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Abstract

Splicing is an essential eukaryotic process resulting in removal of non-coding introns
from messenger RNA (mRNA). This process is accomplished by assembly of a multi-
megadalton macromolecular complex, the spliceosome, on the pre-mRNA. Interactions between
small nuclear RNA-protein complexes (snRNPs) are pivotal to spliceosome formation. The
snRNPs assemble around five snRNAs: Ul, U2, U4, U5 and U6. In particular, U6 snRNA is
central to spliceosome assembly and catalysis. During assembly, U6 forms a stable complex
with U4, but is subsequently transferred to U2 upon activation. The U2/U6 snRNA complex
directly interacts with the pre-mRNA substrate and essential protein splicing factors to promote
catalysis. However, despite its central role in splicing, the steps that lead to formation and
disassembly of U2/U6 are not yet well understood. Furthermore, the mechanism by which

U2/U6 contributes to catalysis remains unclear.

To better understand the role of U2/U6 in catalysis, I solved the solution structure of a
111 nucleotide RNA containing the S. cerevisine U2/U6 sequence using an approach that
integrates SAXS, NMR and molecular modeling. The U2/U6 structure contains a three-helix
junction and forms an extended “Y” shape that may serve as a central scaffold in the active
spliceosome. Interestingly, essential features of the complex — including a metal binding site,
the AGC triad and the pre-mRNA recognition sites — localize to one face of the molecule,
indicating that the U2/U6 structure is well-suited for positioning substrate and protein factors

during splicing catalysis.

I additionally investigated the structural impact of a cold sensitive allele in U6 snRNA.

Two mutations that lead to decreased levels of U4/U6 complex result in growth defects in yeast.



ii
In combination these mutations are synthetic lethal; however, incorporation of one additional
U6 mutation rescues cell growth and induces a wild-type U2/U6 structure, but does not recover
U4/U6 complex formation. Remarkably, the steady-state distribution of U6 complexes in vivo is
drastically altered in the triple mutant. The rescued strain accumulates a novel U2/U6 snRNP
and is severely depleted of U4/U6 snRNP. Additionally, stable base-pairing between U4 and U6
is not required for spliceosome assembly in this strain. Together these results suggest a U2/U6
disassembly intermediate from which U6 can be directly recycled for further rounds of splicing.
This strain provides an exciting tool for analyzing both the post-catalytic state of the U2/U6

complex and the role of the U4/U6 interaction in spliceosome assembly.

In summary, these studies have expanded our knowledge of the function and regulation of
the U2/U6 snRNA complex and provided valuable insights into spliceosome catalysis and
recycling. Continued structural, genetic and biochemical investigation of interactions between
U2/U6 and putative protein partners will help derive the mechanisms U2/U6 activation and

recycling as well as the exact nature of the spliceosomal active site.
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Chapter 1: Introduction

Pre-mRNA splicing and the life-cycle of U6 snRNA
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1.1 mRNA splicing

1.1.1 Overview

In all living things, genetic information is stored as DNA, transcribed into a chemically
similar molecule, RNA, and then translated into protein. A recent large scale analysis of
transcription confirmed that the majority of DNA is transcribed into RNA (75%) [1]. However,
as only ~6% of the genome is transcribed into protein-coding messenger RNA (mRNA) [1], most
of the RNA in an organism is either extraneous or functions beyond serving as a template for
protein production. Much remains to be learned about the processing and activity of “non-

coding” RNAs.

The life-cycle of mRNA within the cell is complex and regulated by a plethora of processes.
This regulation controls the sequence, stability and localization of mRNA and therefore
determines the expression level and functionality of its corresponding protein product. Splicing
alters the coding sequence of mRNA by excising large portions of non-coding sequence from
pre-mRNA, called introns, and ligating together the coding portions, called exons (Figure 1-1A).
The resulting RNA product contains a continuous protein-coding sequence that is processed,
exported from the nucleus into the cytoplasm, and translated into protein by the ribosome.
While splicing is essential for eukaryotes (at least 90% of human protein-coding genes must be

spliced [1]), it is virtually nonexistent in prokaryotes.

Intron size and frequency varies widely across eukaryotes. Lower eukaryotes, such as
fungi, contain few introns that are relatively short. In S. cerevisiae, only 284 genes (~5%) are
spliced and their introns are in the range of 100-400 nucleotides (nt) long. In contrast, human

genes contain an average of 8 introns [2] with a very broad range of sizes: 100 to 10,000 nt



(Figure 1-1A). Introns are usually much longer than exons, which are an average of 145 nt each
in length (Figure 1-1A) [2], resulting in mature mRNA that can be as much as an order of

magnitude smaller than the corresponding gene.

During translation of mRNA to protein, the ribosome matches a three-nucleotide code in
mRNA to a single amino acid. Therefore, addition or deletion of a single nucleotide from the
coding sequence of an mRNA is highly injurious to the protein product, potentially resulting in
premature termination of translation. A slight mistake in splicing could easily result in such an
error. Splicing is therefore performed by a high fidelity macromolecular assembly called the
spliceosome [3]. The spliceosome undergoes significant regulation to prevent mis-splicing
events or splicing of sub-optimal pre-mRNA substrates. Defects in spliceosome components
lead to decreased fidelity and therefore inappropriate protein expression that can be highly

detrimental or, more often, lethal to a cell.

1.1.2 Interactions between splicing and other essential processes

Pre-mRNA splicing occurs among a myriad of other nuclear processes, so it is no
surprise that splicing is coupled to and regulated by these other activities. Splicing usually
occurs co-transcriptionally [4] and the spliceosome directly interacts with the C-terminal
domain (CTD) of RNA polymerase II [5]. Heavy modification of the CTD during transcription
regulates assembly of RNA processing factors on the emerging transcript [5]. The spliceosome
communicates with the CTD through a set of spliceosomal accessory factors called the SR
proteins [6]. Typically, splicing is completed within 5-10 minutes of transcription [7] and the
efficiency of splicing and selection of exons is dependent upon the speed and processivity of the

polymerase as it transcribes the pre-mRNA [8].



The spliced transcript appears to stay tethered to chromatin for further processing [8],
enabling a final proofreading step. Spliceosomal proteins recruit the Trf4/Air2/Mtr4d
Polyadenylation (TRAMP) and nuclear exosome complexes to the ligated exons [9]. The
TRAMP complex contributes to mRNA surveillance by marking transcripts for degradation or
processing by the nuclear exosome [10]. These relationships between splicing and other
regulatory processes are likely just the first examples of many and predict that the spliceosome

will prove to be a hub for surveillance and regulation of mRNA expression.

1.1.3 Splicing mechanics

The spliceosome recognizes conserved consensus sequences within pre-mRNA introns.
The upstream (5") and downstream (3’) ends of the intron (Figure 1-1B) are referred to as the
splice sites. Splicing at the 5" end of an intron occurs just before a “GU” dinucleotide enclosed
in a consensus sequence: 5'-MAG|GURAGU-3" (where M is A or C and Ris A or G and “|”
indicates the splice site) [11]. The 3" end of the intron is marked by the consensus sequence
5-CIAGG-3’ [11]. An additional sequence within the intron surrounds an adenosine residue
called the branchpoint, which is required for catalysis by the spliceosome [12]. The branchpoint
adenosine is surrounded by a short consensus sequence: 5-CUAAY-3" (where Y is Cor U and A
is the branchpoint) [13]. This residue is bulged out of the intron through specific interactions
within the spliceosome. Splicing is dependent not only on the consensus sequences within the
intron, but also on the spacing between the branchpoint and 3’ splice site [14].

The splicing reaction proceeds through two SN2-type transesterification steps (Figure 1-1B).
In the first step, the 2" hydroxyl group of the branchpoint adenosine performs nucleophilic
attack on the phosphorus atom at the 5" splice site (Figure 1-1B). This reaction separates the

upstream exon from the intron/3’-exon, which is called the “lariat intermediate” for its looped



conformation (Figure 1-1B) [15]. In the second step, the 3" hydroxyl group of the upstream exon
attacks the phosphorus atom at the 3’ splice site, ligating the exons and releasing the lariat
intron (Figure 1-1B). The ligated exons are then further processed (e.g. capped, polyadenylated)
and then exported to the cytoplasm. The 2’-5" linkage of the lariat intron is de-branched [16, 17]

and the intron is degraded.



Figure 1-1. Pre-mRNA splicing.

A. Representative human gene structure. Human genes have an average of 8 introns that range
from 200 to thousands of nucleotides, while the average exon is only ~145 nt. The dark gray line
represents introns while colored blocks represent exons. B. The two transesterification steps of
splicing. The first step generates a free 5-exon (green) and a lariat intermediate (black and
blue). The second step releases the lariat intron (black) and results in ligation of the 5" and 3’
exons. Atoms associated with each exon are color-coded accordingly. The 2’-oxygen of the

branchpoint adenosine is shaded in red.
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1.1.4 The spliceosome

The spliceosome consists of a large number of protein splicing factors assembled on a
scaffold of five small nuclear RNAs (snRNAs): U1, U2, U4, U5 and U6. Protein factors associate
with each snRNA to form a small nuclear ribonucleoprotein complex or snRNP. The snRNPs
come together through an ordered but dynamic series of assembly steps that result in the
assembled spliceosome, or B complex (Section 1.3-1.4, Figure 1-2), which is then activated
through extensive compositional changes and rearrangements (Section 1.5; Reviewed in [15]
and [3]). While spliceosome assembly is to some extent an ordered process [18], portions of the
assembly pathway are flexible and can occur through slightly different pathways [19, 20].

Furthermore, spliceosome assembly, activation and catalysis are all reversible [18, 21].

Interactions between the spliceosomal snRNA molecules and the pre-mRNA substrate are
at the center of spliceosome structure and assembly. snRNA sequence and function are highly
conserved from yeast to humans. With the exception of U4, all the snRNAs interact directly
with the pre-mRNA during the splicing cycle. Ul and U6 both base-pair with the 5" splice site at
different stages and U2 interacts with the branchpoint [15]. Additionally, inter- and
intramolecular interactions between the snRNAs form a framework for assembly of the snRNPs

and, ultimately, the spliceosome [3].

1.1.5 Extensive structural rearrangements within the spliceosome

Dynamic rearrangements are an essential component of the function and regulation of the
spliceosome. Sequences in the pre-mRNA substrate are recognized multiple times by both
protein and snRNA factors to ensure that splicing proceeds without mistakes. Such repetitive

interactions with the pre-mRNA require extensive remodeling events during spliceosome



assembly. This is a significant task, particularly in metazoans, due to the large physical
distances between the splice sites and branchpoint within the intron [2] and is accomplished by

a number of ATPases that act at specific checkpoints [22].

The structures of the snRNA complexes are continually in flux. U6 snRNA undergoes some
of the most extensive rearrangements throughout splicing (Figure 1-4) and is present at the core
of the majority of the spliceosome subcomplexes (Figure 1-2). Additionally, U6 forms mutually
exclusive interactions with many spliceosomal components, including protein factors, the U4
and U2 snRNAs, and the pre-mRNA substrate (Figure 1-5) [23-27]. Because of its central role in
the splicing cycle, U6 has been implicated in splicing catalysis [28]. Although the purpose of
these shifting snRNA interactions is still not entirely clear, they may help regulate the function

of U6 throughout the splicing cycle.
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Figure 1-2. Rearrangement of U6 complexes during splicing
Spliceosome assembly, activation and recycling are complex and ordered processes, as
demonstrated by the dynamics of the different U6 containing spliceosomal subcomplexes.
Individual snRNPs (as well as the Nineteen Complex — NTC) are depicted as circles. snRNPs
that interact through snRNA pairing are shown squished together (U4/U6 and U2/U6). U6
snRNP components that separate from U6 snRNA are shown in red text. Putative and
confirmed helicases that promote rearrangements among spliceosome components are listed in

gray text. Exons are shown as black lines and the intron/lariat in gray.
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1.1.6 Splicing and disease

Defects in splicing have been implicated in several diseases, including a common form of
progressive blindness called retinitis pigmentosa, characterized by degeneration of the retina.
A severe form of the disease is linked to mutations in core splicing factors: Brr2 [29], Prp8 [30],
Prp31 [31] and Prp3 [32]. Defects in snRNP biogenesis cause devastating type of
neurodegeneration called spinal muscular atrophy [33]. Interestingly, no mutations in the major
class of snRNAs have ever been implicated in disease, potentially due to the presence of
multiple copies of the snRNA genes in metazoans [34]. However, a recent screen for disease
causing mutations or deletions in the snRNA genes returned a deletion of an essential sequence
in U2 snRNA that results in neurodegeneration in mice [34]. So far these are the only examples
of mutations in the core spliceosomal machinery that cause functional changes in metazoans

and do not result in lethality.

The disruption of splice sites in the pre-mRNA or the introduction of cryptic splice sites
(inappropriate splice sites within an exon or intron) can cause a diversity of diseases, from
cancer to deafness [35]. This class of splicing defects is currently a major target for therapeutic
strategies [36]. A better understanding of the mechanisms that underlie splicing will help refine

therapeutic design for correcting splicing defects implicated in disease.
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1.2 U6 snRNP biogenesis

U6 snRNA plays a central role during spliceosome assembly and contains several motifs
and structures that are essential to catalysis [24, 37]. Additionally, its compact RNA sequence
(~93-107 nt) contains elements that regulate expression levels and modification (Figure 1-3).
This economy of sequence is even more remarkable given that U6 interacts with multiple RNA
and protein binding partners throughout the splicing cycle. The need for each U6 nucleotide to
contribute to regulation and function is consistent with the extensive conservation observed for

this RNA across phylogeny (Figure 1-4) [37].

1.2.1 U6 expression and modification

Unlike the other snRNAs, U6 is transcribed by RNA polymerase III (RNAPIII) [38, 39].
Expression of yeast U6 is regulated by two promoter elements: an internal A block element and
a B block element found 120 bp downstream of the coding region of the gene (Figure 1-3) [40,
41]. In contrast, metazoan U6 snRNA is regulated exclusively by upstream promoter sequences
[42]. These modes of regulation are distinct from other RNAPIII transcripts, such as tRNA,

which contain internal A and B block promoters [43].

U6 snRNA is expressed at relatively high levels in contrast with other snRNAs, such as
U4 [44]. Point mutations in the B block promoter of U6 cause drastic changes in the levels of
total U6 snRNA in vivo [44]. Substitutions in the B block that reduce U6 expression to less than
10% of wild-type are lethal [44]. However, strains with at least 33% of wild-type U6 levels are
viable [44], demonstrating that U6 is produced in excess of what is functionally required.
Newly synthesized U6 is recognized by La protein, which serves to stabilize its 3’ end until

further modification can occur (Figure 1-3) [45].
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After transcription, U6 is capped with a y-monomethyl phosphate [46]. Interestingly, U6
is one of only two capped RNAs transcribed by RNA polymerase III [39]. Thus, capping is
dependent on internal signals from the RNA transcript rather than interaction between the
capping machinery and the RNA polymerase. Cap addition requires a 5" stem-loop followed by
a short motif (Figure 1-4A) [47]. While the sequence and length of this stem-loop are not
conserved, the potential for base-pairing at the 5" end of U6 is conserved across phylogeny and

the same sequences are present at the terminus of the stem [37].

U6 undergoes several other post-transcriptional modifications important for stability
and function. Two competing modifications are trimming of the 3 end by a U6 specific
exonuclease [48] and addition of a poly(U) tail to the 3" end [49]. The poly(U) tail is extended by
a poly(A) polymerase superfamily protein called U6-TUTase that only accepts U6 as a substrate
and typically adds 4 residues [49]. La protein binds this poly(U) tract as long as U6 is
terminated by a 3’-OH. The 3’ end is eventually trimmed back to five Us [48], which is
important for the stability of U6 snRNA [50], and terminates in a 2’,3" cyclic phosphate [51, 52].
This processing event is thought to release La protein [51], initiating formation of the U6
snRNP. Pseudouridylation and 2’-O-methylation at specific positions [53] contribute to stability
and function of structures within U6. Finally, in several fungal species including S. pombe, U6
contains an intron and must be spliced [54]. Interestingly, these introns resemble typical mRNA
introns and are found near U6 sequences essential for splicing catalysis, suggesting that they

may originate from a splicing mishap [55].
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Figure 1-3. The SNR6 (U6) gene displays remarkable economy of sequence.

The sequence of U6 snRNA is densely packed with regulatory sequences and interaction
domains. Promoter elements in the SNR6 gene are shown as dark cyan blocks while the coding
region is shown in black. The approximate location of introns found in S. pombe and a few other
fungi is shown in light cyan with a dashed outline. Locations of sequences responsible for
regulating expression, modification and stability of U6 are shown in green, while those
responsible for interacting with mRNA, other snRNAs or proteins are shown in cyan (not

drawn to scale).
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1.2.2 U6 snRNP structure and components

In general, snRNP biogenesis typically takes place in both the nucleus and cytoplasm;
however, U6 snRNP assembly does not appear to involve a nuclear export step and is therefore
thought to proceed solely in the nucleus [53]. De novo spliceosome assembly employs the U6
snRNP as the source of U6 snRNA. In yeast, the U6 snRNP is made up of U6 snRNA and eight
protein binding partners: the recycling factor Prp24 and seven distinct Lsm proteins that form a

heteromeric ring that interacts with single-stranded RNA [56, 57].

The structure of free U6 snRNA is composed of a 5 stem-loop and a 3’ internal stem-
loop, or ISL (Figure 1-4A) [58, 59] and either an extended form of the ISL, the telestem (Figure
1-4A) [56, 60] or a central stem-loop (CSL) (Figure 1-4B) [58]. Sequence conservation and
biochemical studies cannot distinguish between these two possibilities; however, NMR studies
suggest that the CSL is the predominant form in vitro (Personal communication, Dr. Lawrence
Clos, II). The structure of the U6 ISL has been extensively characterized in solution (Figure
1-4C) [59, 61] and contains a dynamic one by two internal loop that coordinates Mg? [59, 62].
This loop includes a transient A-C mismatch that is stabilized at low pH [59, 61] and the ISL is
also terminated by an A-C mismatch. Stabilization of the U6 ISL by conversion of either
mismatch to a GC pair is detrimental to growth in S. cerevisiae [24, 58, 63] implying that the

stability of the ISL is carefully balanced.
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Figure 1-4. Free U6 snRNA forms extensive secondary structure.
A and B. Proposed secondary structures of U6 snRNA. U6 is color-coded based on sequence
conservation. Highly conserved residues (= 95% identity) are shown in red while moderately
conserved residues (= 80% identity) are orange and all other residues are gray (as determined
using the RFAM database [64]). Confirmed Watson-Crick base-pairs are indicated with black
lines and non-canonical pairs are indicated with circles or dashed lines. Unconfirmed base-pairs
are indicated with gray lines or circles. C. NMR structure of the U6 ISL (PDB ID 2KF0) colored

as in A and B. A non-native guanosine residue at the 5" end is shown in black.

A B A u
G===A
A 70U —A
e ¢ —¢ Internal stem-loop
c U - CeG
o 108—C ¢=2 (sL)
70U =4 A TEN)
5 st | ¢ —c Internal stem-loop 5 st | A Rt
stem-loop c=e (IsL) stem-loop £=°,, u—
€ 8o e G-
ot E:g Ae
i c—G
—cAy, 60GeU
§ YU T A=
306—c Yy, ;
A R GelU 90 ACAAAGAGAUUU~3
= u=—A
50°Acal ATV Telestem c—G 1%
40A —Uygp Pl
c—chA “u=a®
U U=—a
Yy U—A 100 . p=50
30°GUCAAU — A GAGAUUU——r 40:—% Central stem-loop
ﬁ_ u
A A

CAU
----- A
70U — A
C—G
C—G
A

C us8o
C—G
U—A
Uu—A
G=—C

62 =85
5 3




17

Prp24 is an essential yeast splicing factor composed of four RNA recognition motifs
(RRMs) [65]. Each RRM interacts with a different sequence or structure within U6; however, the
mechanism of RNA recognition by Prp24 is somewhat unusual. Furthermore, the functional
human equivalent or Prp24, P110, has only two RRMs [66]. RRM1 and RRM2 of Prp24 bind just
upstream of the U6 ISL in the linker sequence between the ISL and the telestem or CSL (Figure
1-4A and B) [67]. RRM1 binds RNA nonspecifically through an electropositive patch opposite
the canonical RNA-binding face. RRM2 recognizes the conserved GAUCAG sequence of U6,
upstream of the U6 ISL, across its B-sheet surface [67]. Portions of U6 recognized by Prp24 are
also responsible for interaction with the pre-mRNA [68] and U2 snRNA [23] (Figure 1-3). RRM3
of Prp24 is thought to interact with double stranded RNA or stem-loops, which may mean it
binds and stabilizes the U6 ISL [69]. RRM4 (also called occluded or oRRM4) may be
antagonistic with RRM3, unwinding the ISL through a passive mechanism by capturing fraying
at the base of the ISL [69]. The four RRM domains achieve specificity for U6 cooperatively and

begin the process of unwinding the U6 ISL in preparation for spliceosome assembly.

U6 is the only snRNA that is not bound by an Sm ring. Typically a heteromeric Sm
complex binds to a poly(U) tract in an snRNA, stabilizing it and facilitating its incorporation
into the spliceosome. In the case of U6, the Sm ring is replaced by the Lsm heptamer that
recognizes the poly(U) tract near the 3" end of U6 (Figure 1-5). This interaction stabilizes the 3’
end of U6 and is required for formation of the U6 snRNP (i.e. binding of Prp24) [70]. The Lsm
proteins are homologous to Sm proteins and each contains two conserved Sm motifs that form a
five stranded anti-parallel 3-sheet [71]. Seven Lsm proteins interact along the edge of this sheet

to form a ring that encloses single-stranded RNA [71]. Unlike the Sm proteins, the Lsm ring can
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form a stable complex in the absence of RNA [70]. Additionally, the Lsm ring facilitates

formation and stabilization of the next U6 complex, the U4/U6 di-snRNP, in vitro [70].
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Figure 1-5. U6 interactions throughout splicing,.
The U6, U4/U6 and U2/U6 complexes are alternately stabilized and unwound by protein
splicing factors throughout splicing. U6 is shown in black with sequence contributing to the U6
ISL in red, U2 in brown and U4 in black. Proteins that destabilize RNA interactions (Brr2 and
Prp24) are shown in orange while proteins that potentially stabilize interactions (Lsm2-8, Slt11p,
Prp8 and Cwc2) are shown in tan. Binding sites are approximate based on currently available

information.

B* and C complex U4
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1.3 Initial recognition of pre-mRNA for splicing

As the pre-mRNA transcript emerges from RNA polymerase 1I, it is recognized by the
Ul and U2 snRNPs, which commit the transcript to splicing. This so called A complex or pre-
spliceosome forms prior to U6 association (Figure 1-2). The 5’ splice site is the first portion of the
intron to emerge and is bound by Ul snRNP. Ul snRNA recognizes conserved sequences
adjacent to the 5" splice site via base-pairing [15]. While this binding event is reversible and

does not require ATP, stable U1 association is ATP dependent [18].

The branchpoint and 3’ splice site are recognized cooperatively by protein splicing
factors BBP/Mud2p [72, 73] and U2AF [74], respectively. However, S. cerevisinze has no U2AF
and does not require the 3" splice site for the first step of splicing [75]. Interactions between
these complexes begin the process of positioning the substrate for splicing [15]. Replacement of
BBP/Mud?2 by the U2 snRNP at the branchpoint is followed by ATP hydrolysis by the helicase
Sub2 (UAP56 in humans) [76] and facilitates formation of the pre-spliceosome. U2 snRNA
initiates base-pairing with the branchpoint sequence via a conserved stem-loop, called the BSL
[77]. U2 snRNP proteins are required to stabilize the interaction between U2 snRNA and the
pre-mRNA substrate [78] and remain with the spliceosome for most of the splicing cycle [3].
Finally, these snRNA-mRNA interactions are proofread by the DExD/H box protein Prp5,

enabling spliceosome assembly to proceed to the next step [22].
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1.4 Escort of U6 to the spliceosome

1.4.1 Properties of the U4/U6 complex

Following U6 snRNP formation, U6 and U4 snRNAs base-pair within the U4/U6 di-
snRNP independently of the pre-mRNA (Figure 1-2) [26, 27]. Evidence for this assembly
intermediate is provided by detection of U6 within free U6 snRNP, U4/U6 di-snRNP and
U4/U6-U5 tri-snRNP in whole cell extract. (Note: “/” indicates the RNAs are base-paired, while
“-” indicates that the snRNPs associate without direct RNA interaction.) Additionally, in the
presence of ATP, tri-snRNP breaks down into free U5 snRNP and U4/U6 di-snRNP,
demonstrating that it is a stable intermediate in vitro [26, 27]. However, based on the
observation that U4/U6 di-snRNP is rarely detectable in splicing extracts, it is unlikely that the
di-snRNP is long-lived before being incorporated into U4/U6-U5 tri-snRNP. U6 is expressed in
excess of U4, leading to accumulation of U6 snRNP and virtually undetectable levels of free U4
snRNP [26, 27].

