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Abstract

The pre-mRNA branch point sequence (BPS) anneals with a pseudouridine-modified region of the
U2 small nuclear (sn)RNA, and offers a 2" hydroxyl group of a bulged adenosine as the
nucleophile for the first catalytic step of pre-mRNA splicing. To increase our structural
understanding of branch site selection, we characterized a duplex containing a BPS sequence that
is common among multicellular eukaryotes (5"-UACUGAC-3") and the complementary U2
snRNA site using NMR. A major conformation of the expected branch site adenosine stacked
within the duplex and paired with the conserved pseudouridine of the U2 snRNA strand. In
contrast, the guanosine preceding the branch site appeared flexible and had weak contacts with the
surrounding nucleotides. Pseudouridine-modified and unmodified U2 shRNA-BPS-containing
duplexes remained structurally similar. These results highlight the importance of auxiliary factors
to achieve the active bulged conformation of the branch site nucleophile for the first step of pre-
mRNA splicing.

Graphical Abstract

“GA” branch site -
pseudoU duplex

spliceosome

" Co-corresponding authors: clara_kielkopf@urmc.rochester.edu ; scott_kennedy@urmc.rochester.edu.
:‘Presem‘ada’ress:Hauptman-Woodward Medical Research Institute, Buffalo, NY 14203, USA
Present address: Regeneron Pharmaceuticals, Inc. Rensselaer, NY 12144, USA

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Appendix A. Supplementary data
Supplementary data related to this article can be found at (http-ref).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kennedy et al.

Keywords

Page 2

RNA structure; pre-mRNA splicing; 3" splice site; branch point sequence; U2 snRNA;
pseudouridine

1. Introduction

The highly regulated process of pre-mRNA splicing offers an important source of transcript
diversity [1] and is often dysregulated in cancers and hematologic malignancies [2]. The
spliceosome assembles through the actions of protein co-factors coupled with dynamic base-
pairing among small nuclear (sn)RNAs and specific pre-mRNA sites. At the active site for
catalysis, a post-transcriptionally modified region of the U2 snRNA forms a short, base-
paired duplex with the branch point sequence (BPS) of pre-mRNA introns [3]. The pre-
mMRNA splicing reaction then proceeds in two sequential catalytic steps: First, an adenosine
within the BPS typically offers a2” hydroxyl group for nucleophilic attack on the 5" splice
site [4]. The products of this reaction are a 2"-5"-linkage at the “branch site” adenosine and
3’-hydroxyl group of the upstream 5 -exon. Second, this 3" hydroxy! of the exon attacks the
downstream 3 splice site, which releases the 2’5" branched intron lariat from the spliced
exon-exon junction of the mRNA.

Despite emerging views of spliceosome intermediates, selection of the BPS nucleophile
remains only partially understood. The BPS of human introns are relatively degenerate
(YUNAY where Y is pyrimidine and N any nucleotide) compared to Saccharomyces
cerevisiae BPS (5 -UACUAAC-3") [5, 6]. In principle, either the branch site or preceding
nucleotide could base-pair with a highly conserved pseudouridine ("¥'35) in the
complementary region of the U2 snRNA, leaving the other nucleotide unpaired. The second
adenosine (underlined) typically serves as the branch site nucleophile, yet several findings
indicate that the branch site choice has some plasticity. In human nuclear extracts, branch
site mutations typically activate a nearby cryptic branch site rather than preventing pre-
mRNA splicing [7, 8], and substitution of the canonical branch site with deoxy-adenosine
induces efficient branching from the preceding nucleotide [4]. Branch site selection appears
to be more stringent in yeast than humans, since pyrimidine mutations of the branch site
adenosine in S. cerevisiae reduce splicing efficiency at the mutated nucleotide [9].
Nevertheless, systematic use of an orthogonal U2 snRNA — BPS system [10] demonstrates
that a “bulged” conformation of the branch site adenosine is as an important criterion to
produce the intron lariat in both S. cerevisiae and humans,

