peak is absent from U80G
e spectra, unlike that of the wild type, the chemical shifts of

FicurRe 2: NMR evidence for WatsonCrick base pairs in the yeast ~ the mutant ISL pentaloop (residues—715) are also similar
U80G U6 ISL. (A) 1DH NMR spectra for wild-type and UBOG  to those of the wild type, suggesting a structure with U74

!moil_no tp?jais takten_ ?(t_pg! 7i0 and 283dK- Peak ass%igncf;ngznbs aftebulged out of the loop as indicated by NOEs between A73
indicated. An asterisk indicates a second resonance for ue ta, ; ; ;
a small amount of nontemplated addition at ther®d of the RNA and A75 (2). As expected, the major chemical shift changes

(n + 1). (B) 1D 'H imino spectrum and 2DH—H NOESY for the U80G ISL occur in the ?nternal loop region where
spectrum for the USOG ISL at pH 5.4 and 283 K. A portion of the the mutation is located. In particular, two NOEs of nearly
imino—imino region of the NOESY spectrum is shown. The 65 equal intensity arise between the H2 proton of A79 ant H1
23;83 Hlfs\'/“i 8OCH'1_k8tl) H1 N_OES ?}ret Iabeleld. (C(%o%:?Ct protons of C68 and C69, the latter of which is not observed
Cce) rregl ;t)igr? thr C?uz%ﬁthgilef'sli E%rso 93{3 n%gg%niléctihg i GC in wild-type spectra. Additionally, the protonation state of
base pairs at pH 6.3 and 298 K. residue A79 was investigated By—*C 2D HSQC at pH
7.4, 6.4, and 5.3. In wild-type studies, the chemical shift of
internal loop, as well as a GYA75 pair at the base of a A79 C2 changes significantly as a function of pH, indicating
pentaloop, as in the wild-type structure. that the adjacent N1 atom is protonated withkg, pf 6.5

A key feature of the U80G ISL structure is an additional (12). The U80G spectra show no significant change in A79
Watson-Crick base pair between G80 and C67. Identifica- C2 chemical shift as a function of pH; we therefore conclude
tion of this base pair was complicated by exchange of the that the unpaired A79 does not undergo protonation until
G80 imino proton and complete spectral overlap with the the pH is below 5.3.
imino proton and nitrogen resonances of G77. However, a  Structure Calculations with Residual Dipolar Couplings.
2D 'H—'H NOESY spectrum at pH 5.9 revealed a sequential The solution structure of the U80G U6 ISL was calculated
NOE from G81 to a peak which was tentatively assigned to with 474 NOE restraints (an average of 19.8 NOEs per
the imino proton of G80 (Figure 2B). To confirm this residue) and torsion angle restraints for the A-form helical
assignment and the possible existence of a new base pairregions (Table 1). Additional WatsetCrick hydrogen bond
we performed &'Jyins HNN-COSY experiment that directly  restraints were used for base pairs established through imino
detects scalar couplings across hydrogen bonds. This experispectra and the trans-hydrogen bond HNN-COSY experiment
ment identifies two WA (H1—N21 to N3) and four GC (H3— (Figure 2). Thirty-three residual dipolar couplings were
N3 to N1) base pairs, including a G80 N867 N1 measured and used to improve the long-range order of the
correlation, indicating that a new base pair involving G80 structure. RDCs were not included for regions of the
does indeed form in the UB0G ISL (Figure 2C). Correlations pentaloop structure that are suspected to be dynamic from
for G62 and G78 are not observed due to fast exchange ofprevious structure calculationd2). The axial component
these imino peaks with water. for the principal alignment tensobg) and rhombicity R)