The U6 snRNP protein Prp24 is thought to perform a “matchmaking” role by bringing
together the U4 and U6 snRNAs to form the stable core of the di-snRNP (Figure 1-6A) [79]. The
U4/U6 interaction is further stabilized by the Lsm ring [70], which is required for efficient di-
snRNP formation (Figure 1-5) [80]. Prp24 is not typically detected in the di-snRNP and is thus
thought to disassociate just after U4/U6 formation (Figure 1-2). Therefore, the di-snRNP is
primarily composed of U4-associated proteins [3] with the exception of the Lsm ring.

U6 and U4 RNAs form an extensive interaction composed of two intermolecular helices,
called U4/U6 Stem I and Stem II (Figure 1-6) [26]. U4/U6 Stem II utilizes the U6 sequence
contained in the U6 ISL and is thought to act as a chaperone by inactivating U6 until

spliceosome assembly is complete [26]. Additionally, U4 forms a 5 stem-loop that includes a
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UUCG tetraloop and a K-turn motif (Figure 1-6) [81]. The structure of the human 5’ stem-loop
has been characterized in solution [82] and by X-ray crystallography in complex with the Prp31
and 15.5K splicing factors [81] (Figure 1-6B). This unique RNA fold induced by the 90° K-turn
(Figure 1-6B) may be required for recognition of the U4 snRNA in the spliceosome and escort of

U4/U6 to the next assembly step.

1.4.2 Tri-snRNP assembly

The U4/U6 di-snRNP stably associates with U5 and its associated proteins to form a
U4/U6-U5 tri-snRNP independently of the pre-mRNA (Figure 1-2). The U5 snRNP is thought to
perform a central role in regulating activation of the spliceosome [3]. U5 snRNA directly
contacts the 3’ splice site of the substrate and interacts with numerous proteins within the U5
snRNP that are essential to spliceosome assembly and catalysis. These factors include Prp8, the
largest protein in the spliceosome, which is thought to play a central regulatory role [83], and
Brr2, the helicase that may “switch on” the spliccosome by unwinding the U4/U6 complex
(Figure 1-5) [84]. U4/U6 must remained paired until the tri-snRNP has associated with the pre-
spliceosome (Figure 1-2). Therefore, the activity of Brr2 remains suppressed within the tri-
snRNP, consistent with the observation that Prp8 can inhibit Brr2 [85]. Furthermore, association
of U5 snRNP with U4/U6 di-snRNP does not appear to significantly alter the configuration of

interactions within the di-snRNP [86].
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Figure 1-6. Structure of the U4/U6 complex.
A. Secondary structure of the U4/U6 snRNA complex (U6 is shown in red and orange based on
sequence conservation as in Figure 1-4). The same U6 sequences involved in U6 ISL formation
form base-pairs within U4/U6 Stem II. B. Crystal structure of the U4 5 stem-loop (dark gray)
bound by Prp31 (cyan) and 15.5K (lilac) splicing factors [81]. The U4 5 stem-loop contains a K-

turn motif that induces a 90° bend in the RNA.
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1.4.3 Alternative spliceosome assembly pathways

While independent formation of the pre-spliceosome and the U4/U6-U5 tri-snRNP is the
most widely accepted model for spliceosome assembly, several studies have suggested that the
tri-snRNP can pre-assemble with U2 and Ul. In the absence of pre-mRNA, a portion of U2
snRNP associates with the U4/U6-U5 tri-snRNP [20], and this complex is stabilized in a strain
defective for U4/U6 unwinding [84]. Additionally, completely assembled spliceosome,
containing U1, U2, U4, U5 and U6 snRNPs (termed the penta-snRNP) has been detected in the
absence of pre-mRNA substrate [19]. A similar complex in which U2 and U6 are base-paired has
also been detected in HelLa cell nuclear extract via psoralen crosslinking [87]. Therefore, the
spliceosomal snRNPs may be able to associate independently of pre-mRNA. These alternative

assembly pathways further indicate the extent of heterogeneity of spliceosomal subcomplexes.

1.5 Activation and composition of the spliceosome

The U4/U6 complex persists through formation of the assembled spliceosome (B
complex, Figure 1-2), at which point U6 can pair with U2. Detection of a U2/U4/U6 complex
(Figure 1-7A) [68, 88] led to the hypothesis that the U2/U6 interaction is initiated in the B
complex by formation of U2/U6 Helix II (Figure 1-5 and Figure 1-7A). Helix II formation may be
initiated and/or stabilized by splicing factor Slt11p (Figure 1-5), which has genetic interactions
with the U2 and U6 sequences in that region [89]. Slt11p also anneals and binds RNA duplexes
that contain two adjacent helical domains similar to U4/U6 Stem II and U2/U6 Helix II (Figure

1-7A) [89].

The B complex is converted to the activated pre-catalytic B>t complex through drastic

compositional changes (Figure 1-2). While the B complex contains most proteins associated
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with U1, U2 and the U4/U6-U5 tri-snRNP [90], more than half of these proteins are lost upon
activation through loss of the Ul and U4 snRNPs (Figure 1-2) [90]. Release of the U4 snRNP
requires ATP-dependent unwinding of the U4/U6 complex by Brr2 (Figure 1-2) [84], which is a
Ski2-like helicase with tandem helicase cassettes. The N-terminus of Brr2 associates with the
Stem I region of U4/U6, implicating Stem I as the initial substrate [91]. Interestingly, Brr2
activity is modulated by the C-terminus of Prp8 [92], which interacts with U4 RNA just
upstream of Stem I and U6 near the 5 splice site recognition sequence [85]. This interaction
suggests that Prp8 may communicate appropriate recognition of the 5" splice site by U6 snRNA

to Brr2, initiating spliceosome activation via U4/U6 unwinding.

The last remaining component of the U6 snRNP, the Lsm ring, is lost upon dissociation
of U4/U6 (Figure 1-2 and Figure 1-5). Unwinding of U4/U6 Stem II allows the U6 ISL to reform,
initiating formation of the RNA complex that comprises the core of the active spliceosome
(Figure 1-7). Meanwhile, Ul snRNA is removed from the pre-mRNA by the DExD/H box
protein Prp28 (Figure 1-2) [22], enabling U6 to directly interact with the 5 splice site. Because
U2 snRNA is already paired with the branchpoint, this transition brings together the two

components of the intron that participate in the first step of splicing.

Activation requires association of an additional protein complex called the Nineteen
Complex (NTC), although when the NTC joins the spliceosome is a matter of some dispute.
Immuno-precipitation studies indicate that the NTC joins after U4 release [93]. However, more
recent proteomic studies suggest that the NTC is present prior to U4 release [90], if at sub-
stoichiometric levels. Furthermore, several NTC-related factors that are required for the second

step of catalysis are still missing in B>t complex, such as Prp22 and Prp16.
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1.6 Interactions in the spliceosomal active site

1.6.1 U2/U6 is central to the active spliceosome

The U2/U6 snRNA complex resides at the core of the active spliceosome and is thought
to contribute to catalysis [28, 94]. The last snRNA complex to form during splicing, U2/U6, is
composed of a three-helix junction in yeast, formed by two intermolecular helices, Helix I and
Helix II, and the U6 ISL (Figure 1-7B) [23, 95]. Upstream of Helix I in U6 is the ACAGA box,
which base-pairs to the 5 splice site of the pre-mRNA substrate (Figure 1-7B). Across from the
ACAGA box in U6 is the branchpoint recognition sequence of U2. An additional intermolecular
helix, Helix III (Figure 1-7B), has been detected genetically in the mammalian sequence [25].
Helices I and III bring the distal 5 splice site and branchpoint of the pre-mRNA into close
proximity in the active site of the spliceosome. Additionally, both the internal loop of the U6 ISL
(Figure 1-7C) [62] and the invariant AGC triad (Figure 1-7C) [24] in U6 are thought to
contribute directly to catalysis.

The exact secondary structure of the yeast U2/U6 complex has proven controversial due
to conflicting observations by structural [96] and genetic studies [23, 97, 98]. The human U2/U6
complex is thought to form a four-helix junction (as depicted in the yeast sequence in Figure
1-7D), that excludes a portion of Helix I, Helix Ib (Figure 1-7A), in favor of a short stem-loop in
U2 (U2 Stem 1) [99] and an extended form of the U6 ISL [25]. The same structure has been
proposed for the yeast sequence (Figure 1-7D) based on in silico energy minimization [100] and
NMR studies [96]. However, genetic experiments suggest that Helix Ib is essential for both steps
of splicing [97, 98] and that the four-helix junction is either an intermediate structure between

the two steps of splicing or a fold induced by truncation of U2/U6 to make it amenable to NMR.
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1.6.2 Metal ion coordination in U2/U6

The U6 ISL coordinates Mg? in a one by two internal loop (Figure 1-7D). Mg?
coordination has been attributed to the 5-pro-S(P) oxygen of a conserved uracil residue in this
loop (U80) based on the observation that a phosphorothioate substitution at this position causes
the spliceosome to become dependent on thiophilic ions, such as Mn?*, for the first step of
splicing [62]. NMR analyses of the S(P)-phosphorothioate U6 ISL reveal that the substitution
does not affect the overall structure of the RNA despite disrupting Mg?" ion coordination [101].
Mutation of U80 to a guanosine is lethal in S. cerevisiae [24, 63], due to introduction of a G-C pair
that causes a significant increase in the stability of the structure [102]. Interestingly, the metal
binding properties of U80 remain unperturbed in this mutant [102]. Taken together, these
results indicate that Mg?* ion coordination in the ISL is achieved through highly localized

interactions.

The AGC triad of U6 has also been proposed to coordinate Mg? based on the analogous
metal binding site in the group II intron (Figure 1-7D) [103]. RNAs derived from the human
U2/U6 sequence have limited catalytic activity in vitro and bind Mg? specifically at this site
[104, 105], suggesting that the spliceosome may also employ a two Mg? ion mechanism during
catalysis. However, the functionality of this metal binding site has yet to be characterized in
vivo. Therefore, the possibility remains that other factors, such as proteins, may either support

metal ion coordination or provide functional groups that contribute to catalysis.
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Figure 1-7. Energetically similar structures of the U2/U6 complex.
A. Proposed structure of a fragment of the yeast U4/U6/U2 snRNA complex. B and C.
Energetically similar folds of the yeast U2/U6 snRNA complex. U6 is colored based on
conservation as in Figure 1-4. A three-helix junction (B) is supported by genetic evidence while
a four-helix junction (C) is supported by structural and computation studies. D. Either
conformation of the U2/U6 complex includes secondary structure reminiscent of Domain V of
the group II self-splicing intron. The AGC triad is boxed in red, U6 is shown in black and U2 in

gray. Stars indicate confirmed (black) or proposed (gray) Mg?* binding sites.
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1.6.3 Protein active site partners.

In the spliceosome, protein partners are likely to directly participate in catalysis or at least
position the snRNA and pre-mRNA. While the similarities between the spliceosome and self-
splicing introns has led to the hypothesis that the spliceosome is a ribozyme, self-splicing
introns require a helper protein to undergo the branching reaction [106]. This protein-assisted
reaction may represent an evolutionary step toward the spliceosome and suggests a more
central role for proteins in the spliceosomal active site. However, by the time the spliceosome is
catalytically active, U2 and U6 have lost the majority of their associated proteins. Therefore,

protein partners must come from other spliceosomal subcomplexes [3].

One key player in spliceosome catalysis is Prp8. This U5 snRNP protein is the largest
protein in the spliceosome at ~230-280 KDa and is remarkably well-conserved, considering its
size [83]. While all of the functions of Prp8 are not known, it is thought to be a hub for
regulatory interactions within the spliceosome. Prp8 directly contacts both the pre-mRNA and
U6 at the 5 splice site (Figure 1-5) [107]. Much of the structure of Prp8 remains
uncharacterized, but crystal structures exist for two domains at the C-terminus. The first is a
JAB/MPN domain that contains many of the mutations implicated in retinitis pigmentosa [30,
108]. The second, Domain IV, is an RNase-H-like (or -finger) domain [109-111], named for an
RNase-H fold that lacks the active site residues responsible for hydrolysis. Domain IV has an
internal -finger extension [109] that contains residues implicated in the first or second steps of
splicing [109]. This type of protrusion is common among ribosomal proteins and frequently
contacts the ribosomal RNA [109]. Additionally, Domain IV has recently been demonstrated to
specifically interact with the region around the ACAGA box of U6 [85], suggesting a direct role

in the spliceosomal active site.
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Another potential active site component is Cwc2, an NTC component. Cwc2 interacts
directly with U6 snRNA [112] and pulls down both U6 and U2 RNAs from spliceosomes stalled
before the first or second step of splicing [112]. Additionally, two of the domains of Cwc2 are
canonical RNA binding domains: a zinc finger and an RRM. Together they form a compact
cooperative unit that displays a continuous electropositive surface [113] that encompasses
residues required for RNA binding. Additionally, both RNA-binding domains are required for

full affinity, suggesting that Cwc2 recognizes multiple sites in U6 [113].

The DExD/H box ATPase Prp16 has been implicated in rearrangement of the substrate and
snRNAs between the two steps of splicing [22]. Prpl6 has strong genetic interactions with
U2/U6 Helix I [114], near the helical junction and substrate binding sites. Transition from the
first to second step of splicing requires repositioning of the pre-mRNA substrate and potentially
also U2/U6. Prp16 is additionally responsible for proofreading 5 splice site choice during the
tirst step of splicing [22]. Like some of the other ATPases that act during splicing, Prp16 has the
power to discard non-ideal substrates, in this case those that lack a proper 5 splice site [115].
Another DEAH box ATPase, Prp2, is also implicated in this rearrangement [22], targeting a
region of the intron just downstream of the branchpoint [116]. Brr2 has also recently been
implicated in this transition, due to genetic interactions with second-step factors and newly
discovered interactions with the splice sites and branchpoint of the pre-mRNA [91] as well as

Prp2 [116].
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1.7 Spliceosome disassembly and snRNA recycling

After the two steps of splicing proceed, the spliceosome is broken down into its
individual components. The ligated exons and lariat intron are extracted and the snRNPs are
returned to their individual forms for further rounds of splicing. Interestingly, premature
substrate rejection from the C complex is reversible when a disassembly factor, Prp43, is not
present [115]. The requirement for Prp43 implies that the spliceosome does not spontaneously

decompose upon substrate loss, but undergoes an active disassembly process.

Spliceosome disassembly requires ATP hydrolysis by two DExD/H box helicase-type
proteins, Prp22 and Prp43. After the two steps of splicing, the resulting ligated exons are
proofread by Prp22 (Figure 1-8) [117]. ATP hydrolysis by Prp22 releases the ligated exons
which are further modified to become mature mRNA. After this release step, the lariat intron
presumably forms a stable complex with NTC proteins and the U2/U6-U5 snRNP. This model is
supported by the existence of a highly stable U2/U6-U5 complex in S. pombe that contains both
NTC proteins and the lariat intron [118], although this complex is more transient in other

organisms.

The next step in disassembly is release of the lariat intron by the Prp43/Ntrl/Ntr2
complex. In extracts depleted for Ntrl and Ntr2, the spliceosome can still assemble but cannot
be recycled (Figure 1-8) [119]. The U5 snRNP is also thought to disassociate at this step through
interaction with Ntr2 [119]. After removal of the lariat intron from the C-complex, the 2’-5
linkage must be resolved through a de-branching reaction performed by Dbr1 (Figure 1-8) [120].
Interestingly, the DBR1 gene is not essential in S. cerevisiae [16] or S. pombe [121]. Nonetheless,

deletion of this gene results in accumulation of lariat intron [16], indicating that linearization of
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lariat introns is required for degradation to proceed efficiently. Interestingly, Prp43 and Prp22
share a homologous C-terminal domain with Prp16 and Prp2 [122]. Crystal structures of this
domain in Prp43 [123, 124] and Prp22 [122] reveal a Sec63-like domain, similar to Brr2 [29],

further implicating both of these essential factors in RNA-recognition and unwinding.

While the lariat and U5 snRNPs dissociate upon ATP hydrolysis by Prp43, the U2/U6
snRNA complex may still remain intact (Figure 1-2). Brr2, the same helicase that unwinds the
U4/U6 complex (Figure 1-8) [84], has been implicated in disassembly, potentially by unwinding
U2/U6. To prevent premature abortion of splicing, Brr2 must remain silenced after unwinding
the U4/U6 complex until the second step of splicing is completed. The activity of Brr2 is
controlled by interaction with Snu114, a GTPase involved in spliceosomal remodeling [125], and
Prp8 [85]. Because Prp8 is intricately involved in the active site, it could provide the signal for

spliceosome disassembly.

Prp24 has also been implicated in U2/U6 destabilization based on genetic interactions
with Brr2 [126] and Prp21 [127]. However, Prp24 leaves the U6 snRNP very early in
spliceosome assembly upon formation of the U4/U6 di-snRNP. Therefore, the observation that
Prp24 interacts with a U5 snRNP protein (Brr2) and a component of the SF3a subunit of the U2
snRNP (Prp21) suggests that Prp24 must rejoin the spliceosome before disassembly. This is
further supported by evidence for an interaction between Prp24 and Prp17 [128], a component
of the NTC that does not join the spliceosome until activation. While the exact role of Prp24 in
disassembly remains unclear, it certainly plays an important role in recruiting U6 snRNA from

post-catalytic spliceosomes for further rounds of assembly [79].
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Figure 1-8. Current model of spliceosome disassembly.
As with spliceosome assembly, disassembly occurs through an ordered series of steps that
require ATP hydrolysis by splicing factors. The pre-mRNA components are released first for
either further processing and nuclear export or degradation. Individual snRNPs (or the
Nineteen Complex — NTC) are depicted as circles. snRNPs that interact through snRNA pairing
are shown squished together (U2/U6). Exons are shown as black lines and the intron/lariat in
gray. The 5-7-methylguanylate mRNA cap is depicted as a pink circle. Splicing factors

implicated at each step are indicated adjacent to the corresponding arrow.
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1.8 Structural studies of U6 complexes

The currently available structures of U6-containing complexes exist at two extremes of
structural characterization. On one end are small but highly detailed NMR structures of the U6
ISL that provide insight into the exact mechanism of Mg?" coordination [59, 96]. NMR studies
have also provided valuable information about the secondary structure of the U2/U6 complex
[99], but only minimal insight into the tertiary fold. On the other end of the spectrum are cryo-
EM studies that reveal the global characteristics of U6-containing particles, such as the U6
snRNP [57], the U4/U6-U5 tri-snRNP [86] and the C complex, [129] but provide little detail. Due
to the large discrepancy in scale and resolution of these methods, synthesis of the resulting

information has thus far proved difficult.

Significant effort is underway to bridge this gap through a variety of approaches. Recent
structural studies have begun to characterize larger U6 complexes, including the structure of a
domain of Prp24 bound to fragments of U6 [67] and modeling based on functional and
structural data of the Prp24-U6 complex [69]. Additionally, presented herein is a structural
study of the entire base-paired region of the yeast U2/U6 complex [95]. This structure represents
a first step in piecing together a structural model of the spliceosomal active site. Continued
expansion of the size limits of NMR through coupling with other methods, such as small angle
X-ray scattering (SAXS) and cryo-EM, will improve our ability to analyze the structures of U6

containing complexes.

Other methods, such as X-ray crystallography, have proved challenging due to the
heterogeneity of spliceosome preparations. However, other complementary approaches may

aid this endeavor, such as discovery of small molecule inhibitors that stall spliceosomal
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complexes [130, 131], potentially enabling production of homogenous subcomplexes.
Additionally, cryo-EM studies continue to improve through the use of techniques such as
labeling pre-mRNA and spliceosomal components to identify the locations of important

elements [132].

1.9 Dissertation overview

The work described here aims to generate an improved understanding of the structure
and function of the U2/U6 snRNA complex and its relationship with other U6-containing
complexes. The base-paired region of U2/U6 is a minimum of 107 nucleotides. Analysis of a
structure of this size in solution necessitated improved methodology and integration of SAXS
with traditional NMR techniques. Chapter 2 focuses on the use of SAXS with nucleic acids, a
methodology that is still under development. This protocol was used in conjunction with
traditional NMR techniques to develop a new approach for analyzing large RNAs in solution,
outlined in Chapter 3. I used this approach to solve the structure of the yeast U2/U6 complex,
which is the largest joint NMR/SAXS study of a nucleic acid to date. The NMR structure of a
smaller component of this complex, the essential U2/U6 Helix I interaction, is discussed in

greater detail in Chapter 4.

Chapters 5 and 6 explore the unusual properties of a U4/U6 triple mutant strain that
contains almost no detectable U4/U6 complex. Chapter 5 discusses a multifaceted analysis of the
effects of stability changes in the U2/U6 and U4/U6 complexes using biophysical, biochemical
and genetic methods. This study resulted in discovery of a transient and therefore previously
undetected spliceosome disassembly intermediate, the U2/U6 snRNP, which represents a

paradigm shift in spliceosome disassembly and U6 snRNA recycling. Chapter 6 describes U4
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and Prp24 bypass and truncation experiments as well as construction of an S. cerevisiae strain
that can be used for genetic analyses of U4, U6 and PRP24 alleles simultaneously. Chapter 7
summarizes my thesis work and examines potential future directions based on the newly

developed tools and results presented herein.
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Chapter 2: Nucleic acid structure characterization by small angle X-ray

scattering (SAXS)
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The work presented in this chapter is in press in the following form:

Jordan E. Burke and Samuel E. Butcher. 2012. Nucleic acid structure characterization by small

angle X-ray scattering (SAXS). Curr Protoc Nucleic Acid Chem.
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2.1 Abstract

Small angle X-ray scattering (SAXS) is a powerful method for investigating
macromolecular structure in solution. SAXS data provide information about the size and shape
of a molecule with a resolution of approximately 2-3 nm. SAXS is particularly useful for the
investigation of nucleic acids, which scatter X-rays strongly due to the electron-rich phosphate
backbone. Therefore, SAXS has become an increasingly popular method for modeling nucleic
acid structures, an endeavor made tractable by the highly regular helical nature of nucleic acid
secondary structures. Recently, we used SAXS in combination with NMR to filter and refine all-
atom models of a U2/U6 small nuclear RNA complex. In this unit we present general protocols
for sample preparation, data acquisition, and data analysis and processing. Additionally,

examples of correctly and incorrectly processed SAXS data and expected results are provided.
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2.2 Introduction

2.2.1 Overview

This unit contains a general procedure for characterizing nucleic acid structure using small
angle X-ray scattering (SAXS). SAXS is a powerful method for analyzing the global shape of
macromolecules in solution. Because SAXS measures the contrast in scattering between the
macromolecule and bulffer, it is particularly well-suited for nucleic acids which have high
contrast due to the electron-rich phosphate backbone. SAXS provides essential information
about the size and shape of the molecule and can be used to generate low resolution models for
comparison with homologous crystal or NMR structures. All-atom models can also be filtered

and refined against SAXS data.