The potential for base-pairing between '¥'35 and either the branch site adenosine or
preceding nucleotide raises the question of how the “bulged” conformation of the
nucleophile is selected for the first step of splicing. The ¥35-modification (compared to
unmodified U) promotes bulging of the branch site adenosine in NMR characterization of a
duplex containing the yeast consensus U2 snRNA and “AA”-containing BPS sequences
[11]. On the other hand, crystal structures containing pseudouridine-modified U2 snRNA
duplexes with “GA”- or “AA”-containing BPS sequences capture either the expected branch
site or the preceding nucleotide in an extrahelical position [12]. Here, we investigate the
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solution conformation of a “GA”-containing BPS — U2 snRNA duplex, which is a common
sequence among splice sites of multicellular eukaryotes. Our results show that a
predominant conformation of the expected branch site adenosine (underlined) of a 5°-
UACUGAC-3" BPS pairs with the pseudouridine in the U2 snRNA-containing duplex,
whereas the preceding guanosine appears to be unstacked. Comparison of pseudouridylated
or unmodified duplexes further shows the conserved ¥ 35-modification of the U2 snRNA
makes few detectable changes in the BPS conformation of this sequence context.

2. Materials and methods

2.1. NMR Sample Preparation.

HPLC-purified RNA oligonucleotides (BPS, 5'-GCUACUGACGA; U2, 5'-
CGUAGUAGCA, or ¥-U2, 5"-CGYAGUAGCA) (GE Healthcare Dharmacon, Inc.) were
dissolved in a filter-sterilized solution of 10 mM potassium phosphate, 0.25 mM
ethylenediaminetetraacetic acid at pH 6.8 in RNase-free 90% water/10% D-0. The strands
were mixed in equal molarity at a concentration of 1.1 mM, annealed by incubating at 60 °C
for 15 min followed by gradual cooling to 4 °C, and transferred to a thin-walled Shigemi
tube (Allison Park, PA). To acquire spectra in D20, the oligonucleotides were lyophilized
and resuspended thrice in 99.9% D,0 (Cambridge Isotope Lab, Inc.). For samples at higher
ionic strengths, the oligonucleotides were lyophilized and resuspended in 80 mM NaCl, then
MgCl, was added.

2.2. NMR Spectroscopy.

NMR spectra were acquired using a Varian Inova spectrometer at 600 MHz and a triple-
resonance, triple-gradient probe. The one-dimensional imino proton spectra were acquired
using either an S-pulse or a watergate-pulse for water signal suppression. Exchangeable
imino and amino protons were assigned from water-suppressed two-dimensional NOESY
spectra in 95% H,0/5% D,0 at 0 °C with mixing times of 50, 100 and 200 ms, at 15 °C
with mixing times of 75, 175, and 300 ms, and at 25°C with mixing times of 75, 100, 175,
and 400 ms. The spectral width was 15 kHz in the directly-detected dimension, and 8.24 or
7.6 kHz in the indirect dimension (with imino peaks wrapped). Watergate TOCSY and
1H-13C HSQC spectra also were acquired at 0 and 15 °C. Additional two-dimensional
spectra acquired at —3°C include an S-pulse NOESY with 125 ms mixing time and a natural
abundance H-15N HSQC to confirm assignment of the G and U imino protons.

One-dimensional spectra of pseudouridylated U2 sSnRNA-BPS duplex in 100% D50 were
acquired at temperatures ranging from 0 to 60 °C. Two-dimensional NOESY (mixing times
of 75, 175, and 400 ms), DQF-COSY, TOCSY (mixing times of 12, 32, and 80 ms), 1H-13C
HSQC, and 1H-31P HETCOR spectra were acquired at 25 °C, with additional NOESY,
1H-13C HSQC, and TOCSY spectra at 15 °C. The DQF-COSY, TOCSY, and H-13C HSQC
spectra were all wrapped in the indirect dimension to maximize resolution. NMRpipe
software was used to process the two-dimensional spectra [13]. Protons were assigned using
standard procedures [14], using Sparky to assign resonances and analyze NOE cross-peak
volumes [15]. All NOE cross-peak volumes for distance information were measured from
NOESY spectra with mixing times of 75 msec. Volumes of non-exchangeable protons in
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100% D,0 samples were converted to distances using 1/r8 scaling by comparison to H1’—
H2’ cross-peaks from stem residues which were assumed to represent 2.75 A. The NOE
volumes of non-exchangeable protons in 95% H,0/5% D,0 were referenced to the 100%
D,0 samples by normalization to the averages of (n-1)H2’-nH8/6 and H1’-H8/H6 cross-
peaks in the stem (nucleotides 1-6, 9-10, 33-34, 36-41). Proton chemical shifts are reported
relative to 4,4-dimethyl-4-silapentane-1-sulfonic acid by referencing to H,O or HDO (Tables
S2-S4). We found that simulated annealing models of the ¥-U2 snRNA/BPS duplex fail to
accurately reflect all the spectral information near the branchpoint, which is unsurprising
considering the conformational dynamics and few restraints for G7 (see Results). The
chemical shifts of the pseudouridine-modified and unmodified RNA duplexes are deposited
in the Biological Magnetic Resonance Bank under accession numbers 27770 and 27769.