(B) Assignment and Analysis of Nonexchangeable Spectrawas determined from a powder-pattern analysis and adjusted
All of the nonexchangeable proton distance restraint infor- by a grid search23). Back-calculated RDCs from the final
mation used in structure calculations was taken from the 2D structures agree well with the measured values (Figure 3).
IH—'H NOESY spectra and 3BH—C NOESY-HMQC Comparison of structures with and without RDCs reveals a
spectrum. The 2D NOESY revealed several similarities and significant improvement of the long-range order in the
differences between the structure of the wild-type and U880G ensemble of structures (Figure 4). The 18 lowest-energy
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. 301 which predict that the U80G U6 ISL should b& kcal/mol
i 20 4 more stable than the wild typ8%). The stability of the wild-
8 10 . -‘.:. ' type ISL also increases significantly when the pH is
P o .,' decreased from 7.0 to 5.5, resulting in an observed®@.9
B > increase inly, (Figure 6B). This increase in stability can be
:g 101 o attributed to the formation of an extra hydrogen bond due
01 to the protonation of the C6&79 base pair, which contrib-
O gl utes an additionat0.9 + 0.4 kcal/mol of folding free energy.
30 -20 10 0 10 20 30 In contrast, a low pH has little effect on the stability of the
Measured RDCs (Hz) U80G ISL due to the disruption of the-& base pair.
Ficure 3: Comparison of measured and calculated residual dipolar
couplings for the yeast U6 U80G ISIR = 0.95). DISCUSSION

structures calculated with RDCs have a pairwise root-mean-  Structure and Stability of the U8OG ISlersus the Wild
square deviation (rmsd) of 0.95 A (Table 1). Type.The structure of the mutant U80G U6 ISL retains many
The inner loop region adopts a conformation different from of the features of the wild type. Both consist of two helices,
that of the wild type, as illustrated in Figure 5. The €67 Separated by an internal loop composed of one unpaired
G80 pair makes it impossible to form the protonated €67 residue, and a GCA(U)A pentaloop that adopts a GNRA
A79 wobble pair, leaving A79 unpaired and stacked in the tetraloop conformation, with the U73 residue bulged out of
helix instead of U80. Nevertheless, the location of e  the loop (12). Given the similarities between the mutant and
phosphate oxygen is unchanged, with U80 and G80 occupy-Wild-type structures, and the fact that both bind metal
ing the same space in the helix in the two structures (Figure Stereospecifically, the lethal phenotype is surprising and
5). The wild-type and U80G structures have an rmsd of 0.7 highlights the importance of an unpaired residue at position
A over all common heavy atoms in the internal loop region 80 for splicing. The main difference between the two
(residues 6668 and 79-81). The resulting conformation  structures arises from the formation of a new Wats@nick
is a rearrangement of base pairings that do not significantly pair between G80 and C67, and the resulting disruption of
change the position or accessibility of ti8 phosphate @ C6FA79 wobble pair that is present in the wild-type
oxygen at position 80. structure (Figures 1 and 5). Trans-hydrogen bond scalar
Metal Binding StudiesThe structure of the UBOG mutant ~ couplings and residual dipolar coupling data provide strong
U6 ISL suggests that metal binding should still be able to evidence for the validity of this structure.
occur at theS, phosphate oxygen of position 80 as in the ~ The formation of the G8@67 base pair at the expense
wild-type U6 ISL @, 12). We assayed for metal binding at of the C67A79 wobble pair causes a dramatic increase in
the U8B0 phosphate by introduciggandR, phosphorothioate  the stability of the ISL when compared to the wild-type ISL.
substitutions into the ISL RNAs. The phosphorothioate Thermodynamic studies show that the melting temperature
substitution shifts the U80 phosphate by60 ppm from of the mutant ISL is 15C higher than that of the wild type
unmodified phosphorus signals and creates a cadmium-at pH 7.0 (Figure 6B). During spliceosome assembly and
specific metal binding site in both the assembled spliceosometurnover, the region of U6 RNA that forms the ISL must
(9) and the isolated ISL1@Q). We find that the USOG ISL  unfold to base pair with U4 RNA1L). Improved stabilization
displays stereospecific chemical shift changes at G80 uponof the ISL may inhibit formation of the U4U6 complex,
cadmium addition that are qualitatively similar to those of and thus slow the turnover rate of the spliceosome, as
the wild-type ISL (Figure 6A). Cadmium binding to phos- suggested by Madhani and Guthr&6). Genetic studies in
phorothioates typically produces a diagnostic upfield change yeast have shown that other mutations that potentially
in the 3P chemical shift, as observed for tReresonance's hyperstabilize the ISL by forming new Watse@rick pairs
to nucleotide 80 for both the wild-type and mutant ISL RNAs (such as A62G and A79G) cause slower growth rates at 18
(Figure 6A) (L2, 33, 34). As previously observed for the wild-  °C, and that the U4U6 complex concentration decreases
type U6 ISL, these data cannot be fit to a single-binding under these conditiond {). Additional destabilizing muta-
site model, because cadmium ions also bind nonspecificallytions at other points in the ISL suppress the effect of
to the electronegative major groove of the ISL, and sample hyperstabilizing mutationsl(, 37), although this type of
aggregation and line broadening occur with higher molar study has never been performed for the UB0OG mutation.
equivalents of cadmiumlg). The U80G mutation in the U6 ISL lengthens the first helix
Optical Spectroscopy and Thermodynamidse structure by one base pair, and actually shortens the upper helix by
of the U80G mutant U6 ISL also suggests that the mutation one base pair (Figure 1). Overall, this is a more stable base
should confer an increase in thermodynamic stability. pairing arrangement even though the upper helix may be less
Therefore, we used optical spectroscopy at 260 nm as astable than the wild type. We observe that the G71 imino
function of temperature to monitor the thermal stability of proton in the pentaloop @ pair exchanges more rapidly in
the wild-type and U80G U6 ISL RNAs. We find that the U80G than in the wild type (Figure 2A), and that the loss of
U80G mutant is significantly more stable than the wild type the U70 imino peak in UB0G suggests the UADG base
at pH 7.0, with a 15C increase in melting temperaturByj, pair proximal to the pentaloop is destabilized in the U80G
corresponding to a difference in the free energy of folding ISL (Figures 1 and 2A). These data suggest that the
(AAGg) of —3.6 + 1.9 kcal/mol. The observed difference cooperative melting of the U80G ISL is influenced more by
in the folding free energies is in close agreement with the stability of the first helix than by the pentaloop-proximal
calculated values based on nearest-neighbor free energiedelix. Although the U70A76 base pair is destabilized in the
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Ficure 4: Stereoview of the yeast U6 U80G ISL. The phosphoribose backbone is gray, and guanines are green, uracils gold, cytosines
blue, and adenines red. (A) The 18 structures calculated with RDCs superimposed over all heavy atoms. (B) The 18 structures calculated
with RDCs superimposed over the first five base pairs. (C) The 20 structures calculated without RDCs superimposed over the first five base
pairs.