Determination of novel nucleic acid structures is of great importance for understanding
their biological roles; however, it poses a considerable challenge for traditional structural
methods. Nucleic acids can be difficult to crystallize and NMR structure determination is
challenging due to low proton density, resulting in fewer observable signals, and spectral
overlap due to limited chemical shift dispersion. Because of these challenges, characterization
of nucleic acids by low resolution methods is becoming increasingly popular. Examples of
nucleic acid studies using SAXS include the investigation of conformational changes in a DNA
Holliday junction [133]; measurement of single stranded DNA and RNA persistence lengths
[134], time-resolved studies of RNA folding pathways [135-137] and structural studies of
ribozymes [138, 139], tRNA and tRNA-like structures [140-142], riboswitches [143-147] and

spliceosomal RNAs [95].
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SAXS is highly complementary to both X-ray crystallography and NMR. Few nucleic acid
molecules exceeding 75 nucleotides (nt) have been solved by NMR due to the challenges of
spectral overlap and fast relaxation. In contrast, SAXS is appropriate for nucleic acids from 25
to hundreds of nucleotides in size. Very small nucleic acids (< 25 nt) may not be amenable to
SAXS as their size is at or below the resolution limit (~20-30 A). SAXS requires significantly less
sample than NMR and data collection can take as little as a second or less at synchrotron
radiation sources. Using synchrotron radiation, nucleic acid dynamics can be measured with
SAXS in real time [148]. SAXS also allows for selection of ensembles of models that predict the

range of motions sampled in solution [149, 150].

The workflow for this method is outlined in Figure 2-1. The end goal of SAXS
characterization is often a low resolution envelope (referred to as an ab initio model).
Additional information about the secondary structure and long range contacts from other
methods such as chemical probing, NMR or bioinformatics is indispensable to obtaining a high
quality ensemble of structural models. For a recent review on combining NMR and SAXS data

to investigate RNA structures, see [151].



Figure 2-1. General scheme for characterization of RNA using small angle X-ray scattering.

Ovals indicate procedures discussed in other publications (see Discussion).
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2.2.2 Sample Preparation

It is crucial to obtain a pure, monodisperse sample before data collection to ensure that all
subsequent data processing and modeling steps are valid. Formation of unwanted higher order
complexes or sample degradation can distort X-ray scattering and result in low quality
structural models [152]. Unfortunately, poor sample quality is not always apparent until after
extensive data analysis. Initial analysis will provide some information about sample quality,
but it is essential to assess the sample using other methods as well (outlined in Section 2.3.1).
Dynamic light scattering (DLS) is a powerful method for assessing the size and homogeneity of
macromolecules [153, 154], and can be used to ascertain sample quality prior to SAXS data
collection. DLS determines the diffusion coefficient of a molecule by measuring time-
dependent fluctuations in the intensity of light scattering. The diffusion coefficient is used to

calculate the hydrodynamic radius and size distribution of particles in the sample [153].

The initial steps in sample preparation, construct design, DNA transcription and
purification have been described in detail elsewhere [155-157]. The steps following purification
employ the same buffer that will be used for SAXS data collection, so it is useful to decide on
the buffer composition early. SAXS samples often contain Tris as the buffering agent due to its
ability to scavenge hydroxyl radicals generated by exposure of the solvent to X-rays. Phosphate
buffer is generally not recommended because it reduces the contrast between the sample and
buffer scattering. In order to minimize the effects of interparticle repulsion, nucleic acid
samples require at least 100 mM monovalent ionic strength (sodium chloride or potassium
chloride) and 1-40 mM magnesium chloride (optional), which is often important for folding.

Other small molecules, such as ligands, may also be added.
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One robust method for obtaining a homogeneous, monodisperse sample is to use high
resolution size exclusion chromatography [152]. RNA molecules can form higher order
complexes after in vitro transcription, and these complexes (which are often bi- or tri-molecular)
must be separated from the desired RNA species. It is important to choose a size exclusion
column based on the size and properties of the molecule. This technique is also useful for

isolating homogeneous nucleic acid complexes or nucleic acid-protein complexes.

Buffer matching and accurate concentration determination are also crucial to SAXS
characterization. Effective buffer matching is achieved through extensive dialysis. An accurate
concentration is required for data processing and can be determined by hydrolyzing a small

amount of the sample in KOH and measuring the absorbance at 260 nm (A2¢0) [158].

2.2.3 Data acquisition

SAXS data acquisition can be performed using either a synchrotron or bench top X-ray
source. Synchrotron sources have much greater X-ray flux and therefore allow for much faster
data collection with higher signal to noise (Figure 2-2A). This kind of source is ideal for kinetic
experiments or for samples that are unavoidably dilute or degrade very quickly. Additionally,
high flux synchrotron radiation allows for collection of wide angle X-ray scattering (WAXS)
which can be used to evaluate buffer matching. Typically, experimental arrangements at
synchrotron sources include a flow cell apparatus to move the sample across the X-ray beam,
which minimizes radiation damage during data collection. However, due to this arrangement,
larger sample volumes (~250 ul) may be required. Alternatively, bench top SAXS instruments
are also appropriate for use with nucleic acids, despite having lower flux than synchrotron
sources (Figure 2-2A). Bench top X-ray sources may be point or line collimated. Line collimated

sources can generate high flux across a larger volume of sample due to a slit-shaped beam
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geometry; however, data processing requires a deconvolution step, called “desmearing” [159].
Point collimated sources focus a narrow X-ray beam on only a small area of the sample, and do
not require desmearing. In some cases, data acquisition for the sample may be very long (e.g.
up to 12 hours for a dilute sample using a bench top X-ray source). In this case, data collection
time for the buffer can be reduced but must be scaled based on X-ray intensity at the time of the
experiment and can introduce additional noise. The requisite sample volume for a capillary

used in bench top SAXS instruments can be as low as 20-30 pl.

Biological SAXS typically requires data in the range of 0.1° <20 <5° or 0.01 < q < 0.35 A for

structure characterization (Figure 2-2A), where q is a transform of the scattering angle:
41t sin(0)
T Equation 2-1

and A is the X-ray wavelength (usually 1.54 A). This data range can be obtained with a sample
to detector distance of 67-100 cm. Collection of WAXS data (0.3 < q < 2 A7) will reveal a
scattering peak resulting from the buffer. This peak is useful for adjusting buffer matching, but
is not absolutely necessary if concentration determination and buffer matching are performed
properly. WAXS is typically detected at a sample to detector distance of 30 cm. If both SAXS
and WAXS are being collected, a longer SAXS sample to detector distance of 200-400 cm can be
used to obtain scattering at smaller angles (q < 0.01 A7) as scattering at wider angles is
redundant with WAXS. Simultaneous SAXS and WAXS data collection will ensure consistency
in the overlapped scattering region used to merge the two data sets. Often, an arrangement

with two detectors is available for this purpose at synchrotron facilities.
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2.2.4 Data analysis

Initial analysis of SAXS data should be performed directly after data acquisition to rapidly
assess sample quality and experimental setup. This includes buffer subtraction, Guinier
analysis and Kratky analysis. Buffer subtraction may need to be fine-tuned at a later time,
especially if WAXS data are available. Guinier analysis will provide an approximate radius of
gyration and is a good method for sample quality assessment (see Section 2.3.3). Kratky
analysis provides information about the general conformation of the molecule, such as the

extent of folding and whether the molecule is globular, extended or unfolded.

After data acquisition, more complex data analysis such as determination of the pair-
distance distribution function (PDDF) and ab initio modeling can be performed. The PDDF is
the sum of all inter-atomic pair-distances in the molecule and is determined by an indirect
Fourier transform of the scattering data using the program Gnom [160]. Determination of the
PDDF provides the maximum dimension of the molecule (Dmax — note: also sometimes called
Rmax) as well as an idealized scattering curve that is extrapolated to q = 0 A7, This scattering
curve can be used to calculate a low resolution ab initio envelope of the nucleic acid composed
of dummy atoms or beads. The ab initio model provides the global fold of the molecule and can
be fitted to existing structures or models. Additionally, > 11-12 base-pair extensions can be
added to different helices in the nucleic acid to identify structural features [95, 141, 145],
provided such extensions do not disrupt the overall fold. These extensions will manifest as > 30

A elongations in the envelope.
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2.2.5 All-atom modeling

In parallel with data collection and analysis, secondary structure, if not known a priori, must
be determined. This can be achieved with computational tools such as MFOLD [161], MC-
FOLD [162], or RNAstructure [163]. However, nucleic acids frequently form alternative
conformations that are similar in free energy. Therefore, the predicted secondary structure
must often be determined experimentally using biochemical methods [164, 165], phylogenetic
covariation analysis [166], or NMR for nucleic acids that are on the order of 100 nt or less [155].
The secondary structure informs the overall conformation of the RNA [167] and can be used to
build a library of models to filter against SAXS data (see Discussion). While obtaining a low
resolution envelope for a highly flexible or heterogeneous molecule is very challenging,
flexibility can be modeled by a combination of molecular modeling, molecular dynamics
simulations and SAXS prediction tools that have ensemble modeling capabilities, such as

ensemble optimization method or EOM [149, 150, 168].
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2.3 Materials and Methods

2.3.1 Sample preparation

Large quantities of RNA can be prepared by either in vitro transcription [155, 156, 169] or
in E. coli using recombinant technology [157]. Typically, RNAs > 80 nt are transcribed in vitro
from a linearized plasmid containing the template for the RNA sequence, created using
standard cloning techniques [170]. The level of purification achieved using these methods may
be adequate for some RNAs; however, further steps are required for most RNAs to obtain the
quality of sample necessary for SAXS characterization. Depending on the number of
experiments, X-ray source and sample handling arrangement, 0.5-3 mg of nucleic acid should
be sufficient. If purified using denaturing methods, we recommend re-folding RNAs after
purification to eliminate formation of higher order multimeric species. ~Alternatively, RNAs
may be purified using non-denaturing methods, circumventing the need for a refolding step

[171].

Materials
Tris base, 99% pure
Ethylenediamine tetraacetic acid, disodium salt dihydrate (EDTA), > 99% pure
Sodium chloride (NaCl) or potassium chloride (KCl), >99% pure
Magnesium chloride (MgClz), >99% pure (optional)
Potassium hydroxide (KOH), 89% pure
Sodium acetate, anhydrous, >99% pure
Ethanol, 95%

0.22 um filter flask, 1 L, Millipore or GE Healthcare
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0.20 um syringe filters, Sartorius Stedim

0.22 pm SpinX cellulose acetate filters, CoStar

Centrifugal filters, regenerated cellulose, 15 ml and 0.5 ml, Amicon® Ultra

Dialysis cassettes, Slide-A-Lyzer® Thermo Scientific, 0.5-3 ml capacity

100 pl syringe with 23 mm, 22 gauge, blunt end needle, Hamilton (to minimize sample
retention)

GE Healthcare HiLoad™ 16/60 Superdex 75 or 200 prep grade column

FPLC system (such as AKTAFPLC™) equipped with on-line UV monitor at 254 nm, 100
ul loading loop and fraction collector

Centrifuge capable of holding 50 ml conical tubes

Microcentrifuge

Nanodrop ND-1000 spectrophotometer or other UV spectrophotometer

Analyze sample homogeneity and re-fold (optional)

1.

Resuspend nucleic acid sample in the appropriate volume of SAXS buffer.

Add enough buffer to obtain a concentration of 5-10 mg/ml.

Assay a small aliquot (0.1-0.50 nmol or 10-15 ug) for folding homogeneity by non-
denaturing polyacrylamide gel electrophoresis (29:1 acrylamide: bisacrylamide, 88 mM Tris
borate).

A 6% (wlv) polyacrylamide solution works well for most RNAs 50-200 nt. Toluidine blue (tolonium

chloride) staining is usually adequate for detection of most species.

3. Examine the gel. If only one band is visible, proceed to step 8.
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The presence of additional, slowly migrating species is likely indicative of bi- or tri-molecular complex
formation. If these bands are minor (~ <10%), size exclusion chromatography (step 8) may be
adequate to remove these species. The following refolding steps will be necessary for those samples
with significant folding heterogeneity.

4. Precipitate the RNA in 0.3 M sodium acetate, pH 5.2 and 3 volumes of ethanol, and

resuspend the sample in a large volume of buffer such that the RNA concentration is < 10
uM.
Concentration and ionic strength may need to be adjusted depending on the properties of the nucleic
acid. In our experience, refolding in low ionic strength buffers (e.g. 10 mM Tris pH 7.0, 50 uM
EDTA) can successfully reduce the formation of multimeric species. Use an elongated tube, such as a
15 ml Falcon tube, to maximize surface area for efficient heating and cooling of samples.

5. Heat the sample to 90°C for 2 minutes.

6. Immediately place the sample on ice and allow to cool completely.

7. Repeat steps 2-3 to assay the folding homogeneity of the sample.

Repeat this procedure as necessary, varying buffer composition or sample concentration to achieve

homogeneous folding.

Purify the sample by size exclusion chromatography

8. Prepare 4 L of the buffer that will be used for SAXS data collection (see Section 2.2.2) and
filter using a 0.22 um filter flask.
2 L will be used for size exclusion chromatography and 2 L will be used later for dialysis. Store at
4 <C for up to one month.

9. Concentrate the folded RNA using a centrifugal filtration device to a volume of 110-120 ul

according to the manufacturer’s instructions.
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11.

12.

13.

14.

15.
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At the same time, equilibrate the size exclusion column with at least 3 column volumes of
SAXS buffer.

Inject the sample using a 100 pl loop with the recommended low retention syringe and
needle.

10-20 ul of sample will be retained in the needle and can be flushed out with buffer and either loaded
onto the column or saved.

Elute the sample using the same buffer and collect 1 ml fractions.

Calibration with protein standards can be very misleading for prediction of elution volume. Nucleic
acid molecules of the same molecular weight as proteins standards often elute at a significantly
different volume than expected.

Remove 10-15 ul of each fraction with absorbance at 254 nm and analyze by non-denaturing
PAGE as in step 2.

Pool the fractions that contain only the desired species.

Concentrate the pooled fractions using a centrifugal filter until the concentration of the
nucleic acid is ~ 3 mg/ml as determined by UV absorbance at 260 nm (A2¢0).

Axo extinction coefficients are: A: 15.02 mMem™; C: 7.07 mM7em™; G: 12.08 mMcm™ and U:
9.66 mMcm [158]. The molar masses of nucleotide monophosphates are AMP: 347.22 g/mol; CMP:
323.20 g/mol; GMP: 363.22 g/mol; GTP: 523.18 g/mol and UMP: 324.18 g/mol. Total volume

should be 0.5-1 ml. Proceed immediately to step 16.

Dialyze the sample to achieve buffer matching

16.

Prepare a dialysis cassette in 1 L of SAXS buffer according to the manufacturer’s

instructions.
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18.

19.

20.

21.
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Using a 1 ml syringe, load 0.5-1 ml of RNA sample into the dialysis cassette according to the
manufacturer’s instructions.

Dialyze for 8-12 hours with stirring at 4°C.

Exchange the buffer for 1 L of fresh SAXS buffer and continue dialysis for another 8-12
hours at 4°C.

Remove the sample from the dialysis cassette.

Ideally, the RNA should be used as soon as possible after purification [152]; however, this is not
always practical. RNA can be stored at this point 4 <C for a few hours, but should be flash frozen (see
step 25) as soon as possible.

Filter 50 ml of the dialysate from step 19 through a 0.2 pum syringe filter.

Store up to 1 week at 4 °C or for longer periods at -20 C.

Prepare a dilution series and determine sample concentration

22.

23.

24,

Remove 1 ul of the RNA sample and dilute accordingly to obtain an approximate
concentration based on the Axe.

Using the filtered dialysate from step 21, dilute the RNA sample serially such that the
lowest concentration is near 0.5 mg/ml.

The sample volume will depend on the sample handling arrangement for the instrument. Contact the
facility before sample preparation to obtain this information. Serial dilutions may also be prepared at
the facility and concentrations determined after data collection given that the sample can be
recovered.

Remove 1 pl from each sample in the dilution series and add to an Eppendorf tube
containing 1 ul of 1 N KOH with 8 ul of ddH20. Incubate the reserved KOH solutions at

room temperature overnight to hydrolyze.
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25. At this point, flash freeze the samples from step 23 by dropping into liquid nitrogen. Store
at <-80°C until data collection.

26. Obtain an exact concentration of the hydrolyzed samples by measuring the Azoand using
the extinction coefficients listed above.

27. Immediately before data collection, thaw samples and load into 0.2 um spin filters.

28. Centrifuge at >15,000 x g for 1 minute. The final sample will be the flow through.

2.3.2 SAXS data acquisition

Data acquisition procedures vary widely depending on the X-ray source (synchrotron or
bench top) and the exact instrumental setup. It is best to consult with the facility you will be
using ahead of time to obtain information about experimental setup, sample volume and other
important parameters. The protocol outlined below is the general workflow during data

acquisition; however, this procedure may change depending on the instrument and facility.
Materials

Silver(I) behenate (AgBe)

Distilled deionized water

1-1.5 mm quartz capillary (supplied with instrument)

Glassy carbon (optional, supplied with instrument)

Purified nucleic acid from Section 2.3.1

Reserved filtered dialysate from Section 2.3.1

SAXS instrument — approximately 67-100 cm sample to detector distance

Additional detector for WAXS (optional) — 30 cm sample to detector distance
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Standard sample: lysozyme (Fluka), glucose isomerase (Hampton research) or standard

RNA sample (Table 2-1)

Steps

1. Before data collection, obtain scattering from a calibration standard such as AgBe

AgBe has a well characterized D-spacing of 58.38 A that results in a scattering pattern composed
of distinct rings [172]. This is used as a standard to precisely measure the sample to detector

distance.

2. If using a bench top instrument, measure the scattering intensity of the X-ray source

through glassy carbon.

The incident X-ray beam cannot be detected due to the beam stop and potential damage to the
detector. Glassy carbon is a strongly scattering material that allows for quantitation of beam
intensity [173]. This value is important for standardization of the intensity of the X-ray source

from one data set to the next.

3. Before starting data collection, ensure that the capillary is properly aligned in the beam. Test
the capillary position by exposing the empty capillary to X-rays for a short interval.
Improper alignment will result in asymmetric parasitic scattering around the beam stop. Ideally,
the same capillary should be used for buffer and sample. Alternatively, an “empty” exposure of
the capillary can be subtracted from the data to adjust for different capillaries.
4. Fill the capillary with ddH20 and perform a short scan to determine the water scattering

(optional).



54

This scan be anywhere from 0.1-20 seconds for synchrotron radiation and up to 5 minutes for a
bench top source. H20 scattering is often subtracted from all subsequent scans (including buffer

and sample scans) to improve background subtraction.

Load the appropriate amount of buffer into the capillary.

Because the sample chamber is under vacuum in bench top instruments, the sample can sometimes be
evacuated from the capillary if it is not properly sealed. Take a 10 second scan with glassy carbon
between the sample and the detector to determine the absorbance of the buffer — typically a 10 fold
decrease in transmission is observed if the sample is still in the capillary.

Acquire buffer scattering data.

This buffer should be the dialysate from step 21 of Section 2.3.1. Data acquisition time should be the
same for buffer and sample and is typically 1-20 seconds at a synchrotron source or 1-6 hours on a
bench top source.

Acquire scattering for the most dilute sample (see step 6 above for acquisition time
suggestions).

Repeat steps 6-7 for standard samples and all experimental samples.

Reduce the two-dimensional data from the detector to a one-dimensional scattering curve
(Figure 2-2A) based on the calibration performed at the beginning of data acquisition (step

1).

This will also convert the angle (0) to a q value. Desmearing may be necessary at this step if
using a line collimated X-ray source. This step can be performed using a number of different
software tools, which are usually provided by the facility.  Otherwise, Data Squeeze

(www.datasqueezesoftware.com) is available for free and has the same capabilities. The
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Advanced Photon Source also provides a SAXS processing package with these capabilities for use

in Igor Pro (http://usaxs.xor.aps.anl.gov/staff/ilavsky/ExtendingTheCode.html).
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Figure 2-2. Data reduction and buffer subtraction.
A. Sample X-ray scattering of a 28.2 KDa RNA at 1 mg/ml concentration from either a
synchrotron (Advanced Photon Source) for 3 minutes or bench-top instrument (Bruker
Nanostar) for 4 hours (see Section 2.3.2). B. SAXS and WAXS data from a 28.2 KDa RNA

demonstrating accurate and inaccurate buffer subtraction (see Section 2.3.3).
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Table 2-1. SAXS standard samples.

Molecule, Conditions MW (KDa) | Rg (A) (1)
Lysozyme!
14.7 13
8 mg/ml, 40 mM acetic acid, pH 4.0, 50 mM NaCl
Glucose isomerase?
173 33
5 mg/ml, 100 mM Tris, pH 8.0, 1 mM MgCl:
Tetraloop-receptor RNA3
28.2 25

1-2 mg/ml, 50 mM Tris, pH 7.0, 150 mM NaCl, 2 mM MgCl.

1[174],2[175],°[176]
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2.3.3 SAXS data processing and analysis

Introduction

SAXS data processing is an iterative process in which the quality of the data and the
characteristics of the sample are assessed at every step. It is advantageous to perform all data
processing steps on a well characterized, standard molecule as a positive control to ascertain
that calibration has been performed properly. Most data processing steps will use Primus [177],
a program in the ATSAS suite of software; however, programs like Igor Pro or Gnuplot may

also be used for early steps in processing, such as buffer subtraction and Guinier analysis.

DAMMIN [178] and DAMMIF [179] are currently the best programs for calculating low
resolution ab initio structures (or “envelopes”) of nucleic acids. Despite its prevalent use,
DAMMIF is limited in use with nucleic acids because it is optimized for use with proteins.
Specifically, DAMMIF is dependent on prediction of the scattering curve of the low resolution
envelope using form factors derived from protein composition. When used with nucleic acids,
the result is inflation of the low resolution envelope. Despite this issue, DAMMIF can be used
to approximate nucleic acid envelopes; however, each molecule will require different
parameters.  Therefore, it is important to become familiar with the documentation

(http://www.embl-hamburg.de/biosaxs/manual dammif.html). To obtain a final, averaged

envelope, the DAMMIF models are superimposed, averaged and filtered by a suite of programs
(DAMAVER, DAMSEL, DAMSTART, DAMFILT, DAMSUP and SUPCOMB) called using
DAMAVER. Both DAMMIF and DAMAVER are part of the ATSAS software package, and
most efficiently implemented on a Linux system with multiple processors; however, they can

also be used in the Windows and Mac OS X operating systems.
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Materials

ATSAS software package (www.embl-hamburg.de/biosaxs/software.html) for the

appropriate operating system(s)

Subtract the buffer scattering from the sample scattering

1.

Adjust the buffer scattering by multiplying by the adjusted buffer density (a) to exclude
volume occupied by the nucleic acid.
Calculate o based on the partial specific volume of RNA in solution according to the following

equation:

NA
a=1 —u X 0.54 ml/g

1000 Equation 2-2

where the nucleic acid (NA) concentration is in mg/ml [180].

If WAXS is available, adjust a such that the intensity of the buffer subtracted scattering
at q > 1.8 Al is approximately constant (Figure 2-2B).
Repeat step 1-2 for all dilutions. Be sure to note the name of the file containing the

buffer subtracted data.
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Perform a Guinier fit to obtain Rg and check for concentration effects

4. Plot only data less than approximately q = 0.05 A as g2 versus In (I).
In Primus this is done by clicking the “Guinier” button in the tools dialogue. This plot should be

linear (Figure 2-3) according to the equation

RZ
In I(q) =In 1(0) - == ¢°
4 S Equation 2-3

Where 1(0) is the scattering intensity at g =0 A-aa Ry is the radius of gyration. A nonlinear
Guinier plot is indicative of interparticle interactions (agqregation or repulsion), sample
heterogeneity or both (Figure 2-3). If the Guinier plot is not linear, it is essential to reassess
sample quality at this point.
5. Adjust the plot range until gma*Rg ~ 1.2 for roughly globular molecules or 0.8 for rod
shaped molecules.

6. Record the resulting Rg and I(0) values and compare between dilutions.

1(0) is proportional to the molecular weight of the molecule. 1(0) and Rgshould ideally remain
constant within error between concentrations unless structure factor or interparticle interactions

(i.e. repulsion) are affecting the scattering curve (Figure 2-3).



61

Figure 2-3. Guinier analysis.