3. Results
3.1. NMR characterization of “GA”-Containing BPS — U2 snRNA duplexes.

We chose a “GA”-containing sequence with G preceding the expected branch site (A8)
(sequence inset in Fig. 1a) for NMR studies of a typical BPS of multicellular organisms [5].
We annealed the BPS with a complementary U2 snRNA region either including a conserved
pseudouridine modification or for comparison, the unmodified counterpart ("¥'35 or U35 in
5-GYAGUAG-3" or 5"-GUAGUAG-3, numbered 34-39). Flanking GC base-pairs and
3’-A overhangs increased duplex stability for NMR measurements [16]. The NOESY
spectra of both the pseudouridine-containing and unmodified duplexes indicated that the
sequences flanking the branch site (up to and including U6—A36 and C9-G34) form Watson-
Crick base-pairs (Fig. 1, Fig. S1, Table S1-S2). Strong G-imino to C-amino and U-imino to
A-H2 NOE cross-peaks for these nucleotides were typical of G-C and A-U base-pairs,
respectively. The scalar coupling and intra-strand NOE patterns were consistent with A-form
sugar puckers, backbone dihedral angles, and base stacking. In the U2 region opposite the
branch site, the scalar coupling patterns and NOEs (A36H8 — ¥35H2" and ¥35H6 —
G34H2’, strong; A36H8 — ¥'35H3", medium; G34H1 — ¥35H1", medium; A36H1" —
W35H2", weak; H8/6 — H1” for nucleotides 34-36, medium), also were typical of A-form
backbone conformations and base stacking (Fig. 1a, Fig. S1, Table S1). In the BPS-
containing strand, the A8 at the expected branch site, as well as the preceding U6 and G7
nucleotides, appeared to have greater mobility than the stems of the duplex. The Jq1/_H2’
values of approximately 4 Hz were consistent with exchange of the U6 and G7 ribose groups
between C3’-endo and C2’-endo conformations. Similarly, relatively broad resonances for
A8H2, G7TH2’, and GTH3’ (Fig. 1, Fig. 2) agreed with dynamic conformations for these
nucleotides.

3.2. The branch site adenosine stacks within the duplex and pairs with pseudouridine.

Several NOESY interactions indicated that the major conformation of the expected branch
site A8 stacks with the neighboring C9 in the duplex and base-pairs with pseudouridine
¥35. A cross-peak between A8H2 and W35H3 is observed at a mixing time of 50 msec and
0 °C. That this peak is observed at such a short mixing time despite the relatively large width
of the involved resonances (~60 and ~70 Hz) and the rapid exchange of ¥35H3 with water,
indicates that this is a strong NOE consistent with A8 and V'35 forming a canonical base-
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pair (Fig. 1). The chemical shift of ¥35H3 (12.8 ppm) was slightly upfield of the Y'H3, as
observed for other A=Y pairs [17, 18]. The NOE cross-peaks provided further support for an
intrahelical conformation of the expected branch site (including A8H2" — C9HB6, strong;
A8H2 — A36H1" and A8H2 — C9H1’, medium; A8H2 — ¥35H1" and A8H2 — A36H2,
weak) (Fig. 1a, Fig. 3a, Table S1). Accordingly, the distances derived from the AGH2 —
A36H1" and A8H2 — C9H1’ cross-peaks (3.6 A in both cases) were similar to the
equivalent distances in the base-paired stem of this construct (3.6 £ 0.1 A and 3.4 + 0.1 A,
respectively). The weak A8H2 — ¥35H1" cross-peak also was qualitatively similar to that in
the A-U pairs of the stem (Fig. 3a). Consistent with the presence of an intervening A8
stacked between the G7 and C9 nucleotides, no cross-peaks were detected between the
surrounding G7 and C9 nucleotides. Altogether, the NMR data supports a conclusion that a
major conformation of the canonical branch site A8 is stacked on C9 within the duplex and
base-paired with W35 of the U2 snRNA strand.