U80G ISL structure, it is well stacked below the GRT5 Metal Binding in the U80G ISLThe U80G ISL displays
base pair and may form one or more water-mediated phosphorus chemical shift changes upon cadmium addition
hydrogen bonds, as suggested by increased distances betweghat are similar to those of the wild type (Figure 6A), which
hydrogen bond acceptors and donors. However, such watersuggests that US0G lethality is not due to the loss of the
molecules have yet to be identified. essential phosphate metal binding site. Additionally, the
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Ficure 5: Stereoview of the internal loop of the U80G ISL and the wild-type ISL superimposed over heavy atoms. The U80G ISL is
colored as in Figure 4, and the wild-type ISL is gray. Thephosphate oxygen of residue 80 is shown as a magenta sphere in both
structures. Hydrogen bonds are denoted with dashed lines. The rmsd over common heavy atoms in this region for US0G and the wild type

is 0.7 A.

A 0.5 > & is a major factor since it does not cause lethality in all mutant
AR a2 ) ISLs (14, 398). It is interesting to note that larger phosphorus
o %40 ﬁ ABA chemical shift changes for residue 80 are observed with
3 *eoo . cadmium binding to the U80G mutation than to the wild-
g_ -0.5 1 A * . type ISL. Guanine is more electronegative than uracil and
a . M may provide additional metal binding affinity via unpaired
-1 electrons on its N7 and O6 functional groups.
A i Importance of Marginal Stability in the U6 ISL Structure.
-1.5 T T T T The U80G U6 ISL structure presented here, in combination
0 1 2 3 4 5 with previous genetic studies, suggests that U80G lethality

is due to the loss of a marginal stability required for the U6
ISL to rearrange. It is unlikely that the lethal phenotype of