Guinier plot of an aggregated protein (black diamonds), an RNA with interparticle repulsion

(gray triangles) or an RNA sample of good quality (gray squares) (see Section 2.3.3).
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Determine the general conformation of the molecule using a Kratky plot

7. Plot q versus ¢’ in the range q < 0.4 A-L.
In version 2.3 or older, click Sasplot and then select View = Y*X? : X. In version 2.4, select
plots, then Kratky plot.

8. Examine the plot: Compact molecules (rod-shaped or globular) will display one peak
(Figure 2-4), extended molecules will display a peak with a shoulder (Figure 2-4), and

unfolded molecules will increase continuously with no peak.
Extrapolate an idealized curve at zero concentration

9. In Primus, load all background subtracted curves in the dilution series.

10. Enter the concentration of each dilution (see steps 24 and 26 of Section 2.3.1).

11. Plot only the portion of the curve that has exact overlap between the different
concentrations.

This will likely exclude approximately q < 0.05-0.10 A™ and q > 0.40 A1,

12. Calculate a theoretical curve with no concentration dependence by clicking “Zeroconc.”
Frequently, RNA experiences interparticle repulsion that manifests as inconsistent values of 1(0)
and Rg for different dilutions. This step will remove contributions from repulsion. Note: this
feature is not available in the 64-bit version for Windows.

13. Alternatively, merge the small angles (q < 0.4 A1) of a low concentration data set with
the wider angles (0.35 < q <2 A1) of a high concentration data set.

This method is preferable if aggregation is a problem at higher concentrations.



Figure 2-4. Kratky analysis.

Kratky plot of three different RNA molecules with unique global folds (see Section 2.3.3).
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Determine the pair-distance distribution function (PDDF)

14.

15.

16.

17.

18.

19.

20.

Load the highest quality buffer subtracted scattering curve or the zero concentration

extrapolated curve (steps 10-14) in Primus. Remove all data points at q > 0.30-0.33 A,

The range of data used at this step will depend on the signal to noise ratio at larger values of q.

Exclude the noisiest data by decreasing the maximum q value.

Click Gnom (32-bit version) or Tools = Distance distribution (64-bit version)

Estimate the maximum dimension of the particle (Dmaxor Rmax). 3*Rg is a good place to
start. Do not restrain P(Rmax) =0 to start. Click “run”.

Examine the resulting fit to the scattering curve.

Ensure that there are no excessive oscillations in the predicted curve due to over-fitting noise at
larger q values. Also, zoom in to ensure that the predicted curve fits the experimental data well
at small values of q. Poor fitting in this region can indicate an incorrect Dmax or contributions
from interparticle interactions.

Examine the resulting PDDF.

The PDDF should fall off smoothly at large values of “r” toward zero. Notice where the p(r)
curve becomes constant and choose this as a new Dwmax value. If the curve does not level off at
larger values of 1, try increasing Dimax.

Repeat steps 17-19; however, this time use the newly determined Dmax value and restrain
P(Rmax) = 0.

Adjust Dmax in increments of 1-2 A until the curve falls smoothly to zero and does not

sample any negative values (Figure 2-5).



Figure 2-5. Interpretation of the pair-distance distribution function (PDDF)
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Generate ab initio models

21.

22.

23.

24,

25.

26.

Using the output file generated by steps 15-21 (will be a “.out” file), run DAMMIF 10-20
times using parameters appropriate for your molecule (see introduction above).

Move the resulting ab initio models (*-1.pdb files) to a new directory. Navigate to this
directory.

Type the command damaver /a.

This will run the DAMAVER suite of programs to average and filter the ab initio models. In
Windows, the folder containing DAMAVER must be specified before the command.

Examine the DAMAVER output file “damsel.log”.

This log file contains the normalized spatial discrepancy (NSD) values for each pair of models.
The NSD is a measure of similarity between a set of points (in this case the ab initio models). In
general, the mean NSD (NMSD) tends toward O for highly similar objects and exceeds 1 for
systematically different objects [181]. For SAXS models, the NMSD should fall between 0.7-0.9
for a unique solution to the scattering curve. An NMSD larger than 0.9 could be indicative of
many things, including sample heterogeneity or a high degree of flexibility.

Examine the resulting averaged, filtered model (damfilt.pdb) using a molecular model
visualization program such as Pymol and compare it to any existing structures of
relevant domains or homology models.

(Optional) Overlay all-atom models with the average ab initio model using the

Supcomb?20 algorithm (ATSAS software) [181].
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Figure 2-6. Ab initio modeling,.

Ab initio structure (gray spheres) of a 28.2 KDa RNA: RNA complex with the jointly refined

NMR/SAXS structure (dark gray) [176] superimposed using the Supcomb20 algorithm [181].
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2.4 Discussion

2.4.1 Background

Development of SAXS instrumentation and technology

Characterization of macromolecules by small angle scattering gained traction in the
1970s with studies of the ribosome in solution using neutron scattering (SANS) [182]. The first
RNA molecules analyzed by SAXS were tRNAs from yeast [183] and E. coli [184]; however,
characterization was limited to inference of size and shape features from the scattering curve.
The development of SAXS instrumentation leapt forward dramatically as synchrotron X-ray
sources became more widely available starting in the late 80s. In the late 90s, computational
abilities caught up with SAXS instrumentation and some of the first low resolution models
determined by small angle scattering were obtained of the ribosome [185]. The biological small
angle scattering group led by Dmitri Svergun at EMBL-Hamburg has drastically improved the
availability of software for processing and analyzing SAXS, expanding the accessibility of this

method for new users.

Application of SAXS characterization to nucleic acids

In recent years, characterization of biomolecules by SAXS has become increasingly
popular. Due to heightened interest, SAXS has become more accessible both in terms of
instrumentation and the availability of software for data processing and analysis. SAXS is a
versatile technique and has been used to study RNA folding of complex molecules such as
RNase P [168] and the Tetrahymena ribozyme [186] and to characterize the free and bound
conformations of several riboswitches [143-147, 187]. The combination of NMR and SAXS has

been used to characterize the structure of the turnip crinkle virus ribosome binding element
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[141] and the U2/U6 snRNA complex [95], which is a part of the active spliceosome. A few
nucleic acid-protein complexes, such as the ribosome (see above) and the picoRNA viral

replication complex [188], have also been characterized by SAXS and/or SANS.

Beyond low resolution characterization

Although SAXS provides low resolution structural information, in many cases this is
enough to infer important information about the structure of nucleic acids. Cryo-electron
microscopy (cryo-EM) and tomography (cryo-ET) also provide a similar level of resolution to
SAXS; however, SAXS has some advantages over these methods. First, SAXS is applicable to
much smaller molecules and complexes than cryo-EM/T, which makes it more compatible with
NMR. Second, SAXS can provide more information about highly flexible or unfolded
molecules. Single molecule cryo-EM studies rely on averaging many molecules with the same
properties to achieve sufficient signal. In highly flexible molecules, this averaging leads to loss
of information in flexible regions [189]. = Cryo-ET studies combine images of different
orientations of a molecule, resulting in a three-dimensional “snapshot”, and may be more
appropriate for heterogeneous samples [190]. SAXS retains information about all possible
orientations and conformations of a molecule in solution. If an adequate diversity of models
can be generated, SAXS can be used to extract an ensemble of models that represents the range

of conformational diversity in solution.

Molecular modeling and molecular dynamics simulations are important tools for
generating all-atom structural models in conjunction with SAXS. Nucleic acids are well-suited
for all-atom modeling due to the consistency of the basic helical structural unit between

sequences. Knowledge of secondary structure is required, but can be determined by a number
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of methods (see Section 2.2.5). Long-range contacts, such as pseudoknots and tetraloop-
receptor interactions, can also be predicted through bioinformatics and biochemical methods
[165]. Modeling software employs either a fragment-based approach [162] or coarse-grained
approach [191, 192]. Homology modeling is also a good choice when the structure of a similar
molecule is already known [140]. A potentially challenging step in modeling nucleic acid
structure is adequate sampling of conformational space. This can be achieved using molecular

dynamics simulations [168] or normal mode analysis on a server like eINémo [193].

Once a large array of models has been generated, models can be filtered against
experimental scattering data. The SAXS curve of a model is predicted by summing all existing

atom pair-distances using the Debye equation:

sin(qd, )

I(q)=ZF IL £i(9) fi(@) qd | E 4
i quation 2-

Where dj is the distance between atoms i and j, N is the number of atoms in the molecule and
f(q) is the form factor for a type of atom. While this is a computationally intensive process,
several web-based software tools approximate the form factor for a group of atoms and are
appropriate for nucleic acids, such as FAST-SAXS RNA [194] and the FoXS server [195].
Ensembles of models can also be fit to the experimental SAXS curve using multiple ensemble
simulation [150] or ensemble optimization methods [149]. Ensemble modeling is especially

powerful for characterizing dynamics that may be functionally important

2.4.2 Critical parameters and troubleshooting
Of utmost importance is sample preparation and quality. Nucleic acid samples must be
as homogeneous as possible and free of degradation. Additionally, buffer matching and

concentration determination must be as accurate as possible (see Section 2.3.1). Because nucleic
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acids are often soluble even when misfolded or aggregated and because SAXS is a low
resolution method, issues in sample preparation may not be evident until far into the data
analysis process. This problem is compounded by the fact that SAXS data processing is a
complex and non-linear process that often requires optimization of several different parameters.
Therefore, it is essential to assay sample quality as much as possible by denaturing and non-
denaturing PAGE, size exclusion chromatography, dynamic light scattering and, if possible,
sample specific activity assays. Standard samples, such as lysozyme or a well characterized
RNA [176], are also very important (see Section 2.3.2). Standards should be characterized at
minimum every time the SAXS instrument is rearranged, which is often every data collection at
a synchrotron X-ray source and intermittently at a bench top source. Frequent characterization
of standard samples will increase the chances of detecting issues in detector image processing,

calibration and data reduction.

Sometimes, even when sample preparation and data processing are performed correctly,
it is not possible to obtain a good quality, unique ab initio model [139]. In this situation, the
nucleic acid may be very flexible or poorly structured. As described above, ensemble modeling
may be one possible route for a flexible nucleic acid. Alternatively, construct design may also
be reconsidered. Nucleic acid structure can be drastically altered by small changes in sequence
or truncations of important sequence. For instance, often two guanosine residues are
incorporated at the 5" end of an RNA sequence for transcription with T7 RNA polymerase. If
these residues are non-native, use of a hammerhead ribozyme at the 5 end [196] may be
considered to generate fully native sequence. A hammerhead ribozyme downstream of the
transcript will resolve 3" end heterogeneity, which is useful when single nucleotide resolution

purification is challenging (e.g. transcripts > 80 nt) [197].
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2.4.3 Time considerations

Up to 1 month should be allowed for sample preparation. Ideally, size exclusion
chromatography and dialysis should be performed immediately before data collection. Data
acquisition times vary widely depending on the X-ray source. Typical synchrotron data
collection for several samples may take 1 or 2 days including instrument setup. Bench top data
collection times are up to 24 hours per sample depending on concentration and the stability of
the sample. Initial data processing should be performed concomitantly with data acquisition to
ascertain sample quality and whether additional dilution points are necessary. The time
required for data processing and ab initio modeling is highly variable and can take from a week

to a month depending on the properties of the nucleic acid.
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Chapter 3: Structure of the yeast U2/U6 snRNA complex

The majority of the work presented in this chapter is published in the following form:

Jordan E. Burke, Dipali G. Sashital, Xiaobing Zuo, Yun-Xing Wang, and Samuel E. Butcher.

2012. Structure of the yeast U2/U6 snRNA complex. RNA 18(4): 673-83.

D.G.S collected data for the Helix I structure and assisted with construct design.

X.Z.and Y.W. provided technical assistance for measurement of SAXS data and structure calculations.
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3.1 Abstract

The U2/U6 snRNA complex is a conserved and essential component of the active
spliceosome that interacts with the pre-mRNA substrate and essential protein splicing factors to
promote splicing catalysis. Here we have elucidated the solution structure of a 111 nucleotide
U2/U6 complex utilizing an approach that integrates SAXS, NMR and molecular modeling. The
U2/U6 structure contains a three-helix junction that forms an extended “Y” shape. The U6
internal stem-loop (ISL) forms a continuous stack with U2/U6 Helices Ib, Ia and III. The coaxial
stacking of Helix Ib on the U6 ISL is a configuration that is similar to the Domain V structure in
group II introns. Interestingly, essential features of the complex — including the U80 metal
binding site, AGC triad and pre-mRNA recognition sites — localize to one face of the molecule.
This observation suggests that the U2/U6 structure is well-suited for orienting substrate and

cofactors during splicing catalysis.
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3.2 Introduction

Pre-mRNA splicing, the removal of introns from pre-mRNA, is an essential process in all
eukaryotes [28, 90, 198] that proceeds through two transesterification reactions [199]. The
spliceosome is responsible for pre-mRNA splicing and is composed of a large number of
proteins and 5 small nuclear RNAs (snRNAs): U1, U2, U4, U5 and U6 [3, 200]. At the heart of
the spliceosome is the U2/U6 snRNA complex [23-25, 201-203], an essential component of the

active site of the spliceosome.

The spliceosome has been hypothesized to be a ribozyme [94, 204] based on mechanistic
and structural similarities with the group II self-splicing intron [205, 206] and the observation
that protein-free U2/U6 complexes derived from the human sequences have residual catalytic
activity related to splicing in vitro [105, 207, 208]. These complexes promote inefficient reactions
that are chemically similar to the first step of splicing [209] and a complete, two-step trans-
splicing reaction [104]. The catalytic activity of the complex is dependent on the presence of
Mg? [104, 210]. U2/U6 specifically binds divalent metal ions in vitro in the context of assembled
spliceosomes in the U6 internal stem-loop (ISL) [59, 62] and the AGC triad [104] in U2/U6 Helix
Ib (Figure 3-1), suggesting a possible two-metal ion mechanism [211] for splicing catalysis

similar to the proposed mechanism of the group II self-splicing intron [103, 212, 213].

The yeast U2/U6 complex has been proposed to form a three-helix junction (Figure 3-1)
flanked by a series of short helical segments connected by internal loops and bulges [23]. The
three-helix junction is made up of the U6 internal stem-loop (ISL) and U2/U6 intermolecular
Helices I and II and is linked by a uracil-rich loop (Figure 3-1) [23]. The U6 ISL is highly

conserved [37, 58] and contains an essential metal binding site at U8O (Figure 3-1) [59, 101, 104,
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214]. Helix I is essential for splicing [23] and contains the invariant AGC triad. Base-pairing in
Helix Ib (Figure 3-1) between the AGC triad and U2 is important for both steps of splicing [97,
98]. The internal loop between Helix I and Helix III is composed of essential motifs in U6 and
U2 that base-pair to the 5 splice site and the branchpoint of the pre-mRNA substrate,
respectively, to promote the first step of splicing (Figure 3-1) [68]. This loop is closed by a third
intermolecular helix (Helix III), which has been detected in vivo in mammalian cells (Figure 3-1)
[25]. While genetic evidence suggests formation of a three-helix junction in U2/U6, NMR
studies of several truncated versions of the U2/U6 complex [96] demonstrated formation of a
four-helix junction conformation. A statistical mechanical analysis of the U2/U6 free energy
landscape predicted that the three-helix junction secondary structure has a more favorable free
energy, but that the four-helix junction conformation would dominate in the presence of
favorable coaxial stacking interactions [100]. MFOLD [161] predicts four different secondary
structures for the yeast U2/U6 complex that have very similar free energies (-34.4 < AG <-33.1).
Therefore, identification of the correct secondary structure from predicted structures is highly

challenging in the absence of direct experimental data.

Very little is known about the tertiary structure of the U2/U6 complex. Structural studies
of the U6 ISL by NMR [59, 61] reveal that the ISL contains a 3-nucleotide internal loop
containing a conserved metal binding site at the phosphate of U80. The base of U80 stacks into
the helix in the presence of divalent metal ions [214]. This conformation involves formation of a
highly dynamic C67-U80 pair that is modulated by the protonation state of A79, which can form
a competing C67-A79 base-pair [61]. Additionally, hydroxyl radical experiments indicate that
U80 is proximal to the 5’ splice site in the spliceosome [215]. Helix I has also been proposed to

interact with the 5 splice site [216]. Crosslinking studies have revealed possible contacts
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between the pre-mRNA binding site and the UA bulge of Helix I as well as U-rich sequences
within the three-helix junction (Figure 3-1) [216-218]. Additionally, single molecule FRET
studies have demonstrated that the pentaloop of the U6 ISL and Helix III are distal in the

presence of Mg?* [219].

Due to apparent structural and mechanistic similarities between the spliceosome and the
group II self-splicing intron [205], a tertiary structure model has been proposed for U2/U6 that
infers long-range contacts based on those present in the crystal-structure of the group II intron
[206]. In the proposed model, two base-triples form a metal binding platform that constitutes
the active site [206, 212]. The base-triples are formed through interaction of U80 in the U6 ISL
and a residue in the 5 splice site recognition sequence with the major groove of Helix Ib. A
recent study demonstrated that the first step of the group II intron reaction is more efficient in
the presence of a linking oligonucleotide that holds the branch site and the 5" splice site in close
proximity, similar to the function of U2/U6 Helix III [220]. Still, it remains unclear how all of

these elements function together during the splicing reaction.

Here we present the structure of a 111-nucleotide U2/U6 snRNA complex in solution as
analyzed by small angle X-ray scattering (SAXS) and NMR. We employed a novel method in
which a large number of starting structural models generated with MC-Sym [162] were sorted
by agreement with the experimental NMR and SAXS data. The structural models in best
agreement with both data sets were jointly refined against SAXS and NMR data by restrained

molecular dynamics and energy minimization.
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Figure 3-1. Proposed secondary structure of a 111 nt RNA.

Based on the S. cerevisiae U2/U6 RNA complex [23]. Structural features are color coded as
follows: Helix I (green), Helix II (purple), Helix III and an internal loop that binds to 5" splice
site and branchpoint (orange), U6 ISL (blue), U-rich loop (dark gray) and non-native sequences
(light gray). Experimentally determined base-pairs are shown as black lines or circles (see

Figure 3-4).
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3.3 Materials and Methods

3.3.1 RNA sample preparation

RNA was transcribed in vitro using purified Hiss-tagged T7 RNA polymerase. DNA
templates were prepared through phosphorylation and ligation of short complementary,
overlapping oligonucleotides (Integrated DNA Technologies) into pUC19 vector (New England
Biolabs). A Bsal restriction site was included at the end of the template to allow for run-off
transcription after digestion with Bsal enzyme (NEB). ®C-"*N labeled samples of U2/U6 were
prepared using “C-*N labeled nucleotides (Cambridge Isotope Laboratories). RNA samples
were purified using denaturing 8% PAGE with 8 M urea. Impurities were removed by DEAE
anion-exchange (Biorad) using a low salt buffer (20 mM Tris-HCl, pH 7.6, 200 mM sodium
chloride) to wash and a high salt buffer (20 mM Tris-HCl, pH 7.6, 1.5 M sodium chloride) to
elute the RNA. Samples were then ethanol precipitated and resuspended at a concentration of <
5 mg/ml. The RNA was re-folded by heating to 90°C and cooling quickly on ice and samples
were dialyzed for 16-24 h in 10 mM potassium phosphate, pH 7.0 in 0 or 2 mM magnesium
chloride (NMR samples) or 50 mM Tris-HCl, pH 7.0, 150 mM sodium chloride and 0, 2 or 10
mM magnesium chloride (SAXS samples). All samples were assayed for folding homogeneity

by 6% non-denaturing PAGE.

3.3.2 NMR data collection

All spectra were obtained on Bruker Avance or Varian Inova spectrometers equipped
with cryogenic single z-axis gradient HCN probes at the National Magnetic Resonance Facility
at Madison. Resonances were assigned using 'H-'H 2D NOESY with a mixing time of 100 ms

and 'H-N 2D TROSY-HSQC experiments and by reference to previously determined chemical
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shifts for helical domains (BMRB entry 6320 and 17972). Partial alignment for RDC
measurements was achieved by addition of 10 mg/ml Pf1 filamentous bacteriophage (ASLA) to
a BC, ®N G and U labeled sample. Pfl phage concentration was confirmed by measuring 2H
splitting at 700 MHz. Imino '"H RDC measurements were obtained using a '"H-'>N TROSY-HSQC

experiment. RDC measurements were in the range of -8.0 to +26.4 Hz.

3.3.3 SAXS data collection

All SAXS data were obtained at Sector 12 of the Advanced Photon Source at Argonne
National Laboratory. Measurements were carried out in 50 mM Tris, pH 7.0, 150 mM sodium
chloride and 0 mM, 2 mM or 10 mM magnesium chloride. RNA samples were loaded into a 1
mm capillary and flowed back and forth throughout the exposure. 20 data collections of 0.5
seconds each were averaged for each sample and buffer. The scattering intensity was obtained
by subtracting the background scattering from the sample scattering. Buffer matching was
determined by adjusting subtraction of wide angle scattering (WAXS) until contribution from
buffer scattering was negligible. The scattering intensity at q = 0 A1 (I(0)), as determined by
Guinier analysis, was compared between four different concentrations (0.5, 1.0, 2.0, and 3.0
mg/ml) to detect possible interparticle interactions. WAXS and SAXS data were merged using
the region between q = 0.09 Al and 0.17 A-. Samples were assayed for radiation damage by
denaturing 8% PAGE after data collection. No radiation damage was detected (data not

shown).

3.3.4 Ab initio structure calculation

SAXS data were processed using GNOM [160] to obtain the pair-distance distribution

function (PDDF) and extrapolate the scattering curve to I(0). Dmax was calibrated in increments
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of 2 A until the PDDF curve fell smoothly to zero. The GNOM output was then used with
DAMMIIF [179] to calculate 20 dummy atom models. Models were averaged using the program
DAMAVER [221], with a resulting normalized spatial discrepancy (NSD) of between 0.7 and 0.9
indicating good agreement between individual models. Finally, smooth envelope models were
generated using the SITUS software [222]. Ab initio structures were superimposed using the

Supcomb program [181].

3.3.5 Molecular modeling and refinement

Three-dimensional models of each isolated helix and stem-loop in U2/U6 consistent with
the NMR-determined secondary structure were created using the MC-Fold/MC-Sym pipeline
[162]. The three-helix junction was generated in three steps using the relation capabilities of
MC-Sym [223]. Helices were then built onto the junction region in MC-Sym. The X-ray
scattering amplitudes of 2500 of the models were predicted using the FoXS web server [195].
Agreement to the experimental SAXS amplitudes was measured using x> goodness of fit
analysis. All but the 25% of models with the lowest x? values were discarded. The best models
were sorted by fit to 18 experimental RDC measurements from imino 'H-N couplings as
determined using the PALES/DC software [224]. The models with a Q factor of less than 0.35
were chosen for further refinement. Covalent connectivity was restored for these 10 models
using the AMBER force field (Open MM Zephyr software) [225]. Normal mode analysis was
performed for all ten models as previously described [139] using the elNémo server [193]. The
resulting perturbed models were sorted again as described above. The selected models were
then refined against SAXS data, RDC measurements and base-pairing restraints in XPLOR-NIH
as previously described [141]. Distance restraints based on the previously determined U6 ISL

structure [61] were incorporated on the basis of chemical shift similarity between the U6 ISL
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construct and the 111 nt U2/U6 construct. Distance and dihedral angle restraints based on A-
form helical geometry were incorporated for Helices I, IT and IIl. P-P distances (5.4 = 0.5 A)
were included for single stranded regions to help maintain pseudo A-form geometry and
prevent the backbone phosphate groups from moving too close during molecular dynamics
simulations in the absence of other restraints. P-P envelope size restraints were also

incorporated based on the overall size of the ab initio structure.