3.3. An extrahelical syn-conformer of the guanosine precedes the consensus adenosine.

Several pieces of spectroscopic evidence indicated that the major conformation of G7
preceding the expected branch site is unpaired and positioned at least partially outside the
duplex. First, numerous NOE cross-peaks between A8 and the U6-A36 base-pair (including
A8H8 — U6H2", ABH8 — UBH1’, ABH1" — A36H2, ABH2 — A36H1", and A8H2 — A36H2)
(Fig. 1a, Table S1) supported the conclusion that the majority of G7 conformations are
extrahelical (although the observed A8 — UG cross-peaks were weaker than expected if A8
and U6 were always stacked and G7 completely extruded from the helix). Second, the G7
nucleotide lacked detectable NOESY interactions with nucleotides in the opposing U2
snRNA strand and exhibited properties of large imino proton line-width (> 100 Hz versus
approximately 15 Hz for other imino protons) and water exchange typical of unpaired G
nucleotides (Fig. 1a, Fig. S1). Third, the H8 proton of the guanine base, which is the base
proton most proximal to the G7 ribose, exhibited NOE cross-peaks to neighboring
nucleotides (U6H2", medium and corresponding to ~3.4 A contact; U6H6 and U6H1",
weak; A8HS8, very weak). The low amplitudes of the G7TH8 — U6H2’/H1’ and A8H8 —
G7H2’/H1’ cross-peaks compared to C9H6 — A8H2’/H1’ and equivalent NOEs in the stem
are consistent with a G7 conformation that is not as well stacked as A8, although an unusual
C2"-endo population for the U6 and G7 sugars (>50%) could produce a similar effect.
Finally, a syn conformation of G7 is supported by the intra-nucleotide NOESY interactions
and integrated volume of the G7TH1’ — G7H8 peak, which indicated a shorter distance than
the customary anti orientation (Fig. 4a). Based on the respective H8 to H1" distances of ~3.7
A and ~2.6 A in the antiand syn orientations, the G7TH1" — G7H8 NOE volume suggested
that approximately 1/3™ of the G7 ensemble populates a syr-conformation about the
glycosidic bond. This conclusion was further supported by the relatively downfield 13C
chemical shift of G7’s C8 atom (140.3 ppm), which is at least 3 ppm from the other
guanosine C8 shifts of 135.7 to 136.7 ppm (Fig. 4c) and characteristic of syn-guanosines
[19-21].

3.4. Subtle effects of the pseudouridine modification on branch site conformation.

To test the effect of the pseudouridine-modification on the branch site structure, we
compared chemical shifts and NOESY interactions of the pseudouridine-modified RNA
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duplex with those of an unmodified counterpart (Fig. 3, Fig. 4, Tables S1-S2). The NOESY
peak volumes of the modified and unmodified duplexes were similar, as shown in Fig. 4a
(see also Table S1), which implies similar interatomic distances between the atoms involved.
The evidence that the expected branch site A8 is primarily intrahelical and paired with ¥"35
(now U35), whereas the preceding G7 is primarily extrahelical, remains similar to the
discussion above for the pseudouridine-containing duplex. One exception is the lack of a
detectable A8BH2 — U35H3 cross-peak; nonetheless, the U35H3 — water cross-peak was
evident at the expected downfield position (Fig. S2). The volumes of the ASH2 — A36H1",
A8H2 — C9H1’, and A8H8 — U6H1'/H2" cross-peaks were comparable between the
modified and unmodified duplexes (Fig. 4a), which indicates that the pseudouridine (as
compared to uridine) does not detectably influence the overall orientation of G7 and A8. The
weak A8H2 — U35H1" cross-peak is consistent with pairing of A8 and U35 (Fig. 3b). A
relatively large G7TH8 — H1” cross-peak and downfield shift of G7C8 provided evidence that
the population of the syr-G7 conformation remains similar in the unmodified duplex (Fig.
4a,c). Likewise, the chemical shift and width of the G7 imino resonance (Table S2, Fig. S3)
again were consistent with solvent-exposure as opposed to base-pair formation. The NMR
spectra also indicated that the dynamic properties of nucleotides U6, G7, and A8, including
JH1’-H2’" ~ 4 Hz for residues U6 and G7, and broad resonances for G7TH3", G7H2", and
AB8H2, remained nearly identical in the pseudouridine-modified and unmodified duplexes.