Bé& UBO0G is due to the loss of important catalytic functional
s 1 groups, because UB0A and U80C mutations have been shown
‘g - to have no effect on growth in yeadi4). One obvious need
2 for marginal stability is that U6 must undergo large confor-
< 490 mational changes during spliceosome assembly and activa-
® tion (1, 11), and hyperstabilization of the U6 ISL may inhibit
% 0.85 - formation of the U4-U6 complex. Indeed, some mutations
£ that are capable of conferring additional base pairings within
S o080 — . . . the U6 ISL are cold sensitive and result in decreased

20 40 60 80 concentrations of the U4U6 complex in vivo, a phenotype
Temperature (°C) that can be partially suppressed by overexpression ofli)4 (

Ficure 6: Thermal stability and metal binding data for the yeast The cold sensitive mutations have normal growth rates at
]EJG U%OG_ andb\_Nié?r-]gFth :)ilap(rﬁ?rﬁhliga’t\lel\ﬂsi g;%mfg‘rzggg l?éitg‘o o 30 °C. However, the U80G mutation is lethal at all

or cadmium bin > temperatures, which suggests it is more stable than other cold
wseovc\glg;t)(&p;e ;28&88&”5;'3?%2 iﬁ‘?hvg'lg'zrﬁaﬁﬁ)pﬁﬂdct{}e s_ensitive mutations or the existence of an additional func-
binding. Wild-type R, (2) and USOGR, (O) substitutions shift tional role for U80. Phylogenetic data indicate that an
downfield and to a lesser degree. (B) Ultraviolet (260 nm) melting unpaired uracil is present in the U6 ISL internal loop of all
curve data for the yeast U6 UBOG and wild-type ISL in 200 MM genetically characterized eukaryotes, suggesting that base
KCI at pH 7.0 [wild type @) and UBOG )] and pH 5.5 [wild 0 4ivy may contribute to tertiary structure. Therefore, the

type ) and U80G Q)]. . . .
ype () 2 simplest explanation for all the genetic and structural data

position and accessibi"ty of the meta|-bindipg)-3) phos- to date is a model in which the U6 ISL requires the ablllty
phate oxygen are unperturbed in the UB0G mutant structure.to form tertiary contacts and undergo structural rearrange-
Previous wild-type studies in our laboratory have shown that ment. Such a tertiary interaction would be required to position
metal binding and protonation of the N1 atom of A79 are the U6 ISL-bound metal ion close to the active sBeJ9).
mutually antagonistic, suggesting a possible mechanism for The ability to undergo structural rearrangement is limited in
RNA-mediated regulation of splicing.g). The K, of A79 the UB0G mutant ISL, because of hyperstabilization due to
is near physiological pH when it is wobble paired with C67, the G8GC67 Watson-Crick pair.

making protonation possible in vivo. In the mutant ISL, the

C67-A79 wobble pair is disrupted due to the formation of CONCLUSION
the G80GC67 base pair. Due to this change in conformation, The U6 RNA is evolutionarily the most highly conserved
protonation of A79 is not favorable in the mutant ISL, and sequence in the spliceoson®0). The U6 ISL structure is

on the basis of our measurements must be significantly lowerconserved in all eukaryotes and functions to bind a catalyti-
than 5.3. Other mutations that likely disrupt the &&79 cally essential metal ion at position 89)( The U80G U6
wobble pair, such as C67A and A79G, are also lethal or causelSL structure presented here suggests a structural basis for
slow growth at low temperature$X, 14). Thus, it is possible  the lethal mutation within U6 RNA: a base pairing rear-
that loss of the @A wobble pair could contribute to the rangement that leads to hyperstabilization of the structure.
lethality of U80G, although it is unlikely that its disruption  The structural, thermodynamic, and genetic evidence to date
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indicates a required degree of marginal stability within the
U6 ISL structure. We speculate that flexibility within the
ISL is required for U4 association, as well as tertiary structure
formation within the U2-U6 complex. We note that the b2

U6

secondary structure contains an imperfect four-way

junction, and four-way junctions have known magnesium-
dependent folding patterns that bring coaxially stacked
helices into parallel alignmen#{, 42). Interestingly, the
folding topology rules that can be derived from studies of
four-way junctions suggest that the ISL would fold down
onto helix 1 of the U2U6 complex, bringing the metal
binding site into the proximity of the ACAGAGA loop, as
previously suggested9).
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