3.4 Results

3.4.1 Global Structure of the S. cerevisiae U2/U6 complex

To investigate the structure of the U2/U6 complex, we utilized a 111 nt RNA construct
(hereafter referred to as U2/U6) that contains the entire base-paired region of the S. cerevisiae
U2/U6 snRNA complex linked by a UUCG tetraloop on Helix II to ensure proper stoichiometry
of the U2 and U6 strands (Figure 3-1). The global fold of U2/U6 in 150 mM NaCl and in the
presence and absence of MgCl: was determined by small angle X-ray scattering (SAXS). The
Kratky profile exhibits two peaks, which are indicative of a well-defined, non-globular
conformation (Figure 3-2A). The PDDF (Figure 3-2B) exhibits a peak at 20 A that corresponds to
A-form helical width and another at 40 A that may correspond to helical length. The structure
of the U6 ISL is 40 A in length [61] and a model of Helix II generated using the MC-Fold/MC-
Sym pipeline [162] measures 44 A in length. Both features are still visible in the PDDF plot
upon addition of 2 mM MgCl; however, the increase in the peak intensity at 20 A (Figure 3-2B)
likely results from helical stabilization by Mg?". In 150 mM NaCl, the radius of gyration (Rg) of
the U2/U6 RNA is 37 A and the maximum dimension (Dmax) is 120 A. Upon addition of 2 mM

MgCls, the Rgand Dmax are slightly smaller — 34 A and 117 A respectively (Table 3-1) — indicating
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that Mg?* causes only a slight compaction of U2/U6 and not a large scale change in structure.
Higher p(r) values between 60-117 A in the absence of Mg? are suggestive of increased
structural heterogeneity. Addition of higher MgCl: concentration (10 mM) did not result in

further compaction of the structure (Table 3-1).

Based on SAXS data collected in 150 mM NaCl and 2 mM MgClz, we calculated an ab
initio model of U2/U6 using the program DAMMIF [179]. The low resolution model reveals that
U2/U6 forms a “Y” shape in solution (Figure 3-2C) composed of three arms roughly the size of
A-form helices. The extended shape of the molecule is consistent with the Kratky profile and the
PDDF plot. To elucidate the locations of helices within the ab initio envelope, we performed
SAXS on RNA constructs containing 11-12 base-pair helical extensions of Helix II or III (Figure
3-3A and B) with non-native secondary structure. The helical extensions manifest as additional
envelope density adjacent to the corresponding helix. Thus, the extended constructs allow
identification of Helix II and Helix III (Figure 3-3C and D), while the unperturbed helical feature

likely belongs to the U6 ISL.
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Figure 3-2. Small angle X-ray scattering of U2/U6.
A. Kratky profile of the U2/U6 complex in the absence and presence of Mg?. All experiments
were conducted in 50 mM Tris, pH 7.0, 150 mM NaCl and 0 or 2 mM MgClL. B. Pair-distance
distribution function plot of U2/U6 in the absence and presence of magnesium chloride. C. Ab
initio structure of U2/U6 in 2 mM MgCl. 20 structures were generated using the program

DAMMIF and then averaged with DAMAVER, yielding a normalized spatial discrepancy

(NSD) of 0.85.
A B
2.5
2.5
—_ 2.0
‘-C_> 2.0 —~No Mgz+ ,
X 1 =15 =2 mM Mg
= ot
T 1.0 1.0
0.5 —No Mg?* 0.5
=2 mM Mg?
) 005 01 015 02 025 0'00 20 4 100 120 140

0 60 80
q (A7) r(A)




Table 3-1. SAXS measurements of the 111 nt U2/U6 RNA.

Condition  Rg(A) Dmax (A)
No Mg? 37.3 120
2mM Mg>»  34.0 117
10 mM Mg* 35.6 118

85
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Figure 3-3. Identification of helices within the U2/U6 envelope.

Helical extensions of 11 base-pairs on Helix II (A, in red) or 12 base-pairs on Helix III (B, in blue)
were added to the original 111 nt RNA. Lengths of the helical extensions were estimated based
on 3D models generated using the MC-Fold/MC-Sym pipeline [162]. The ab initio model
containing extended Helix II is shown in red (C) and the model containing extended Helix III is

shown in blue (D) with the original RNA shown in gray.
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3.4.2 UV and NMR Spectroscopy of U2/U6 RNA

NMR spectroscopy was used to investigate the 111 nt U2/U6 RNA structure in 10 mM
potassium phosphate, pH 7.0, with and without 2 mM MgCl.. Secondary structure was
determined by 2D 'H-'H NOESY (Figure 3-4) and 'H-N TROSY-HSQC (Figure 3-5A).
Addition of 2 mM MgClz does not change the secondary structure of the molecule as evidenced
by 2D 'H-'H NOESY and 'H-"N TROSY-HSQC (data not shown). In addition, the secondary
structure of a bimolecular U2/U6 complex lacking the UUCG tetraloop linker in 10 mM K*POx«
pH 7.0, and 100 mM KCl is consistent with the structure of the linked RNA construct (Figure
3-6), demonstrating that the presence of the linker and changes in monovalent salt conditions

do not influence the structure of the complex.

Nearly all base-paired imino resonances in the RNA could be assigned (Figure 3-4), with
the exception of those that are at effective helical ends and exchange rapidly with solvent. The
U6 ISL and Helix I were assigned based on chemical shift similarity with previously determined
structures of the isolated U6 ISL domain [59] and a 24 nt Helix I construct (Chapter 4, PDB ID
2LK3), respectively. Sequential NOEs indicate formation of Helix III, Helix Ia, the U6 ISL and
Helix II (Figure 3-4). Imino resonances were unambiguously assigned based on 'H-'"H NOESY
and 'H-N TROSY-HSQC experiments, with the exception of two G imino resonances. These
resonances have hydrogen bonded 'H and ®N chemical shifts indicative of Watson-Crick base-
pairing (Figure 3-5A), although any potential NOE between them is obscured by the diagonal
due to their similar '"H chemical shifts. However, the only remaining unassigned helical G
imino protons belong to U2-G21 and U6-G60 in Helix Ib, so by process of elimination we can

tentatively assign these resonances to U2-G21 and U6-G60 in Helix Ib. These assignments are
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also consistent with the chemical shifts of these imino protons in the isolated Helix I RNA

(Chapter 4, BMRB code 17972).

The chemical shifts of the U6 ISL within U2/U6 are identical to those previously
determined for the isolated U6 ISL (Figure 3-5B) [59, 61], indicating that the U6 ISL is folded in
an identical manner to the previously determined structure and further suggesting that it does
not participate in stable tertiary contacts. All of the base-pairs in Helix II are observed with the
exception of the last C-G pair (Figure 3-4). The adjacent uracil nucleotides (U2:U16-19 and
U6:U87-90) have resonances that are observable in the 1D 'H NMR spectrum (Figure 3-4) and
also in the "H-'>N TROSY-HSQC (Figure 3-5A); however, these resonances are not visible in the
NOESY spectrum indicating that they exchange with water during the 100 ms mixing time.
Therefore, these uracil residues are not involved in stable base-pair interactions but may
interact transiently with each other, consistent with their chemical shifts which are diagnostic
for U-U wobble pairs [226, 227]. Transient formation of such pairs across the U-rich loop may

effectively extend Helix II (Figure 3-1, see Chapter 5 for more details).

Base-pairing is also observed throughout Helix III (Figure 3-4). Observation of the NOE
cross-peak between U2-U40 and U2-U42 (Figure 3-4) indicates that U2-C41 is flipped out of the
helix, allowing the flanking base-pairs to stack. There are no observable imino protons
corresponding to the large internal loop containing the 5 splice site and branchpoint
recognition sequences (Figure 3-1 and Figure 3-5A). Therefore, stable base-pairing interactions

involving imino protons do not form across this loop.

U2/U6 denatures in two cooperative transitions at 42°C and 72°C (Figure 3-7B). Because

the second transition occurs near the temperature limit of this method, we repeated the
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experiment in 3M urea to detect highly stable secondary structure; however, no additional
melting transitions were observed (data not shown). Observation of base-pairs by 1D 'H NMR
indicated that the first transition consists of denaturation of Helix III and Helix I while the
second transition consists of denaturation of the U6 ISL and Helix II (data not shown).
Interestingly, truncation of Helix III (Figure 3-7C) and addition of a GC pair increases the
melting temperature of Helix I and III to 48°C and the melting temperature of either Helix II or
the U6 ISL to 79°C, resulting in a non-cooperative upper transition (Figure 3-7B). Complete loss
of Helix III (Figure 3-7C) results in one cooperative transition centered at 49°C for Helices I and
IT and the U6 ISL (Figure 3-7B). All three constructs have the same hyperchromicity (Figure

3-7A), indicating that the extent of base-pairing is unchanged by truncation of Helix III.
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Figure 3-4. Secondary structure of a 111 nt U2/U6 RNA as determined by NMR.
1D 'H spectrum and 2D 'H-'H NOESY of the U2/U6 complex in 20 mM potassium phosphate,
pH 7.0. Assignments and connecting lines are color-coded according to secondary structure as
in Figure 3-1. The NOE peak between U2-U12 and U2-G13 is only visible at a lower contour
level and is therefore indicated with a dashed circle. Base-pairs confirmed by 'H-'H 2D NOESY
are indicated in Figure 3-1 by black lines or circles, while base-pairs inferred by chemical shift

agreement are indicated with gray lines.
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Figure 3-5. 'H and N imino chemical shift assignments for U2/U6.
A. "H-N TROSY-HSQC experiment in 10 mM potassium phosphate, pH 7.0. Labels are color
coded according to secondary structure as follows: Helix I (green), Helix II (purple), Helix III
(orange), U6 ISL (blue) and linker sequences (black). B. Agreement between chemical shifts for
the U6 ISL (blue) [61] and the 111 nt U2/U6 RNA (dark gray). Labels are connected to both
peaks for each residue by black lines, except for G62 (*) which is not present in U2/U6. All
chemical shifts are identical with the exception U70 which is adjacent to the pentaloop and is

highly sensitive to salt conditions.
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Figure 3-6. Secondary structure bimolecular U2/U6 construct.
A. Secondary structure of the bimolecular U2/U6 construct as determined by NMR. Color
coding is according to structure as in Figure 3-1. B. 'H 1D and 'H-'H 2D NOESY of the
bimolecular U2/U6 RNA. Lines and resonance assignments are color-coded according to

secondary structure as in A.
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Figure 3-7. Hyperchromicity and thermodynamic stability of the U2/U6 complex.

A. Hyperchromicity of various RNA constructs composed of sequences from the S. cerevisiae
U2/U6 complex. B. First derivative plots of the hyperchromicity data in (A). C. Length of Helix I
and Helix III in each of the U2/U6 RNAs. All of the U6 ISL and Helix II are also present in these

constructs (not shown). RNA sequence is color coded as in Figure 3-1.
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3.4.3 Modeling the structure of the U2/U6 snRNA complex in solution

We used a unique methodology that incorporates data from SAXS and NMR to solve the
all-atom structure of the U2/U6 complex (Figure 3-8). All-atom structural models of U2/U6 were
generated using MC-Sym [162] based on the secondary structure determined by NMR. 2500
models were filtered based on goodness of fit (x> agreement) between the predicted small angle
X-ray scattering amplitudes for each model and the experimental data (Figure 3-9A). The 25% of
structures with the best x2 values (less than 2.57) were then tested for agreement with 'H->N
RDC measurements. Only those models with a Q factor [228] of less than 0.35 were accepted
(Table 3-2), resulting in 10 structural models that fit well to both SAXS and NMR data (Figure

3-9A and B).

The 10 selected models were then subjected to normal mode analysis (NMA) as
previously described [139] to ensure that conformational space has been adequately sampled
and that the models were not trapped in a local energetic minimum. Comparison of the
predicted scattering curves of the states obtained from NMA with experimental SAXS data
resulted in re-selection of the original states, leading to the conclusion that the originally
selected models reflect the true ground state conformation of U2/U6 (data not shown). Finally,
the 10 structural models were refined simultaneously against SAXS and RDC measurements
using restrained molecular dynamics and energy minimization in XPLOR-NIH as previously

described [141].

The final structures display excellent agreement between the predicted scattering
profiles of the models and the experimental data (Figure 3-9C), with a goodness of fit 3 2 value
of less than 0.94 (Table 3-2). Additionally, there is excellent agreement between the predicted

and observed RDC measurements (Figure 3-9D) with Q factor values of 0.12 or less (Table 3-2).
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The 10 lowest energy structures have a global backbone RMSD of 2.1 A (Table 3-3). All
individual A-form regions have RMSD values of 0.9-1.7 A, while single stranded regions have

higher RMSD values of 2.5-3.0 A (Table 3-3).

The conformation of the refined structural models of U2/U6 is entirely consistent with
the ab initio model generated from SAXS data alone (Figure 3-10A), and our independent SAXS
analysis of the extended constructs corroborates the positioning of the helices around the three-
helix junction (Figure 3-3). The U6 ISL, Helix I and Helix III form a continuous stack (Figure
3-10B) resulting in a large distance between the pentaloop of the U6 ISL and 5 end of Helix III
(~65 A) that is consistent with single-molecule FRET studies of the U2/U6 complex [219]. The
unpaired uracil residues in the junction region are close enough to form transient interactions
such as U-U wobble pairs, which would be consistent with the peaks observed in the 2D 'H->N
TROSY-HSQC (Figure 3-5A) and the ~20 A width of the SAXS envelope in this region.
However, the uracil residues in the linker were left unrestrained in the structural models and

therefore appear disordered in the structure.
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Figure 3-8. Schematic for structural determination of large RNA molecules.
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Figure 3-9. Refinement of structural models against SAXS and RDC measurements.
A. The 10 best models of 2500 generated by MC-Sym were selected based on agreement with
SAXS and RDC measurements. Predicted (solid lines) and experimental (black circles)
scattering profiles of the unrefined models diverge at q > 0.25 A, B. Experimentally measured
RDC measurements and calculated RDC values for the unrefined models agree with Q factors
of less than 0.35. C. The 10 selected models were further refined against SAXS data, base-pairing
restraints and RDC measurements by simulated annealing in XPLOR-NIH, significantly
improving the fit to the SAXS data at > 0.25 A-l. D. Refinement improves the RDC Q factor to

less than 0.15 for all models.
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Table 3-2. Filtering and refinement statistics of structural models of U2/U6.

Model RDCQ RDCR? SAXSy2 (i]?iie% (Ii?;g) (Sr/:fi(:ef)
1 0.32 0.79 2.0 0.07 0.99 0.87
2 0.31 0.88 1.8 0.07 0.99 0.85
g 0.24 0.93 17 0.07 0.99 0.86
4 0.29 0.67 22 0.08 0.99 0.94
5 0.31 0.92 0.8 0.09 0.99 0.93
6 0.26 0.84 2.0 0.08 0.99 0.89
7 0.24 0.77 1.6 0.08 0.99 0.91
8 0.29 0.85 2.0 0.07 0.99 0.86
9 0.31 0.87 1.1 0.12 0.99 0.63
10 0.25 0.88 15 0.09 0.99 0.65
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Figure 3-10. The U2/U6 complex assumes an extended conformation in solution.
A. The ten lowest energy refined structural models have an overall backbone RMSD of 1.9 A.
Structural features are color-coded as in Figure 3-1. The models agree well with the ab initio
structure of U2/U6 (pale blue). B. Lowest energy refined structural model of U2/U6. C. The U-
rich loop of the three-helix junction tucks underneath the base of the U6 ISL, resulting in a
zigzag shape between Helices II and III. D. The phosphates of the U880 metal binding site and
residues U6-G52 and U2-A24 are shown as space-filling. The AGC triad (U6 residues 59-61)
and residues in the 5 splice site (U6-47 to 51) and branchpoint (U2-33 to 38) recognition

sequences are labeled.
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Table 3-3. Structural statistics for U2/Ue.
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Restraints
Distances!
Dihedral angles (DIH)!
P-P distances?
Hydrogen bonded base-pairs?
RDC
Molecular envelope size*
Deviations from idealized covalent geometry
Bond, A
Angle (°)
Improper (°)
RMSD to restraints
DIH (°)
NOE (A)
RDC (Hz)
Energies
Total
DIH
NOE
RDC
SAXS®
Backbone RMSD relative to mean structure
(A)
Global
Helix I (residues 14-21, 87-96)
Helix II (residues 52-62, 69-79)
Helix III (residues 1-8, 103-111)
U6 ISL (residues 22-45)
U loops (residues 46-51, 80-86)
Helix I-III loop (residues 9-13, 97-102)
UUCG tetraloop (residues 64-67)

818
644
39
35
18
10

0.006 = 0.0005
0.97 +0.02
0.75+0.03

3.6+0.1
0.033 £ 0.002
2.0+0.1

-21+£02X103
510 +40

610+ 70
70+10
7010

2.1
0.9
1.2
1.7
1.3
3.0
25
1.1

'Restraints maintain A-form geometry in base-paired regions.
2Uniform P-P distances in single stranded regions.

SSecondary structure established by NMR.

‘Dimensional measurements of the SAXS envelope.
55AXS data was sampled equally to obtain 34 data points up to

0.33 A1 to minimize computation time.



102

3.5 Discussion

Analysis of the structure of U2/U6 by NMR presented unique challenges due to its
relatively large size (36 KDa) and extended shape. Therefore, we utilized a combined approach
that integrates the complementary biophysical techniques of SAXS and NMR along with state of
the art molecular modeling tools (MC-Sym [162]) to generate structural models. Additionally,
refinement of all-atom models against both SAXS and RDC measurements resolves

degeneracies inherent in both techniques, as previously demonstrated [140, 229].

3.5.1 Energetically similar U2/U6 structures

Here we report the experimentally determined secondary structure of the U2/U6
complex (Figure 3-4 and Figure 3-5A). U2/U6 is predicted to have multiple energetically similar
alternative folds [100]. Previously, we observed an alternate secondary structure involving a
four-helix junction for truncated versions of the U2/U6 sequence [96]. This secondary structure
is similar to the human U2/U6 conformation, which is typically depicted as a four-helix junction
[25]. In larger constructs we observe a three-helix junction, which is consistent with extensive
genetic studies [23, 97, 98]. Previously studied U2/U6 constructs were truncated in either Helix
I, Helix IT or both [96], whereas the 111 nt construct studied here contains the full-length helices.
We hypothesize that destabilization of the flanking helices promotes formation of the
competing U2 Stem I structure observed in the four-helix junction [96]. Thus, the stability of
Helices I and II is likely an important factor for formation of the three-helix junction

conformation.

We also observe formation of Helix III for the first time in the S. cerevisiae sequence.

Based on crosslinking results, Helix III has been proposed to form in the human spliceosome
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[25]. We do not observe the formation of any stable base-pairs in the loop between Helix I and
Helix III. Because such base-pairing interactions would preclude pairing with the pre-mRNA
substrate, maintaining a dynamic or open structure in this region may be important for

function.

3.5.2 Coaxial stacking stabilizes minimal interactions

The three-helix junction secondary structure of U2/U6 forms the basis for the overall “Y”
shape of the RNA. Three-way junctions have been found to assume a well-defined
configuration of helices based on the length of linker sequences within the junction [167]. This
configuration defines the three-dimensional topology of the RNA and can either facilitate or
prevent long-range tertiary contacts. In U2/U6, the covalent connection between Helix Ib and
the U6 ISL results in a continuous stack, which manifests as a long axis composed of Helices I
and III and the ISL. Helix I exhibits a linear, coaxially stacked conformation due to extrusion of
a 2 nt bulge between Helix Ia and Ib (see Chapter 4 for more detail). Based on a nearest-
neighbor rules [230], formation of isolated Helix Ib is not energetically favorable (AG¥ ~ 0.1
kcal/mol in 1 M NaCl). Therefore, the stacking interactions we observe in U2/U6 may be
important for stabilizing Helix Ib in the context of the active spliceosome. The coaxial stacking
interaction between Helix Ib and the U6 ISL also determines the relative twist of the helices that
positions the U80 metal binding site on the same face as other essential elements in U6 (Figure

3-10D).

The conformation of the U2/U6 complex is consistent with the previously determined
structures of the isolated U6 ISL [59, 61] and Helix I (PDB ID 2LK3, Chapter 4). Additionally,
the bulge region of Helix I is known to crosslink to the 5 splice site recognition sequence (U6-

Gb52) in both the S. cerevisiae [216] and human sequences [217]. U6-G52 has also been observed
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to have a genetic interaction with the Helix I bulge in S. cerevisiae [218]. This observation led to
the proposal that U6-G52 forms a mismatch pair with U2-A25 [218]. We find that backbone
phosphates of these residues are approximately 16 A apart in the structural models of U2/U6
(Figure 3-10D), although the bases are not oriented toward one another in our model.
However, modeling exercises suggest that flipping these bases out of their respective helices
would allow them to come within van der Waals contact distance of each other (data not

shown).

3.56.3 An RNA scaffold for extensive interactions within the spliceosome

U2/U6 has been frequently compared to the group II intron based on mechanistic and
structural similarities [205]; however, formation of the group II intron active site is dependent
on an extensive network of stabilizing RNA tertiary interactions including kissing loops and
tetraloop-receptor interactions [212]. The vast size difference between the conserved portions of
the U2/U6 complex and even the smallest group II introns implies that other components are
responsible for these stabilizing interactions in the spliceosome. Protein splicing factors likely
play a large role in buttressing RNA interactions in the active site of the spliceosome. While we
observe stacking between Helix Ib and the U6 ISL similar to the structure of domain V of the
group II intron, we do not observe formation of analogous base-triple interactions that
constitute the group II intron active site. Nevertheless, it is interesting that highly conserved
motifs in U6 snRNA, including the AGC triad, the 5 splice site recognition sequence and the
U80 metal binding site align to one face of the U2/U6 complex. In the mammalian spliceosome,
the nucleotide equivalent to U80 approaches the 5 splice site at least some of the time [215], as
indicated by hydroxyl radical experiments which can diffuse over distances of up to 24 A [231].

Additionally, in a construct containing sequences from the yeast U2/U6 complex, smFRET
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studies demonstrate that the U6 ISL approaches Helix III at concentrations of MgClz of 10 mM
or greater [219]. However, we observe that U80 is distal to the 5 splice site recognition
sequence, and detect no large-scale conformational change by SAXS in the presence of 10 mM
MgClo. The discrepancy between these studies may be related to differences in the RNA
sequences investigated. In the spliceosome, the U6 ISL and Helix III regions may come into
closer proximity upon activation, which occurs in the presence of the pre-mRNA substrate and
also a multitude of protein splicing factors [3]. This is consistent with the observation that the
mammalian sequence of U2/U6 has a very low level of catalytic activity in the absence of

protein [104, 105, 207-209].

The hypothesis that protein and substrate are required for a catalytically active
conformation is also consistent with the kinetic proofreading model of spliceosome activation
[232]. During this process a number of DExD/H box helicases are necessary for rearrangement
of interactions between the substrate and mRNAs. A large number of regulatory steps must
occur before spliceosome activation is possible, during which pauses allow for non-ideal pre-
mRNA substrates to be discarded [232]. A ground state “inactive” conformation of U2/U6
during the final stages of activation may allow for such a pause before the first step of splicing
and then again before the second step as the 3’ splice site is positioned [233]. The extended

conformation we observe may represent such a ground state structure.

Alternatively, the face containing the essential elements of U6 could represent a protein
binding scaffold. The U5 snRNP protein Prp8 has been observed to crosslink to both the pre-
mRNA substrate and the U6 snRNA at the 5" splice site [107, 234]. The 5" splice site consensus
sequence and the 5 splice site recognition sequence of U6 form an unstable complex [209]. A

protein factor such as Prp8 may assist stabilization of the pre-mRNA/U6 complex during the
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tirst step of splicing. In this case, the large cleft between the U6 ISL and the pre-mRNA binding
site could accommodate both the substrate and a protein factor. The minimal U2/U6 complex
presented here constitutes only 1-2% of the molecular weight of the spliceosomal C complex.
However, due to the extended shape of U2/U6, the length of the complex is larger than may
have otherwise been expected. Strikingly, the length of U2/U6 (117 A) is approximately 40% the
width of the salt stable core of the yeast C complex (Figure 3-11) [129]. This remarkable
similarity in scale may implicate U2/U6 as a platform for protein and RNA interactions within

the spliceosome.

Here we have investigated the ground state structure of the U2/U6 complex. We
developed a method for analysis of this relatively large molecule in solution using sparse NMR
data and SAXS. Determination of the free U2/U6 structure provides the relative configuration
of essential RNA components in the absence of proteins and may provide insight into the
structural and functional role of other essential splicing factors necessary for formation of the

spliceosomal active site.
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Figure 3-11. The U2/U6 complex within the active spliceosome.