Nearly identical proton and carbon chemical shifts further supported the structural similarity
of the pseudouridine-modified and unmodified duplexes (Fig. 4b—c, Table S2). Differences
for peaks corresponding to position 35 of the U2 snRNA-containing strand (W35 or U35)
and its immediate neighbors were expected due to direct effects of the chemical
modification. Otherwise, the proton shifts and overlaid CHSQC spectra of the
pseudouridine-modified and unmodified duplexes were similar. The average non-
exchangeable proton shift differences in the branch point and flanking residues (0.019

+ 0.018 ppm) were only slightly greater than the differences between the stems (0.006

+ 0.006 ppm), and have a maximum difference of 0.06 ppm, which is small compared to the
~1 ppm range of RNA protons (Table S2, Fig. 4b). Subtle differences in the 31P chemical
shifts for both duplex strands may reflect altered backbone torsion angles or phosphate
oxygen hydrogen bonding. Perhaps related to this observation, the G37H8 and A36H8 peaks
of the unmodified duplex are broadened compared to pseudouridine-modified duplex, which
can account for the apparent differences in the height of the G37H8-A36H1" NOE (Fig. 3).
Nevertheless, comparison of NOESY volumes and chemical shifts altogether indicate that
the pseudouridine-modification has little effect on the overall U2 snRNA — BPS
conformation.

3.5. Influence of ionic strength and magnesium on U2 snRNA/BPS conformation.

To test whether the branch point conformation is influenced by ionic conditions, NMR
spectra were acquired following addition of NaCl and MgCl, (Fig. 4d, Fig. S3-S5, Table
S3-S4). The internuclear distances did not significantly change according to the NOE
volumes (Fig. S5a), including the ¥35H3 — A8H2 cross-peak of the A=Y pair (Fig. S4).
The chemical shifts of a number of protons were influenced by ionic strength and
magnesium, but these changes were observed in the stem as well as the U2 snRNA — BPS
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loop (Fig. S5). The shifts induced by MgCl, were generally smaller and always in the same
direction as the NaCl-induced shifts (Tables S3 and S4), suggesting that magnesium does not
bind site-specifically. The chemical shifts of both pseudouridine-modified and unmodified
duplexes were affected by buffer conditions in similar manners, resulting in high shift
correlation between the two duplexes in both low salt and higher ionic strength buffers (Fig.
4b,d, Fig. S5b—c). Finally, the H1’-H2’ scalar coupling was unaffected for all nucleotides,
including the ~4 Hz coupling observed for U6 and G7. Altogether, the U2 snRNA — BPS-
containing duplex does not appear to interact with magnesium, and the ionic conditions
tested here only subtly affected its structure and dynamic properties.

4. Discussion

Our NMR characterization of an isolated, “GA”-containing BPS — U2 snRNA duplex shows
that a major conformation of expected branch site adenosine stacks within the duplex and
pairs with V'35 of the U2 snRNA strand, whereas the preceding guanosine is primarily
extrahelical. This base orientation and pairing appears independent of the ¥'35-modification
in the U2 snRNA strand. The reason for the contrast between this “GA” branch point and an
“AA” branch point sequence, for which pseudouridine modification is thought to promote an
extrahelical consensus branch site, may simply arise from greater stability of an A=Y pair
over a G=¥ pair, much as an A-U pair is more stable than a G-U pair. Moreover, the syn-
G7 conformation, which is more favorable for guanosine-5’-phosphate than for other
nucleotides [22], may stabilize its extrahelical placement in the context of the “GA”-
containing BPS sequence. Our results clarify that '¥'35 is not always the driving force for an
extrahelical nucleotide, nor does it determine the exact position of the nucleotide “bulge” in
this sequence context. Accordingly, the functional effects of W35 for U2 snRNP assembly
and splicing are subtle [23, 24]. Instead, other mechanisms such as protein chaperones are
likely to select the branch site nucleophile in the context of the assembling spliceosome.
Additionally, the post-transcriptional modifications of the U2 snRNAs in multicellular
eukaryotes are extensive, including base methylations, 2”-O-methylations, and further
pseudouridylations [25] that could act synergistically with '¥'35 to influence BPS choice. By
analogy, a series of post-transcriptional modifications prepare the tRNALYS3 anticodon
structure for mRNA binding [26]. Future studies are needed to fully understand the interplay
of pre-mRNA splicing factor contacts and ShnRNA post-transcriptional modifications for pre-
mRNA branch site selection.
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DQF-COSY double quantum filtered-correlated spectroscopy
HETCOR heteronuclear correlation

HSQC heteronuclear single quantum coherence

NMR nuclear magnetic resonance

NOESY nuclear overhauser effect spectroscopy

TOCSY Total Correlation Spectroscopy

U2 snRNA U2 small nuclear RNA
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Highlights

. A syn-guanosine precedes the expected branch site of a splice site RNA
duplex.