The U2/U6 snRNA complex (blue) spans ~40% the width of the salt stable core of the C complex

(gray mesh) [129] despite constituting only 1-2% of the total mass of the activated spliceosome.

Human C Complex
(Salt stable core)

U2/U6 snRNA
complex

17 A
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Chapter 4: NMR analysis of U2/U6 Helix I

U6

U2
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4.1 Introduction

U2 and U6 snRNA molecules form an essential conserved interaction in all eukaryotes
[23, 25, 68]. Central to this interaction is Helix I, which is composed of two short helices, Ia and
Ib, that are separated by a two nucleotide bulge. While Helix Ia is essential in yeast and
humans, the existence of Helix Ib is somewhat controversial due to the presence of competing
intramolecular structures in both U2 and U6. Several roles have been proposed for Helix I in
splicing, including 5" and 3’ splice site and branchpoint selection, metal ion coordination and

catalysis.

The sequence and base-pairing potential of Helix I is highly conserved across phylogeny
(Table 4-1). Helix Ia contains five Watson-Crick pairs in S. cerevisiae, but only three Watson-
Crick pairs and one G-U wobble pair in most other organisms (Table 4-1). Disruption of the
base-pairs in Helix Ia closest to the Helix I bulge (Table 4-1, blue) is lethal in yeast [23] and
required for efficient splicing of a reporter construct in by human cell extract utilizing mutated
U2 and U6 RNAs [25]. Furthermore, restoration of pairing rescues this phenotype in both
systems. The size of the 2 nt bulge that separates Helix Ia and Ib is conserved in nearly all
organisms (Table 4-1). In contrast, the identity of the nucleotides is highly conserved in
metazoans (5'-AA-3’) but less so in single celled eukaryotes, varying from UA in S. cerevisiae to

AU in T. gondii to AA in C. neoformans (Table 4-1).



111

Table 4-1. Conservation of U6 and U2 sequences contributing to Helix I.

Species Helix I: U6

Helix I: U2

Cryptosporidium muris 57-AGAUU--AGC-3”
37 -ACUAGUAUCG-5~
Toxoplasma gondii 57 -AGAUU--AGC-3~
37 -ACUAGUAUCG-5~
Saccharomyces cerevisiae 57 -UGAUC--AGC-3~
37 -ACUAGAUUCG-5~
Candida albicans 57-AAAUU--AGC-3”
37 -CCUAGAUUCG-5~
Cryptococcus neoformans 57 -AGAUU--AGC-3~
37 -ACUAGAAUCG-5~
Caenorhabditis elegans 57-AGAUU--AGC-3~
37 -ACUAGAAUCG-5~
Arabidopsis thaliana 57 -AGAUU--AGC-3~
37 -ACUAGAAUCG-5~
Drosophila melanogaster 57-AGAUU--AGC-3”~
37 -ACUAGAAUCG-5~
Mus musculus 57-AGAUU--AGC-3~
37 -ACUAGAAUCG-5~
Homo sapiens 57 -AGAUU--AGC-3~
37 -ACUAGAAUCG-5~
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The functional requirement for Helix Ib is less clear and has mainly been studied in
yeast [25]. Mutations in the invariant AGC triad in U6 result in either lethality or temperature
sensitivity [23, 63] and the compensatory U2 substitutions restore growth. However,
introduction of the same U2 mutations in a wild-type U6 background has no effect on growth,
except in the case of U2-G21C. This result suggests that the identity of the residues in this region
is more important than maintenance of base-pairing. Other substitutions at position U2-U23
(Figure 3-1) do result in a quantitative splicing defect, as measured by in vitro splicing assays,
despite not altering growth [23]. Additionally, yeast become more sensitive to branchpoint or 3’
splice site substitutions when U2 residues 21-23 are mutated, and this phenotype is rescued by

compensatory mutations in U6 [97, 98].

Helix Ib is likely replaced in the human U2/U6 structure by a competing intramolecular
U2 structure, U2 stem I (Figure 1-7) [25]. Base-pairing potential in U2 Stem I is conserved across
phylogeny [99]. Furthermore mutations in U2 residues involved in both U2 Stem I and Helix Ib
are suppressed by restoration of the corresponding base-pairs in U2 Stem I, but not Helix Ib in
human cells [25]. U2 stem I constitutes one part of the so-called four-helix junction
conformation of U2/U6, which has been detected by NMR studies [96]. Energy minimization
[100] and single molecule FRET analysis of the yeast U2/U6 sequence [219] suggests that these
two conformations are close in free energy, indicating that U2/U6 may switch dynamically
between them. However, the functional conformation of yeast U2/U6 in vivo remains

controversial.

Helix I has been implicated in both regulatory and catalytic roles during splicing
including: 5" splice site, branchpoint and 3’ splice site selection and Mg?" coordination during

catalysis. Helix I is adjacent to the region of U6 that recognizes the 5" splice site [201, 235] and
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the region of U2 that recognizes the branchpoint [12], and is therefore involved in substrate
positioning before the first step of splicing [23]. Some substitutions of U2 residues within Helix I
suppress splicing defects caused by mutation of U6-G52 [218], which directly interacts with the
5" splice site. This genetic interaction suggests that the Helix I bulge may interact with the 5’
splice site during catalysis, which has been further confirmed by crosslinking [216] and
structural studies [95]. In contrast, any substitution of U2-U23 is synthetic lethal with a
substitution in the 5" splice site recognition sequence [236]. U2-U23C results in hyper-accurate 5
splice site selection and restoration of the corresponding base-pair in Helix Ib restores 5’ splice
site selection [236]. Therefore the Helix I structure, rather than the identity of the isolated

residues within, may be necessary for the first step of splicing [236].

Branchpoint and 3’ splice site choice may also be influenced by Helix I. Mutation of U6-
U57 allows splicing of an mRNA containing a branchpoint substitution (G, C or U) [63].
Mutation of U6-U57 increases the use of a cryptic 3" splice site in a pre-mRNA containing a
shortened branchpoint-3” splice site spacing and a 3’ splice site mutation [237], leading to the
hypothesis that Helix Ia may play a role in selecting and positioning the 3’ splice site. This role
is further supported by the observation that Helix Ia has strong genetic interactions with Prp16,
the DExD/H box helicase responsible for rearrangement between the two steps of splicing [114].
Disruption of two base-pairs in Helix Ia by substitutions in the U6 strand suppresses a cold
sensitive PRP16 allele [114]. However, this effect appears to be sequence specific as the

compensatory mutations in U2 do not inhibit growth [114].

Finally, U2/U6 Helix I is thought to play a direct role in splicing catalysis. The invariant
AGC triad has been implicated in splicing catalysis based on its homology to the catalytic core

of the group II self-splicing intron (see Section 1.7.2) [205, 206]. The (A/C)GC triad in the group
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IT intron forms a scaffold for coordination of two Mg? ions [103, 212] that are thought to
stabilize SN2 transition states during each step of splicing [103]. Residual in vitro splicing
activity of the human U2/U6 sequence is dependent on Mg?* coordination at U6-A59 [104, 105].
While metal ion coordination by the U6 ISL is well characterized (see Section 1.2.2) [59, 62],

direct evidence for metal binding by U2/U6 Helix I in vivo remains elusive.

To gain a better understanding of the role of this essential spliceosomal component, we
solved the solution structure of the yeast sequence of Helix I and performed preliminary
analyses of its metal binding properties. The structure reveals a linear conformation of Helix Ia
and Ib in which the bulge is extruded into the minor groove. Mg?" causes chemical shift
perturbation in the imino 'H resonances of residues immediately adjacent to the Helix I bulge,
but not aromatic 'H resonances. This result suggests a potential conformational rearrangement
near the bulge in the presence of Mg? coordination site observed in the group II intron and the

human U2/U6 sequence.
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4.2 Materials and Methods

4.2.1 NMR sample preparation

The 24 nt Helix I RNA contains the Helix Ia and Helix Ib sequences from S. cerevisiae
connected by a GAAA or GUGA tetraloop and stabilized by an additional GC pair on Helix Ib
as follows: 5’-GGC UUA GAU CAG AAA UGA UCA GCC-3’ or 5-GGC UUA GAU CAG UGA
UGA UCA GCC-3. RNA was transcribed in vitro from DNA oligonucleotides (Integrated DNA
Technologies), containing a 21 nt promoter and the template sequence for the RNA, using
purified Hise-tagged T7 RNA polymerase. *C-*N labeled samples were prepared using *C->N

labeled nucleotides (Cambridge Isotope Laboratories).

RNA samples were purified using denaturing 12% PAGE with 8 M urea. Impurities
were removed by DEAE anion-exchange (Biorad) using a low salt buffer (20 mM Tris-HCI, pH
7.6, 200 mM sodium chloride) to wash and a high salt buffer (20 mM Tris-HCl, pH 7.6, 1.5 M
sodium chloride) to elute the RNA. Samples were then ethanol precipitated and resuspended in
miliQ deionized H20, then desalted by size exclusion and lyophilized until dry. The resulting
samples were resuspended in miliQ deionized H20 and the pH was adjusted to 7.0 using the
RNA as a buffer. Samples were also lyophilized and resuspended in 99.9% D:O for detection of

ribose 'H resonances.

Imino 'H resonances were assigned using 'H-'"H 2D NOESY with a mixing time of 150
ms and 'H-N 2D HMQC and HNN-COSY experiments in 90% H:0, 10% D20 at 10°C (BMRB
entry 17972). Aromatic and ribose 'H resonances were determined using 'H-'"H 2D NOESY,
HCCH 3D total correlation spectroscopy (TOCSY) and 'H-13C 2D HSQC in 99.9% D20 at 25°C

(BMRB entry 17972). Chemical shift changes as a function of Mg? concentration were
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determined by titrating small volumes of 500 mM or 1 M MgClz (1-2% sample volume) into the

RNA (GUGA construct) and acquiring 'H 1D or '"H-'H 2D TOCSY spectra at each concentration.

Residual dipolar coupling measurements were conducted in 10 mM potassium
phosphate, pH 7.0 with and without 20 mg/ml Pfl filamentous bacteriophage (ASLA). Pfl
phage concentration was confirmed by measuring ?H splitting at 750 MHz. Aromatic and ribose
'H RDC measurements were obtained using a 'H-*C constant time J-coupled HSQC and imino

'H resonances by 'H-">N HMQC. RDC measurements were in the range of -18.8 to 20.6 Hz.

4.2.2 Structure determination of Helix I

The RNA sample was prepared in the same manner as the 111 nt U2/U6 RNA (Chapter
3) [95]. The structure of Helix I (GAAA) was solved by NMR in low ionic strength at pH 7.0.
NOE measurements were obtained from 'H-'H 2D NOESY spectra with a mixing time of 150 ms
(exchangeable protons) and 350 ms (non-exchangeable protons). NOE cross-peaks were semi-
quantitatively binned to three categories based on peak intensity: strong (1.8-3.0 A), medium
(2.0-4.5 A) and weak (3.0-5.5A). Torsion angle restraints for A-form helical regions were set to
standard values (x 15°). C2’-endo sugar pucker was detected by 'H-'H TOCSY. Sugar pucker
conformations for residues with weak H1’-H2" couplings were left unrestricted. Initial
structures were calculated using CNS 1.1 [238] as described [102]. The 10 lowest-energy out of

50 structures were refined using XPLOR-NIH [239] using 42 RDC restraints.
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4.3 Results

4.3.1 NMR analysis of the secondary structure and sugar conformation of U2/U6 Helix I

In order to better understand the role of Helix I splicing, we solved the solution
structure of a 24 nt RNA containing Helix I from the yeast U2/U6 snRNA complex. A GAAA
tetraloop was added to Helix Ia to ensure 1:1 stoichiometry of the U2 and U6 strands. The
secondary structure of Helix I was determined by '"H-'H 2D NOESY and HNN-COSY (Figure 4-
1), which directly detects canonical base-pairs via transfer of magnetization across the imino 'H
to N hydrogen bond. We observe formation of all five base-pairs in Helix Ia and all three base-
pairs in Helix Ib. The chemical shifts of the imino 'H and correlated *N atoms are consistent
with canonical Watson-Crick pairs, as anticipated (Figure 4-1). The '"H chemical shifts of U6-G60
and U2-G21 are very similar and have a higher chemical shift than typical GC pairs (Figure 4-1),
potentially due to the short length of Helix Ib. The imino 'H of U2-U23 is not observable,
presumably due to increased solvent accessibility near the 2 nt bulge; however, distance
measurements between the aromatic and ribose protons of U2-U23 and U6-A59 are consistent

with an A-form helical conformation, implying the presence of a base-pair at this position.

'H-'"H NOESY distance measurements indicate that Helix Ia and Helix Ib have an A-
form helical conformation. Consistent with this, we observe no H1’-H2’ correlation via 'H-'H
TOCSY for most of these residues (Figure 4-2). However, the bulge nucleotides and the first two
nucleotides of U2 in Helix Ia (U2 24-27) sample C2-endo sugar pucker (Figure 4-2). The
strongest H1’-H2’ correlations belong to U2-24U and 25A, suggesting that the sugar moiety is

conformationally dynamic. Interestingly, the opposing nucleotides on the U6 strand of Helix Ia
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still maintain C3’-endo conformation, but U6-A59 samples a C2’-endo conformation (Figure

4-).
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Figure 4-1. Base-pairing in Helix I as determined by HNN-COSY.
Dark blue cross-peaks indicate direct correlations and light blue cross-peaks indicate cross
hydrogen bond correlations. Typical chemical shift ranges for different atom types are indicated

with black bars on the right hand side of the spectrum.
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Figure 4-2. The bulge nucleotides sample C3’-endo sugar pucker.
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'H-"H 2D TOCSY spectrum of Helix I RNA. Intense H1’ to H2" cross-peaks indicate the sugar

pucker is conformationally averaged between H2” endo and H3’ endo.
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4.3.2 Solution structure of Helix I

The structure of the 24 nt Helix I construct was determined by NMR using 243 NOE
distance restraints and 42 residual dipolar coupling (RDC) restraints by simulated annealing in
XPLOR-NIH [239] (Figure 4-3A). Helix I has a linear conformation in which Helix Ia and Ib are
continuous (Figure 4-3A) and exclude the two nucleotide bulge into the minor groove of the
Helix Ib (Figure 4-3B). This conformation places the bulge residues in close proximity to the
AGC triad. The linear structure of Helix I is consistent with its conformation in the context of

the 111 nt U2/U6 RNA and the two have an RMSD of 2.1 A (Figure 4-3C, Chapter 3) [95].

While the sequence of the Helix I bulge varies between yeast and mammalian U2
snRNA molecules, the length of the bulge is conserved. These nucleotides are predicted to
remain unpaired even in the absence of Helix Ib formation [25, 96]. U2-U24 has a genetic
interaction with and crosslinks to U6-G52 [216-218] in the 5’ splice site recognition region of U6.
Extrusion of the first bulge nucleotide from the helix may help facilitate this interaction by

forming a functionally important long-range contact.

Additionally, we find that U2-A25 is planar with the last pair in Helix Ib (U6-A59 to U2-
U23) (Figure 4-3B). We do not directly detect hydrogen bonding between U2-A25 and U6-A59
by NMR and have therefore included no restraints for such an interaction during simulated
annealing. Despite this, we observe that the distance between the amino H6 of U2-A25 and the
N3 of U6-A59 is only ~1 A longer than the appropriate distance for a hydrogen bond (Figure

4-3B), providing the potential for formation of a base-triple at this position.



Table 4-2. Structural statistics for U2/U6 Helix 1.

NMR derived restraints

Intraresidue
Sequential

Non-sequential
Hydrogen bonds

Total distance restraints
Torsion angle restraints

Sugar pucker

Average restraints per refined residue
Number of structures
Distance violations > 0.5 A
Average distance violation (A)
Deviations from idealized covalent geometry

Bond, A
Angle (°)
Improper (°)

RMSD to experimental data

DIH (°)
NOE (A)
Energies
Total
DIH
NOE
RDC Q Factor
RDC R?

RDC RMSD (Hz)

93
131
30
46
300
141
18
18.4
10

2
0.503

0.0023 = 0.0006
0.72+ 0.01
0.308 + 0.004

1.6+09
0.058 + 0.004

-4100 + 30
80+5

46 +2

0.27 £0.01
0.974 +0.001
2.04 +0.04

RMSD relative to mean structure (A) over all heavy atoms

Global

Helix Ib (residues 1-4, 21-24)
Helix Ia (residues 7-11, 16-20)
Internal bulge (residues 5-6)
Tetraloop (residues 12-15)

0.6
0.2
0.2
0.7
0.3
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Figure 4-3. Linear conformation of U2/U6 Helix I.
A. Secondary and solution structure (PDB ID 2LK3) of the 24 nt Helix I RNA as determined by
NMR. Base-pairing as determined by NMR is indicated with black lines. Base-pairs in which the
imino 'H is not detectable but other distance measurements are consistent with base-pair
formation are shown with light gray lines. Non-native residues are shown in gray, residues in
Helix Ia or Ib are shown in light green and the bulge nucleotides are shown in dark green. B.
The planar orientation of U2-A25 with the last base-pair in Helix Ib (U6-A59 to U2-U23).
Hydrogen bonds are indicated with black dashed lines. The potential hydrogen bond between
U2-A25 and U6-A59 is indicated with a gray dashed line. C. Agreement of the isolated Helix I
structure (green) with the overall conformation of U2/U6 (gray or black in Helix I region) as
shown in the 111 nt RNA described in Chapter 3 (PDB ID 2LKR). The respective lengths of the

U6 ISL and Helix I are labeled.
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4.3.3 Metal binding properties of Helix 1

U6 coordinates Mg?* at the U6 ISL [62] and potentially the AGC triad [104]. Both of these
sites are thought to be important for splicing activity [62, 105]. The U6 ISL is able to coordinate
Mg?" independently of the rest of the U2/U6 structure [59]. The AGC triad coordinates Mg? in
the context of the human U2/U6 complex in vitro [104], but it remains unclear whether Helix I is
capable of supporting metal binding in isolation from the rest of the complex. While the ISL and
Helix I locations are distal from each other in the ground state U2/U6 structure [95] (Chapter 3),
they may transiently sample a more proximal conformation [215, 219] thereby cooperatively

contributing to metal ion coordination.

To test the Mg?* binding properties of Helix I, we titrated MgClz into the 24 nt Helix I
RNA and examined the perturbation of imino 'H chemical shift by 'H 1D NMR (Figure 4-4A).
This method is somewhat limited as the only detectable protons are those participating in
Watson-Crick pairs, excluding the bulge nucleotides. The largest perturbations in chemical shift
are observed for U2-26G H1 and a resonance that likely belongs to U2-23U H3 but cannot be
verified by this method due to chemical shift overlap. These protons participate in the two base-
pairs that are adjacent to the Helix I bulge, suggesting that the bulge region interacts with Mg?"

or undergoes a conformational change in the presence of Mg?*.

To further confirm this result, the chemical shift perturbation of pyrimidine H5 and H6
resonances was measured as a function of MgClzconcentration (Figure 4-4B). Interestingly, the
chemical environment of the H5 and H6 positions of the bulge nucleotides appears to be
unaffected by the presence of Mg?* (Figure 4-4B and C). This finding contradicts the chemical
shift perturbation of imino 'H resonances adjacent to the bulge and may indicate that Mg

causes a slight shift in the conformation of the bulge. No significant attenuation of signal or
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additional peaks are observed for any of the 'H resonances around Helix I, suggesting that any

induced changes in conformation are stable.
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Figure 4-4. Mg?* dependence of Helix L.
A.™H 1D spectra are shown in order of increasing MgCl: concentration. Resonance assignments
are labeled as assigned by 'H-'H 2D NOESY. B. 'H-'H TOCSY analysis of chemical shift
perturbation of pyrimidine H5 and Hé6 resonances as a function of MgCl: concentration in a
slightly modified 24 nt Helix I RNA (a GUGA tetraloop substituted for GAAA). TOCSY H5-H6
correlations were measured in 20 mM potassium phosphate, pH 7.0 at 25°C. N+1C indicates a
non-native cytosine residue added to the 3’ end of the Helix I RNA (Figure 4-3A) and TL refers
to the tetraloop residues. C. Chemical shift perturbation of H5 and H6 resonances as a function
of residue number. Residues in helical regions are labeled in light green, bulge residues in dark

green and non-native residues in dark gray (notation as in B).
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4.4 Discussion

U2/U6 Helix I contains some of the most highly conserved RNA sequences in the
spliceosome and is likely to be at the heart of splice site selection and catalysis. Helix Ia and Ib
form a continuous stack, resulting in a roughly linear structure. This stacking interaction may
help stabilize Helix Ib, which otherwise contains only the minimum number of base-pairs to be
thermodynamically advantageous [230]. Helix I is further stabilized by coaxial stacking with the
U6 ISL (Chapter 3) [95]. The linearity of Helix I also results in a very compact structure,
potentially reducing the distance between essential sequences in U2/U6. Helix I is only ~30 A in
length, while the stem portion of the U6 ISL, which contains the same number of base-pairs and

only one additional loop nucleotide, is ~37 A long (Figure 4-3C).

The linear conformation of Helix I is achieved through extrusion of the 2 nt bulge
between Helix Ia and Ib on the U2 strand. This presence of this bulge is highly conserved across
all eukaryotes and the identity of the bulge nucleotides appears to be functionally important in
yeast [218] and humans [217]. We observe that the bulge nucleotides are tucked into the minor
groove of Helix Ib, allowing the terminal base-pairs of Helix Ia and Ib to stack. U2-A25 is
effectively planar with the U6-A59/U2-U23 base-pair and has the potential to hydrogen-bond
with U6-A59. However, we observe no evidence for this hydrogen bond by NMR, indicating

that it is transient if present.

The conformation observed here is somewhat reminiscent of Domain V of the group II
intron. The (A/C)GC triad forms a triple helix with the bulge of Domain V and a distal sequence
(junction 2/3) that supports coordination of two Mg?* ions important for structure and catalysis

[212]. The A of the AGC triad binds Mg?* in vitro [104] and the AGC triad as a whole has been
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implicated as part of the spliceosomal active site [24]. These observations are consistent with
our finding that Mg? has some impact on the Helix I bulge. Further studies will be necessary to
confirm these metal binding properties and investigate the effect of Mg?" coordination on the
structure of Helix I. Together with the structure of the entire U2/U6 complex, this study
provides additional details about the spliceosomal active site and the role of essential elements

of U6 in catalysis.
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Chapter 5: A novel U2/U6 snRNP enables spliceosome assembly without

stable U4/U6 association

The material presented in this chapter is the result of research performed by the author with

contributions from Prof. David A. Brow and Prof. Samuel E. Butcher.
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5.1 Abstract

Highlights

e Point mutations induce and stabilize a structural “switch” in the U2/U6 complex.
e Stabilization of a three-helix junction in U2/U6 can rescue disruption of U4/U6.
e The viable triple mutant accumulates U2/U6 snRNP at the expense of U4-U6-U5 snRNP.

e Our results imply an alternative pathway for U6 RNA recycling in the splicing cycle.

Summary

Splicing requires association of pre-mRNA and five snRNA-protein complexes (snRNPs)
into a spliceosome. U6 snRNA enters the spliceosome paired to U4 snRNA, but is transferred to
U2 snRNA during spliceosome activation. Here we investigate the RNA conformational
changes that accompany U2/U6 and U4/U6 pairing. Two distal point mutations in U6 induce
large changes in U2/U6 pairing and, in combination, stabilize the wild-type U2/U6 structure.
Furthermore, a strain containing these two U6 substitutions grows normally. The U6 mutations
also rescue the cold-sensitive growth caused by a mutation in U4 that destabilizes U4/U6
pairing. The triple mutant strain exhibits no U4/U6 snRNP, diminished U4-U6-U5 tri-snRNP
and greatly increased amounts of a U2/U6 snRNP. Our results define a structural switch in the
helical junction of U2/U6, identify U2/U6 snRNP as a potential replacement for the U4/U6
snRNP in U6 recycling, and demonstrate that stable U4/U6 pairing is not essential for

spliceosome assembly.
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5.2 Introduction

Pre-mRNA splicing is an essential and highly dynamic process that occurs in all
eukaryotes. It removes introns from pre-mRNA, yielding ligated exons that are further
modified to form mature mRNA. Pre-mRNA splicing is carried out in the nucleus by the
spliceosome, which consists of five small nuclear RNAs (snRNAs) — U1, U2, U4, U5 and U6 -
and a large number of associated proteins. Spliceosome formation involves assembly of the five
snRNAs and their bound proteins (snRNPs) onto the pre-mRNA substrate [3, 18]. At the core of
the assembled spliceosome are conserved interactions between the snRNAs and the intron
(Figure 5-1). During assembly, U6 snRNA base-pairs with U4 snRNA resulting in formation of
the U4/U6 di-snRNP [26, 27, 37]. After assembly, spliceosome activation relies on unwinding the
U4/U6 complex [240, 241] concomitant with pairing of U6 to U2 snRNA [23, 25]. U2/U6 contains
the U6 internal stem-loop (ISL) [23, 25, 58] adjacent to Helix I and Helix III, which juxtapose the
intron binding regions of U2 and U6 [12, 68, 235, 242, 243]. Thus, the U2/U6 structure scaffolds

the first catalytic step of splicing [15].

After the second catalytic step has occurred, the spliceosome is thought to disassemble
into individual snRNPs, which are then recycled for further rounds of splicing [3]. U6 recycling
may occur either through a free U6 intermediate or proceed into the U4/U6 complex through a
U4/U6/U2 intermediate (Figure 5-1). Reuse of U6 requires Prp24, an essential protein splicing
factor [79]. Base-pairing in the U4/U6 complex mostly precludes U2/U6 base-pairing and vice
versa. However, U2/U6 Helix II can exist simultaneously with U4/U6 pairing [68, 88] and
appears to stabilize the human U4/U6 complex [244], so it is possible that U2 remains associated

with U6 during snRNP recycling.
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Several mutations that alter the relative stabilities of the yeast U6 ISL and the U4/U6
helices result in cold sensitive growth. For example, substitution of U4-G14 with either a C or a
U, which disrupts a G-C pair in Stem II (Figure 5-1), is lethal at 22°C or below [245]. A genome-
wide selection for spontaneous suppressors of the cold sensitive growth of U4-G14C/U yielded
four independent mutations in U6 RNA, including U6-A91G, which is downstream of U4/U6
Stems I and II but adjacent to U2/U6 Helix II (Figure 5-1) [245]. Likewise, substitution of U6-A62
with G, which converts an A-C mismatch at the base of the ISL to a stable G-C pair, results in a

cold sensitive growth defect (Fortner et al., 1994).

Here we investigate the structural basis for mutations in U6 snRNA and the mechanism
by which they act as suppressors of cold sensitive phenotypes. We show that mutations
associated with cold sensitivity induce alternate folds of the U2/U6 RNA complex.
Furthermore, by combining two mutations with opposing structural defects, the wild-type
U2/U6 secondary structure and normal growth are restored. A U6 mutation (A91G)
simultaneously stabilizes the U2/U6 complex and destabilizes a U6 structure that is mutually
exclusive with U4/U6 pairing. Strikingly, U6-A91G rescues lethality resulting from two
mutations that destabilize the U4/U6 complex. The resulting triple mutant strain grows
normally but exhibits a drastic shift in levels of splicecosome assembly intermediates, including
decreased levels of U4/U6 RNA complex and di-snRNP as well as a novel U2/U6 snRNP. The
U2/U6 snRNP is detectable in wild-type, but appears to be stabilized in the triple mutant strain.
Our data provide the first evidence that a U2/U6 snRNP is an intermediate in spliceosome
recycling, and further suggests that stable pairing of U4 and U6 RNAs is not essential for

spliceosome assembly.
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Figure 5-1. U6 participates in multiple structures throughout the splicing cycle.
U4 is shown in yellow, U6 in red, U2 in purple and pre-mRNA in gray. Essential elements of
each RNA structure and the corresponding spliceosomal subcomplexes are labeled. Positions of

mutations used in this study are indicated with black arrows.
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5.3 Materials and Methods

5.3.1 NMR sample preparation

DNA templates for all 83 nucleotide constructs were prepared through phosphorylation
and ligation of complementary, overlapping oligonucleotides (Integrated DNA Technologies)
into pUC19 vector (New England Biolabs). A Bsal restriction site was included at the end of the
template to allow for run-off transcription after digestion with Bsal enzyme (NEB). RNA was
transcribed in vitro using purified Hise-tagged T7 RNA polymerase [156]. Nucleoside
triphosphate concentrations were adjusted stoichiometrically to the RNA sequence with the
lowest concentration at 5 mM. RNA samples were purified using denaturing 6%
polyacrylamide gel electrophoresis with 8 M urea. Impurities were removed by DEAE anion-
exchange chromatography (BioRad), using a low salt buffer (20 mM Tris-HCI, pH 7.6, 200 mM
sodium chloride) to wash the sample and a high salt buffer (20 mM Tris-HCl, pH 7.6, 1.5 M
sodium chloride) to elute the RNA. Each sample was then heated to 90°C and cooled
immediately on ice. Samples were then dialyzed into 2 L of 20 mM sodium acetate, pH 6.0, for
24 hours at 4°C and concentrated for NMR experiments using Millipore Amicon© Ultra

centrifugal filter devices (10 KDa molecular weight cutoff).

5.3.2 NMR spectroscopy
All spectra were obtained on Bruker Avance DMX 700 or 750 MHz spectrometers at the
National Magnetic Resonance Facility at Madison. The spectrometers were equipped with

cryogenic single z-axis gradient HCN probes. Exchangeable resonances were assigned by 'H-'H

2D NOESY with a mixing time of 100 ms and 'H-'>N TROSY-HSQC in 90% H:0, 10% D20 with
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20 mM sodium acetate, pH 6.0 at 10°C. 'H 1D variable temperature NMR was performed in 10

mM potassium phosphate, pH 7.0.

5.3.3 Temperature controlled UV spectrophotometry

UV spectrophotometry was performed using a using a Varian Cary 100-Bio. All 83 nt
RNA molecules were diluted to 0.6-0.8 nM in 10 mM potassium phosphate, pH 7.0, 100 mM
potassium chloride. An identical cell containing the same buffer was used to monitor
temperature. A matched reference cell containing buffer was used to collect background
absorbance. Each sample was heated from 10°C to 95°C quickly (10°C/min) and cooled again
without collecting data. The samples were then heated and cooled slowly (1°C/min) 8 times
while monitoring the absorbance at 258 nm. Individual data sets were compared to check for
RNA degradation and hysteresis and then averaged. Each experiment was conducted in

triplicate.

5.3.4 Strain construction and in vivo growth studies

U6-A91G and U6-A62G/A91G were introduced into the U6 RNA gene (SNR6) in the
plasmid pUC19 (New England Biolabs) using the Quikchange protocol (Stratagene). The gene
was sub-cloned into the pRS314 vector. Sub-cloning was achieved by first amplifying the SNR6
gene by PCR and then digesting the amplicon with EcoRI and BamHI restriction enzymes
(Promega). The digested amplicon was ligated into pRS314 using T4 DNA ligase (Promega).
Preparation of pRS313-U4, pRS313-U4-G14C, pRS314-U6 and pRS314-U6-A62G has been
described previously [58, 246]. The desired U4 and U6 alleles were co-transformed into S.
cerevisiae strain CJMO000 as described previously [247, 248]. Transformants were then streaked
onto SC medium containing 0.75 mg/ml 5-fluoroorotic acid (5-FOA) to select for strains

containing only the newly acquired alleles. Growth phenotypes were tested by spotting 10-fold
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serial dilutions, starting with ODeow = 1.0 of each strain onto solid YEPD medium and incubating

at 16°C, 25°C, 30°C and 37°C.

5.3.5 Whole cell RNA extraction, solution hybridization and Northern analysis

Whole cell RNA extract was prepared from each strain under non-denaturing conditions
as previously described [78]. 30 ml YEPD cultures of each strain were incubated, shaking, at
30°C until reaching an ODew of 0.6-0.8. Enough culture to yield 10 ODsw units were harvested
and then lysed at 4°C using 0.5 mm glass beads in a phenol/chloroform mixture equilibrated to
pH 7.5. RNA was extracted in aqueous buffer containing 200 mM Tris, pH 7.5, 100 mM EDTA
and 500 mM NaCl. Extracted RNA was ethanol precipitated and resuspended in ddH20 for

storage.

DNA oligomers used for solution hybridization and Northern analysis are as follows:
U4-14B: 5'-AGGTATTCCAAAAATTCCC-3’ [78]; U1-SH: 5'-CCGTATGTGTGTGTGACC-3" and
U6-SH: 5-ATTGTTTCAAATTGACCAAAT-3" [249]; U2seq (solution hybridization): 5'-
GTGTATTGTAACAAATTAAAAGG-3; U5B: 5-AAGTTCCAAAAAATATGGCAAGC-3;
SRU2 (Northern analysis): 5-CAGATACTACACTTG-3" [237]. Oligomers were 5-end labeled

with 32P using OptiKinase (USB).

Solution hybridization was performed as previously described [78]. Total RNA from
each strain was hybridized to the desired oligomer in 50 mM Tris, pH 7.5, 1 mM EDTA, 150 mM
NaCl, for 15 minutes at 37°C. Following hybridization, the RNA extracts were analyzed by non-
denaturing 9% PAGE (29:1 acrylamide:bisacrylamide) in 50 mM TBE at 4°C. Gels were dried
under vacuum and exposed to a phosphorimager screen, which was then imaged using a

Typhoon FLA 9000 at 800 V.
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Whole cell RNA extract was also analyzed by Northern analysis. The RNA was
separated by non-denaturing 6% PAGE (29:1 acrylamide:bisacrylamide) in 50 mM TBE at 4°C.
The gel was then soaked in 8.3 M urea, 0.1% SDS, 60 mM Tris, pH 6.8 for 10 min to denature
RNA. RNA was transferred to a Hybond-N membrane at 10 V/cm for 12-16 h at 4°C in 12 mM
Tris, pH 8, 6 mM sodium acetate, 0.3 mM EDTA and then crosslinked to the membrane using a
Stratagene Stratalinker at 1200 m] for 90 seconds. Membranes were prehybridized in 6X SSC,
0.2% SDS, 10X Denhardt’s solution for 1.5-2 h at 65°C and hybridized to 32P-labeled
oligonucleotide (~1X10° cpm/ml) in 6X SSC, 0.2% SDS, 5X Denhardt’s solution for 16-18 h at
25°C. Following hybridization, membranes were washed in 6X SSC, 0.2% SDS twice for 10 min

at 25°C and once for 10 min at 37°C.

5.3.6 Splicing extract preparation, snRNP analysis and spliceosome assembly

Extracts were prepared from wild type or U6-A62G/A91G, U4-G14U strains using an
adaptation of the liquid nitrogen method [250]. 2 L of each strain were grown until ODsw = 2-4
in YEPD. Cells were harvested by centrifugation and washed with AGK buffer (10 mM HEPES,
pH 7.9, 1.5 mM MgClz, 200 mM KCl, 10% glycerol). Cells were resuspended in 0.4 volumes
AGK buffer with 1 mM PMSF and then frozen in droplets in liquid nitrogen. The frozen
droplets were ground to a fine powder 5 x 3 min at 10 Hz in a Retsch MM400 Mixer Mill in 50
ml stainless steel jars with a 2.5 cm stainless steel ball, cooling the jars for 3 min in liquid
nitrogen between cycles. The powder was thawed in a centrifuge tube rapidly at 25°C and
centrifuged at 34,800 x g for 30 min at 4°C in a 70.1 TI rotor. Samples were frozen in 100 pl
aliquots in liquid nitrogen and stored at -80°C. Protein concentration as determined by Bradford
assay using BSA as a standard was determined to be 15-25 mg/ml. snRNP formation was

analyzed as previously described [79].
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Splicing extracts were incubated with or without 1 mM ATP in 2.5 mM MgClz, 3% PEG
8000, 60 mM KPOs pH 7.0, 2 mM spermidine for either 30 min at 30°C or 15 min at 23°C. For
RNase H digestion, extracts were incubated under the 30°C conditions with 20 ng/ul U2seq
oligonucleotide and 1 mM ATP. Deproteinized RNA was isolated from splicing extracts using
phenol/chloroform as described above for whole cell RNA extract. Samples were analyzed as
previously described [79] by non-denaturing 4% PAGE (80:1 acrylamide:bisacrylamide), 50 mM
Tris, 50 mM glycine, 2 mM MgCl2 (10 V/cm, 5 h) at 4°C. RNA was transferred to a Hybond-N
membrane (Amersham) 16-18 h at 25 V (1500 mA) in 0.5 M NaPOs, pH 6.5 at 4°C. RNA was

crosslinked to the membrane, and membranes were probed and imaged as described above.

Spliceosome assembly assays were performed as previously described [240, 248] in 100
mM potassium phosphate, pH 7.3, 3% PEG 8000, 2.5 mM MgCl;, 1 mM DTT and 2 mM ATP,
40% splicing extract and 0.4 nM 5-32P-labeled, capped, RP51a pre-mRNA substrate. Reactions
were stopped at the specified time by adding 1 volume of 60 mM potassium phosphate, pH 7.0,
3 mM MgClz, 3% PEG, 8% glycerol and 0.8 mg/ml heparin (2 pg per ul splicing extract) and
analyzed by 4% non-denaturing PAGE (80:1 acrylamide:bisacrylamide) in 50 mM TBE at 10-30
V/cm. The gel was dried under vacuum and exposed to a phosphorimager screen for 18-24

hours, which was then imaged on a Typhoon FLA 9000 at 800 V.
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5.4 Results

5.4.1 Analysis of the U2/U6 RNA structure

To investigate the effects of mutations on the structure of the U2/U6 complex, we
designed an 83-nucleotide RNA construct that contains yeast U2/U6 intermolecular Helices I
and II and the U6 ISL (Figure 5-2A). The unaltered RNA will be referred to as “wild-type”. The
secondary structure of the wild-type RNA was analyzed by NMR and assigned by 'H-'H 2D
NOESY and 'H-"*N 2D TROSY-HSQC. In the wild-type RNA, base-pairing is observed in the U6
ISL, Helix I and Helix II (Figure 5-2B). Chemical shifts are consistent with previous studies that
used related constructs [95, 96]. Six broad uracil resonances in dynamic exchange are observed
in the wobble pair region of the proton spectrum (~11 ppm; Figure 5-2B, C). These resonances
give strong NOE cross-peaks to each other and are consistent with transient formation of
intermolecular U-U wobble pairs (Figure 5-2A). Pairing in this region is consistent with
previously detected cross-links [216] and structural studies [95]. Thus, the observed secondary
structure is a three-helix junction as previously predicted [23] and observed by SAXS and NMR
[95]. We analyzed the thermodynamic stability of the wild-type RNA, which has a melting
temperature of 49°C in 100 mM potassium chloride and displays one predominantly
cooperative folding/unfolding transition (Figure 5-3A, B). NMR data collected at 10°C

increments from 10°C to 50°C are consistent with this result (Figure 5-5A).
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Figure 5-2. The wild-type U2/U6 83 nt RNA forms a three-helix junction.
A. Secondary structure of the wild-type U2/U6 RNA. A schematic of U2/U6 as portrayed in
Figure 5-1 is inset. The detailed secondary structure is color-coded according to secondary
structure as follows: Helix I (green), Helix II (purple), and U6 ISL (blue). Observed base-pairs
are indicated with lines or circles for non-canonical pairs. B. 2D 'H-'H NOESY of wild-type
U2/U6 RNA acquired in 20 mM sodium acetate, pH 6, 90% H20, 10% D20 at 10°C. Connecting
lines and 'H 1D peaks are labeled based on NOESY assignments are color-coded based on
secondary structure as above. U-U wobble pair resonances are shown enlarged in the red box.
C. Confirmation of U-U wobble pairs by 'H-®N TROSY-HSQC. The U2/U6 WT RNA was
specifically "N-U labeled allowing for detection of only uracil imino protons. Resonances
corresponding to the U-U wobble pairs are clearly observable in the range of 10.5-11.2 ppm (red

box).
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5.4.2 U6-A62G stabilizes a four-helix junction in the U2/U6 complex

The cold sensitivity of the U6-A62G mutant is due at least in part to hyperstabilization of
the U6 ISL, via substitution of an A-C mismatch with a stable G-C base-pair at the base of the
ISL [58]. In the U2/U6-A62G RNA the U6 ISL is extended by three base pairs, disrupting U2/U6
Helix Ib (Figure 5-4A). Additionally, we observe formation of U2 Stem I [96, 99]. Helix Ia and
Helix II form in U2/U6-A62G, although fewer base-pairs are detected in Helix II than in wild-
type (Figure 5-4A). The resulting conformation is a four-helix junction, which we have
previously observed in other U2/U6 constructs [96]. The four-helix junction is an alternate fold
predicted to be close in free energy to the three-helix junction [100] and these conformations

may exist in equilibrium [219].

The overall hyperchromicity of U2/U6-A62G is very similar to wild-type (Figure 5-3A),
indicating that the extent of base-stacking in the two RNA molecules is similar; however, in
contrast to wild-type, the A62G variant unfolds in two transitions (Figure 5-3B). One melting
transition is centered at 51°C and corresponds to both Helix II and U2 Stem I, while the second
transition corresponds to the ISL at 65°C (Figure 5-3B and Figure 5-5D). The higher melting
temperature of the U6-A62G ISL in this RNA is consistent with previous studies of the ISL
containing the A62G mutation [101]. Therefore, U6-A62G hyperstabilizes the U6 ISL and

substantially alters the conformation of the U2/U6 complex.

5.4.3 U6-A91G destabilizes the U6 ISL by extending Helix 11

The U6-A91G mutation suppresses the cold sensitivity of U4-G14C [245], yet it lies
outside the U4/U6 pairing region. Because U6-A91 is adjacent to U2/U6 Helix II (Figure 5-1), we

hypothesized that the mechanism of suppression of U4-G14C involves alteration of the U2/U6
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secondary structure. Strikingly, the U2/U6-A91G RNA does not form most of the U6 ISL (Figure
5-4B). Three base pairs in the upper U6 ISL can be identified based on chemical shift (Table 5-1);
however, the majority of base pairs in the ISL helix are clearly not present. All base-pairs in
Helix II are observed, including a mutation-induced base-pair between U6-G91 and U2-C14
(Figure 5-4B). Helix Ia is also fully base-paired in this variant. Three NOE cross-peaks indicate
formation of U-U wobble pairs (Figure 5-4B, inset) at the same chemical shift as the wild-type
RNA. However, the exchange broadening observed in the wild-type RNA is not present,
indicating that the U-U wobble pairs are more stable in the A91G variant, likely due to the

stabilizing effects of the adjacent mutation.

The U2/U6-A91G mutant exhibits a highly cooperative melting transition centered at
53°C (Figure 5-3B) that corresponds to dissociation of Helices I and II and the upper ISL as
determined by NMR (Figure 5-5A, B). The higher melting temperature of Helix II in U2/U6-
A91G confirms the presence of additional base-pairs. Furthermore, the hyperchromicity of the
U2/U6-A91G RNA is significantly greater than that of wild-type (Figure 5-3A), which, along
with the observed cooperativity, indicates a higher overall degree of base-pairing and stacking.
We note that the stabilized U-U wobble pairs are adjacent to U2/U6 sequences that can form a
potential helix (Helix IIb) would invade the U6 ISL (Figure 5-4B). Indeed, this extension of
Helix Il is predicted to form based on free energy minimization [161]. However, like the U6 ISL,
the Helix IIb base pairs are not observed in the NMR spectra. A possible explanation consistent
with increased hyperchromicity and pairing observed by NMR is that the U6 ISL and Helix IIb

are in dynamic exchange in this RNA.

In order to test the hypothesis that Helix IIb destabilizes the U6 ISL in a dynamic

exchange process, we stabilized Helix IIb by mutation of U6-A83 to a G, thereby changing a
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predicted AC wobble pair in the middle of this helix to a GC pair (Figure 5-6A). The U6-A83G
mutation is viable and causes no growth defects [63], and could potentially still form the U6 ISL
by replacing a UA pair in the lower ISL with an energetically similar UG wobble pair. NMR
analysis of the U2/U6-A83G RNA reveals Helix IIb rather than the ISL (Figure 5-6A), along with
stable U-U wobble pairs at the same chemical shift as those detected in the U2/U6-A91G and
wild-type RNAs (Figure 5-6B and Table 5-1). The hyperchromicities of U2/U6-A91G and A83G
are nearly identical, indicating highly similar extents of base-pairing (Figure 5-6C). The melting
temperature of Helix II is slightly higher in the U2/U6-A83G RNA (55°C) than in the U2/U6-
A91G RNA (53°C), consistent with increased stabilization of Helix IIb (Figure 5-6D). In addition,
the A83G mutant exhibits a hyperchromic transition at 37°C not seen with the wild-type or
A91G mutant (Figure 5-6D), which can be assigned to the stabilized U-U wobble pairs in Helix
IIb (Figure 5-6C). Therefore, both the U6-A91G and U6-A83G mutants form Helix IIb, which
invades the lower U6 ISL. Since the U6 ISL competes with U4/U6 pairing, disruption of the ISL

provides a potential mechanism for suppression of U4-G14C by U6-A91G [245].

5.4.4 U6-A91G counteracts stabilization of the U6 ISL by U6-A62G in vitro

Due to the opposing effects of the U6-A62G and A91G mutations, which stabilize and
destabilize the U6 ISL, respectively, we hypothesized that inclusion of both mutations would
restore the thermodynamic balance between the U6 ISL and Helix II, resulting in a
cooperatively folded RNA structure that resembles wild-type. Indeed, when both mutations are
incorporated into U2/U6, base-pairing is detected in the U6 ISL, Helix II, Helix Ia and Helix Ib
(Figure 5-4C). Thus, the A62G mutation prevents disruption of the U6 ISL by A91G, and the

A91G mutation prevents disruption of Helix Ib and formation of U2 Stem I by A62G (Figure
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5-4C and Table 5-1). Consequently, the U6-A62G/A91G RNA has a wild-type fold, as

hypothesized.

The U2/U6-A62G/A91G RNA is more stable than wild-type (Figure 5-3B and Figure
5-5E) and unfolds in three overlapping transitions. The highest temperature transition
corresponds to the stabilized U6 ISL, the middle transition to stabilized Helix II and the lowest
melting transition to Helix I. Thus, the combined effects of the A62G and A91G mutations also

restore the near-cooperative folding that was lost in the A62G mutant (compare A62G to

A62G/A91G, Figure 5-3B).
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Figure 5-3. Stability of the minimal U2/U6 RNA and variants.

A. Melting profiles of wild-type, U6-A62G, U6-A91G and U6-A62G/A91G RNAs in 20 mM

potassium phosphate, pH 7. UV absorbance at 258 nm was normalized to the value at 10°C.

Experiments conducted in triplicate were averaged and error bars denote standard deviation. B.

First derivative of normalized hyperchromicity for the RNAs listed in (A). Data were smoothed

over three points.
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Figure 5-4. U6-A91G abolishes U6 ISL formation and rescues U6-A62G in vitro.

A.'™H-'H 2D NOESY of U6-A62G RNA acquired in 20 mM sodium acetate, pH 6, 90% H20, 10%
D20 at 10°C. Connecting lines are color-coded according to structure as follows: Helix I (green),
Helix II (purple), U6 ISL (blue) and U2 Stem I (orange). 'H 1D resonances are labeled based on
NOESY assignments and are color-coded according to secondary structure as above. B.
Secondary structure of the U6-A91G RNA. Observed base-pairs are indicated with lines.
Possible U-U wobble pairs are indicated with gray circles. Base-pairs inferred by chemical shift
agreement are shown as dashed lines. Residues are color-coded according to secondary
structure as in Figure 5-2. U-U wobble pairs are shown enlarged in the red box. Very weak NOE
cross-peaks are depicted by a small dashed circle. Resonance splitting due to addition of a non-
template nucleotide at the 3’ end of the RNA is indicated by a star. C. Secondary structure of

U6-A62G/A91G RNA, color-coded and labeled as above.
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Table 5-1. Chemical shift assignments in all 83 nt U2/U6 RNAs.