. A conserved U2 snRNA pseudouridine lacks detectable effects on the RNA
conformation.

. The expected branch site adenosine pairs with pseudouridine within this RNA
duplex.

. Other factors/contexts may extrude the branch point adenosine for pre-mRNA
splicing.
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Fig. 1.

NgESY spectra indicate an intrahelical adenosine (A8) at the expected branch site and a
partially syn conformer for the preceding guanosine (G7) for the pseudouridine (¥)-
modified U2 snRNA — BPS duplex. (a) Top panel: One-dimensional spectrum of the imino
protons at 0 °C. The RNA sequences are inset (expected branch site A8, red; preceding G7,
blue; other consensus sequences, black; terminal nucleotides to facilitate NMR analysis,
grey). Four lower panels: Two-dimensional NOESY spectra of the aromatic/amino region of
the pseudouridine-containing duplex in 100% D50 at 15 °C with 400 ms mixing time
(panels spanning 4.5-7.1 ppm) and in 95/5% H,0/D,0 at 0 °C with 50 ms mixing time
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(bottom panel). Gray lines in the D,O NOESY trace the H8/6-H1" backbone walk with
intra-residue peaks labeled. Cross-peaks between G-imino and C-amino protons and
between U-imino and A-H2 protons indicating Watson-Crick base-pairs are connected by
light gray lines in the H,O NOESY. Key peaks for defining the branch site conformation are
circled and labeled in bold font. Contours in the boxed region of the H,O spectrum are
drawn five-fold lower than in the rest of the spectrum to show the ¥'35H3-A8H2 cross-peak.
(b) Diagram of major branch site interactions: Double-headed arrows, canonical Watson-
Crick base-pairs; blue lines, NOESY interactions used to determine the relative position of
G7; red lines, NOESY interactions used to identify the relative position of A8. Dashed lines
represent weak NOEs.
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Fig. 2.

One-dimensional slices from two-dimensional NOESY spectra of the pseudouridine-
modified U2 snRNA — BPS-containing RNA duplex in 100% D,0 with 400 ms mixing
times at (a) 15 °C and (b) 25 °C show that residues G7 and U6 are dynamic and exhibit large
populations of C2”-endo sugar puckers. Each slice is taken through the aromatic proton
indicated in bold type at the left of the slice. In (a), conformational dynamics causes broad
resonances for G7TH3” and G7H2’. In (b), the 4 Hz scale bar shows the 4-5 Hz H1'-H2’
scalar coupling for G7 and U6 which can be compared to the negligible H1"-H2" coupling
for other residues.
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Fig. 3.

Two-dimensional NOESY spectra of (a) pseudouridine (¥)-containing and (b) unmodified
duplexes in 100% D,0 at 25°C with 400 msec mixing time show that the ¥35H1" — A8H2
cross-peaks (bold font) have similar intensities as equivalent NOEs in Watson-Crick A-U
pairs. The A8H2 cross-peaks to H1" of C9 and A36, and the cross-peak G37H8-A36H1’

are indicated.
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Comparison of pseudouridine-modified and unmodified U2 snRNA — BPS-containing
duplexes. (a) NOESY cross-peak volumes from the branch site region of the pseudouridine-
modified (green) and unmodified (purple) RNA duplexes. The average H1'~H6/H8 and
H2’— (n+1)H8/6 NOE volumes of the base-paired stem regions (nucleotides 1-6, 9-10, 33—
34, 36-41) are given for comparison with the branch site nucleotides. (b) Correlation of
pseudouridine-modified versus unmodified proton shifts (branch site-region nucleotides U6-
C9, filled red; other nucleotides 1-5, 10-11, 33, 37-42, unfilled). To expand the region of
interest, the shifts of H6/H8/H2, H5/H1", and H2"/H3'/H4  protons are expressed relative to
7.5, 5.5, and 4.5 ppm, respectively. The assigned chemical shifts are listed in Table S2. (c)
Overlay of natural abundance [*3C,2H]-HSQC spectra of pseudouridine-modified (green)
and unmodified (purple) duplexes including the C6/C8 (top) and adenine C2 regions
(bottom). (d) Proton shift correlations in the presence of 80 mM NaCl and 1.75 mM MgCl,,
plotted as in (b). Samples for (a) and (b) were in 100% D,0. Samples for (c) and (d) were in

95% H,0/5% D,0.
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