Chemical shifts (in ppm) of all detectable imino "H nuclei in each 83 nt U2/U6 RNA. Red labels
indicate mutated residues. “X” indicates the residue is not present in that RNA. Grayed cells

indicate undetectable resonances. Chemical shifts detected only in 'H-1D spectra are shown in

italics.
Variant | WT A91G A83G A62G A62G/A91G
Helix |
U2:28U 13.82 13.84 13.84 13.74 13.84
U6:55G 11.46 11.47 11.50 11.38 11.46
U2:26G 11.55 11.76 11.76
U6:57U 13.70 13.80 13.84 13.82
U6:60G 13.02 13.00
U2:21G 12.84 12.81
U6 ISL
U6:60G 11.60
U6:62G X X X 11.93 12.09
U6:63G 13.08 12.85 12.93
U6:64U 13.93 13.93 13.97
U6:65U 13.40 13.38 13.43
U6:70U 13.27 13.21 13.22 13.26
U6:71G 10.42 10.41
U6:77G 12.37 12.35 12.32 12.39
U6:78G 12.37 12.35 12.32 12.39
uU6:81G 12.11 12.07 12.13
U6:87U 10.89
Helix Il
U2:3G 10.30 10.30 10.31 10.25 10.29
U2:6U 13.82 13.81 13.81 13.76 13.81
u2:8U 13.64 13.64 13.60 13.60 13.65
U2:10U 13.56 13.56 13.56 13.59
U2:11U 13.40 13.40 13.41 13.43
U2:12U 12.77 12.84 12.81 12.77
U2:13G 12.09 11.88 12.14
U6:91G X 12.73 X X 12.70
U6:96G 12.14 12.13 12.11 12.09 12.14
U6:98G 12.25 12.25 12.23 12.19 12.25
U6:100U 13.72 13.72 13.70 13.67 13.72
U6:101U 13.34 13.37 13.35 13.32 13.36
U6:102U 11.50 11.51 11.56 11.50 11.50
Wobbles | 10.66-10.91 | 10.66-10.92 | 10.69-11.10 10.9-11.00
Helix 1lb
U2:20G 12.09
U2:21G 12.93
U2:24U 13.73
U2:25U 11.24
U6:83G X X 13.12 X X
U6:81G 9.70
U2 Stem |
U2:11U 10.47
u2:12U 10.88
U2:13G 12.42
U2:23U 10.87
U2:24U 10.73

Figure 5-5. Identification of hyperchromic transitions by 'H 1D NMR.
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(A-E). Peaks remaining at 50°C are labeled by secondary structure as follows: U6 ISL (S), Helix

I (2), Helix IIb (2b) and Helix I (1) as assigned by '"H-'"H 2D NOESY.
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Figure 5-6. NMR and thermodynamic analysis of U6-A83G.
A.'H-"H 2D NOESY of U2/U6-A83G RNA acquired in 20 mM sodium acetate, pH 6, 90% H:0,
10% D20 at 10°C. Connecting lines are color-coded according to structure as follows: Helix I
(green), Helix II and IIb (purple). '"H 1D spectra are labeled based on NOESY assignments and
are color-coded based on secondary structure as above. U-U wobble pairs are shown enlarged
(red box). B. Secondary structure of the U2/U6-A83G RNA. Observed base-pairs are indicated
with lines. Residues are color-coded according to secondary structure as in Figure 5-2. C.
Melting profile of wild type, U6-A91G and U6-A83G RNAs. UV absorbance at 258nm was
normalized to the starting value at 10°C. Experiments conducted in triplicate were averaged
and error bars denote standard deviation. D. First derivative of normalized hyperchromicity for

all 83 nt U2/U6 RNA variants. Data were smoothed over three points.
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5.4.5 Stability of U2/U6 in vitro correlates with growth phenotypes in vivo

Based on our structural and thermodynamic data, we hypothesized that U6-A91G may
be able to rescue the cold sensitive phenotype of U6-A62G in vivo. Alternatively, overall
hyperstabilization of the U2/U6 complex may result in a growth defect or cell death if the
necessary structural rearrangements (Figure 5-1) are inhibited. Indeed, U6-A91G suppresses the
cold sensitive phenotype of U6-A62G (Figure 5-7A). This result suggests that stabilization of the
U2/U6 four-helix junction conformation is responsible for the cold sensitive growth defect of
U6-A62G, and that U6-A91G can suppress formation of this conformation in vivo as well as in
vitro. In contrast to U6-A62G, the U6-A91G strain exhibits wild-type growth. This finding
suggests that, although A91G destabilizes the U6 ISL in vitro, the ISL can still form in vivo.

Alternatively, the lower ISL could be non-essential, or redundant with U2/U6 Helix IIb.

Destabilization of U4/U6 by U4-G14U concomitantly with stabilization of the U6 ISL by
U6-A62G should be highly detrimental to yeast as both of these mutations result in cold
sensitivity and decreased levels of U4/U6 in vivo [60, 248]. Indeed, attempts to construct a strain
containing both U6-A62G and U4-G14U yielded no transformants, suggesting that these
mutations result in a dominant lethal phenotype. Strikingly, addition of the U6-A91G mutation
suppresses the apparent dominant lethality of U6-A62G and U4-G14U in combination, as well

as the cold sensitivity of each individual mutation (Figure 5-7A).

5.4.6 Apparent loss of U4/U6 pairing in a triple mutant strain
To assess the effect of these mutations on the efficiency of U4/U6 complex assembly in
vivo, total RNA was extracted from each strain under non-denaturing conditions and analyzed

by solution hybridization (Figure 5-7B, C) [251]. As shown previously [58, 248], in wild-type
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cells about 75-85% of U4 RNA is paired with U6 RNA, and both U6-A62G and U4-G14U

decrease the fraction of U4 RNA base-paired to U6 RNA.

Consistent with the absence of a growth defect, U6-A91G alone has no effect on the
fraction of U4 paired with U6. U6-A91G does increase U4/U6 complex formation in the presence
of U6-A62G (Figure 5-7C), in agreement with the observed suppression. However, U4/U6 levels
in the double mutant are still as low as in the cold sensitive U4-G14U strain (Figure 5-7C).
Although U6-A91G strongly suppresses the cold sensitivity of U4-G14U, it has only a modest
effect on the U4/U6 level in the U4-G14U strain. Thus, there is not a good correlation between

phenotypic suppression by U6-A91G and restoration of U4/U6 assembly.

Strikingly, we find that the strain with all three mutations contains no detectable U4/U6
complex (Figure 5-7B), despite exhibiting near normal growth at all temperatures (Figure 5-7A).
To ensure that U4/U6 is not dissociating during solution hybridization, we performed Northern
analysis of the RNA extracts to avoid subjecting them to elevated temperature (37°C) prior to
electrophoresis, as is done for solution hybridization (Figure 5-8). A very small amount of
U4/U6 is detectable in the U6-A62G/A91G, U4-G14U strain (hereafter referred to as triple
mutant), indicating that the U4/U6 complex in this strain is highly unstable. Thus, suppression
of the lethal double mutant by U6-A91G is not accompanied by restoration of wild-type levels
of U4/U6 pairing. Nevertheless, both U4 RNA and the U4/U6-annealing factor Prp24 are still
required in the triple mutant strain (Appendix I, Figure A1-2A and Figure A1-3), so U4 RNA

still has an essential function in this strain.
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Figure 5-7. U6-A91G suppresses U4-G14U and U6-A62G, resulting in loss of U4/U6 complex.

A. 10-fold serial dilutions starting at 1 ODew of each strain were incubated on YEPD at indicated

temperatures. B. Solution hybridization of total RNA from each strain. Extracted RNA was

hybridized in vitro to a 2P labeled DNA oligomer complementary to Ul and U4 or U6 at 37°C

for 15 min then analyzed by 9% non-denaturing PAGE at 4°C. C. Quantitative analysis of U4/U6

levels and total U4 levels as normalized to Ul.
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Figure 5-8. Northern analysis of total RNA from all strains.
RNA was extracted under non-denaturing conditions, separated by 6% non-denaturing PAGE
and transferred to a Hybond-N membrane. The membrane was probed for snRNA using 32P-
labeled DNA oligonucleotides complementary to Ul, U4 and U6. Quantitation was averaged

over four replicates and error bars represent standard error.
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5.4.7 Stabilization of a novel U2/U6 snRNP

The near absence of U4/U6 RNA complex in the triple mutant strain suggests that only a
small fraction of U6 RNA molecules proceed through a U4/U6 assembly intermediate.
Alternatively, U4/U6 di-snRNP may be a requisite intermediate, but lack stable base-pairing
between U4 and U6 RNAs. To distinguish between these possibilities, we prepared whole-cell
extracts from the wild-type and triple mutant strains and analyzed their steady-state snRNP
composition using non-denaturing gel electrophoresis (Figure 5-9). Extracts were incubated
with or without 2 mM ATP for 30 min at 30°C (lanes 1-4) or 15 min at 23°C (lanes 5-8) to sample

any dynamic changes in snRNP interactions.

Consistent with the observed loss of U4/U6 pairing, the triple mutant strain is essentially
devoid of U4/U6 di-snRNP. Instead, the strain accumulates large amounts of free U4 snRNP (U4
probe, lanes 3 & 4) and free U6 snRNP and snRNA (U6 probe, lanes 3 & 4). In the triple mutant
strain, a much larger fraction of free U6 co-migrates with the deproteinized RNA, suggesting
that one or more of the mutations disrupt binding of U6 snRNP proteins. Despite the complete
absence of U4/U6 di-snRNP, the triple mutant strain contains detectable amount of U4-U6-U5
tri-snRNP, albeit less than in the wild-type strain. The U4/U6 complex in the tri-snRNP must be
either unstably paired or unpaired, as the deproteinized triple mutant extract contains no
U4/U6 complex (lanes 11 and 12, U4 and U6 probes). Thus, incorporation of the U4 and U6
snRNPs in the tri-snRNP may be mediated solely by individual contacts with U5 associated

proteins.

Another major finding is the identification of a novel U2/U6 snRNP, which appears
more abundant than the tri-snRNP in the triple mutant extract (U6 probe, lane 10). This complex

is present in wild-type extract in lower amounts (U6 probe, lane 9), but is less stable as it
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dissociates upon incubation at 30°C (U6 probe, lane 1). U2 snRNP is less abundant in the triple
mutant extract, consistent with persistence of a U2/U6 snRNP. The U2/U6 RNA complex
appears stable to deproteinization in the triple mutant extract, but not the wild-type extract (U6

probe, lanes 11 and 12).

To confirm that the U2/U6 snRNP is stabilized by association of U6 with the 5 end of
U2, we incubated the whole cell extracts with a DNA oligomer complementary to positions 89-
111 of U2 to direct cleavage of the 1175-nucleotide yeast U2 snRNA by endogenous RNase H.
Such treatment results in depletion of the U2/U6 snRNP and appearance of a high mobility
species that contains both the 5 end of U2 (based on the position of the probe) and U6 RNA
only in the triple mutant extract (U2 and U6 probe, lane 14), indicating that the 5" end of U2 is
directly base-paired with U6 in the U2/U6 snRNP. As expected, we also observe loss of U2
snRNP and accumulation of the corresponding 100 nucleotide U2 fragment upon cleavage in
both extracts (U2 probe, lanes 13 and 14). U4-U6-U5 tri-snRNP, U4/U6 di-snRNP, U6 snRNP

and U4 snRNP levels are unaffected by addition of the U2 oligomer.

We also assayed spliceosome assembly in the wild-type and triple mutant extracts on a
32P-labeled RP51a substrate (Figure 5-10). Interestingly, assembled (B complex) and activated (C
complex) spliceosomes have indistinguishable mobility in the triple mutant and wild-type
extracts (Figure 5-10), suggesting that they have a similar composition in the two extracts.
However, pre-spliceosome (A complex) accumulates to a higher level in triple mutant extract

than in wild-type extract (Figure 5-10), potentially indicating a defect in tri-snRNP addition.
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Figure 5-10. Spliceosome assembly in wild-type and triple mutant strains.
Splicing extracts were incubated with 5-32P-labeled, capped RP51a pre-mRNA substrate at 25°C
for the indicated time, treated with heparin and analyzed by 4% non-denaturing PAGE (80:1).
WT refers to the wild-type strain and Trp refers to the U6-A62G/A91G, U4-G14U strain, while
NA indicates that no extract has been added. A (pre-spliceosome), B (assembled spliceosome)

and C (activated spliceosome) complexes are indicated with arrows.
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5.5 Discussion

Here, we present evidence for a novel U2/U6 snRNP recycling intermediate that is
transient unless the U4/U6 complex is destabilized. We initially considered the possibility that
disruption of the U6 ISL in the U2/U6-A91G complex facilitates pairing of U6 or U6-A62G with
U4-G14U/C. This mechanism predicts the existence of a stabilized U4/U6/U2 tri-snRNA
complex in the triple mutant extract, yet we detect no such complex. Instead we detect a U2/U6
snRNP that contains a stabilized U2/U6 RNA complex and a U4-U6-U5 snRNP that co-migrates
with the wild-type tri-snRNP, but lacks stable interaction between U4 and U6 RNAs. Given that
we also observe a U2/U6 snRNP with the same mobility in a wild-type strain, it is likely to be a

normal intermediate in snRNP recycling.

5.5.1 Stabilization of alternative snRNA conformations

Single-nucleotide substitutions have a dramatic impact on the stability of U6 containing
complexes. Previous studies have demonstrated that disruption of a single G-C pair in U4/U6
Stem II by U4-G14C/U decreases the dissociation temperature of the endogenous complex from
~55°C to ~43°C and results in decreased levels of U4/U6 complex [245, 248]. Additionally,
mutation of U6-A62 to a G stabilizes the U6 ISL and decreases U4/U6 levels nearly 6 fold [60].
Thus, single nucleotide changes in U6 sequence may shift the distribution of conformations in

the folding landscape of these complexes (Figure 5-11A).

We find that U6-A91G destabilizes the highly conserved U6 ISL in vitro and alters the
stability of the U2/U6 complex, resulting in dynamic exchange between the U6 ISL and Helix
IIb. We propose that this dynamic exchange lowers the energy barrier for unwinding the U6 ISL

(Figure 5-11A). Consistent with our findings, the presence of a DNA oligomer that mimics
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U2/U6 Helix II is stabilizing to the human U4/U6 complex [244]. Conversely, U6-A62G
stabilizes a four-helix junction in the context of U2/U6, thereby precluding formation of the
essential Helix Ib structure [23, 97]. The distal U6-A91G mutation can compensate for U6-A62G
both structurally and functionally, suggesting that the three-helix junction must be maintained
for splicing to proceed efficiently. Therefore, the sequence of U6 is essential not only for the role
it may play in catalysis, but also to maintain structural stability and prevent competing U2/U6

structures.

The importance of the stability of U2/U6 Helix II has been inferred from other functional
studies. Disruption of two out of three base-pairs in Helix Ib does not result in a growth defect;
however, the same mutations are lethal when base-pairing in Helix II is destabilized [252]. This
result suggests that Helix Ib itself is not essential for catalysis but may work together with Helix
IT to maintain the structure of the U2/U6 three-helix junction. Our observations indicate that
Helix II acts to destabilize the extended U6 ISL and U2 Stem I, which contribute to the alternate
four-helix junction conformation. Therefore, prevention of the four-helix junction may be more

important for U2/U6 function than formation of a stable Helix Ib.

The human U2/U6 complex is thought to form a four-helix junction based on genetic
studies [25]. However, the competition between the three and four-helix junction conformations
of U2/U6 described in this study is likely to be relevant in the human spliceosome as well. The
importance of Helix II is well established in human U2/U6, as mutations in the Helix II region of
U2 block splicing and are rescued by compensatory mutations in U6 [202]. Additionally,
hyperstabilization of U2 Stem I inhibits splicing in the human U2 sequence, likely due to
disruption of pairing in Helix Ia and Helix II [253]. The human U2/U6 sequence has the capacity

to form intermolecular interactions adjacent to Helix II similar to the Helix IIb structure we
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detect in the S. cerevisiae sequence. Human Helix II is adjacent to two wobble pairs (G-U and U-
C), followed by a series of potential A-U pairs. As with yeast Helix IIb, formation of base-pairs
in this region would result in disruption of U2 Stem I [25, 99], and therefore disruption of the

four-helix junction.
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Figure 5-11. Equilibrium between U2/U6 and U4/U6 during spliceosome recycling.
A. Details of U6 snRNA recycling from U2/U6 complex through a U4/U6/U2 intermediate to
U4/U6 complex and changes in thermodynamic equilibrium resulting from substitutions used
in this study. Brackets indicate a high energy intermediate. B. Model of U6 snRNA recycling

from active spliceosomes to U4-U6-U5 tri-snRNP via a U2/U6 snRNP intermediate in the triple

mutant strain. Globules represent snRNPs within each complex.

EUB-A91G
U6-A626§
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5.5.2 Mechanism of suppression by U6-A91G

The dominant lethality of U6-A62G with U4-G14U is likely due to an inability to recycle
U6 snRNA into U4/U6 complex due to both hyperstabilization of the U6 ISL and destabilization
of U4/U6 (Figure 5-11A). In this scenario, the U2/U6 snRNP becomes a dead-end complex and
U6 is unavailable for further rounds of splicing (Figure 5-11B). U6-A91G facilitates the
transition from U2/U6 to U4/U6 by destabilizing the U6 ISL and making U4/U6 association
more energetically favorable (Figure 5-11A). However, as U4/U6 is very low-abundance in the
triple mutant strain, the U4/U6 di-snRNP is likely converted rapidly to tri-snRNP. Given that
U6-A91G rescues destabilization of U4/U6 indirectly, association of U5 snRNP with U4/U6 may

be expedited by stabilization or extension of U2/U6 Helix II.

U6-A91G has also been proposed to suppress the cold sensitivity of U4-G14C/U by
disruption of Prp24 binding to the U4/U6 complex, releasing a stalled Prp24eU4/U6 ternary
complex that forms when stable U4/U6 pairing is not achieved [254]. This hypothesis is based
on the observation that U6-A91G disrupts the interaction between Prp24 and U6 snRNA [254],
which is consistent with our observation that free U6 RNA accumulates in the triple mutant
strain. Because Prp24 may assist with U2/U6 dissociation as well as association of U6 with U4
[60, 79], disruption of the Prp24-U6 interaction by A91G may inhibit dissociation of U6 from U2.
We propose that U6 is transferred directly from the U2/U6 snRNP to the U4/U6 di-snRNP or
U4-U6-U5 tri-snRNP (Figure 5-11B). This mechanism obviates the need to form U4/U6 di-

snRNP from free U6 snRNP, except in the case of de novo assembly.
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5.5.3 U2/U6 interactions during recycling and assembly

Several studies have demonstrated that an interaction between U2 and U6 occurs earlier
in the splicing cycle than typically described. A U4/U6/U2 snRNA complex from HeLa cells has
been detected via crosslinking [68, 88] in which U2/U6 Helix II forms concomitantly with the
U4/U6 complex. This complex could exist during not only spliceosome activation just prior to
discard of U4 snRNP, but also spliceosome recycling. In the absence of a pre-mRNA substrate,
U2 and U1 can pre-assemble with the U4/U6-U5 tri-snRNP to form a complex that is competent
for splicing upon addition of pre-mRNA substrate [19, 20]. The U2/U6 snRNP detected in this
study is distinct from other previously detected U2/U6 containing complexes in several ways.
First, the U2/U6 snRNP does not contain U4 or U5 snRNA (Figure 5-9), suggesting that it is not
an intermediate in spliceosome assembly. Second, RNase H digestion of U2 just upstream of
the Sm binding site results in a U2/U6 complex that migrates only slightly slower than free U6
snRNA and faster than deproteinized U4/U6 complex (Figure 5-9), indicating that proteins are
not bound to this region of U2/U6 and may associate only with U2 downstream of the Sm-

binding site or may depend on interactions with the Sm ring.

5.5.4 The U2/U6 snRNP as a recycling intermediate

Based on our results, we hypothesize that the U2/U6 snRNP is part of a recycling
pathway in which disassembly of U2/U6 occurs upon formation of the U4/U6 di-snRNP (Figure
5-11B). Accumulation of the U2/U6 snRNP in the triple mutant strain is likely due to both
stabilization of U2/U6 and inefficient assembly of the U4/U6 snRNP, resulting in a shift in
equilibrium between the two complexes (Figure 5-11B). This interaction supports a model for
snRNA recycling in which U6 is directly handed-off from U2 to U4 after splicing catalysis

(Figure 5-11A). This process requires two steps: 1) Disruption of the U6 ISL and U2/U6 Helices I
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and III and 2) Formation of a tri-snRNA complex between U2, U6 and U4. The steady state
levels of U4/U6 in the triple mutant strain may be the absolute minimum to enable tri-snRNP

assembly and spliceosome activation.

The U4-G14U/U6-A62G,A91G strain presented in this study may prove a powerful tool
for analyzing spliceosome recycling. The presence of small amounts of U2/U6 snRNP in wild-
type cells suggests that this intermediate is transient; however, slight changes in the
thermodynamic stability of the snRNAs result in considerable alterations to the energetic
landscape of competing spliceosome intermediates. Additionally, a strain without stable U4/U6
association in which spliceosome assembly otherwise proceeds normally may help to elucidate
the functional role of the U4/U6 interaction. Finally, this strain provides an opportunity to
study the composition and structure of a stable U2/U6 snRNP that may shed light on the

mechanism of splicing catalysis.
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Chapter 6: Conclusions and Future Directions

6.1 Conclusions

6.1.1 Overview

Despite the centrality of the spliceosome in eukaryotic mRNA processing, and therefore
gene expression, the exact mechanisms that underlie spliceosome regulation and catalysis
require further investigation. At the core of the spliceosome are interactions between the
snRNAs and the pre-mRNA substrate. However, when I began this work, only a few detailed
structures existed from U6 snRNA or its related complexes: the U6 ISL [59, 96], U2 Stem I [99]
and the U4 5 stem-loop [81, 82] (see Chapter 1). While these structures provide valuable
information about the role of essential snRNA components, they are limited in size and
therefore provide minimal information about the role of each RNA structure within a larger

context.

My work has expanded our understanding of the structure of the U2/U6 complex
through a multifaceted approach of structural biology, biophysics, genetics and biochemistry. I
characterized the ground state solution structure of the yeast U2/U6 complex using a novel
method that incorporates NMR with SAXS. This study confirmed previously detected tertiary
contacts and revealed an extended RNA structure that likely serves as a scaffold for interactions
with protein and RNA within the active spliceosome. I also solved the solution structure of a
smaller component of this complex, U2/U6 Helix I. The structure of Helix I is consistent with the
overall structure of U2/U6 but also provides additional intriguing details about this essential

domain.
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I additionally characterized single nucleotide changes that trigger drastic structural
rearrangements within the U2/U6 complex and cause growth defects in yeast. Incorporation of
these mutations into a triple mutant S. cerevisiae strain resulted in a highly unusual distribution
of spliceosome assembly intermediates. This strain contains a stabilized form of a previously
undetected U2/U6 snRNP that is likely an intermediate in spliceosome disassembly. The
mutations also result in nearly undetectable levels of U4/U6 complex, suggesting an alternate
role for the essential spliceosome assembly factor, Prp24. In an effort to examine the role of
Prp24 in U2/U6 disassembly, I constructed a new S. cerevisiae strain that can be used as a tool to

study genetic interactions between U6, U4 and Prp24 simultaneously in vivo.

These studies have contributed significantly to our understanding of the function and
structure of the U2/U6 complex, as well as the fate of U2/U6 during spliceosome disassembly.
Additionally, my work has added to our general understanding of splicing regulation and the
internal workings of the spliceosome. Finally, my structural work has helped expand the size of

RNA that can be studied in solution.

6.1.2 RNA interactions as a scaffold for spliceosome structure and regulation

snRNA interactions are central to every step of spliceosome assembly and activation.
Assembly of each snRNP occurs around its corresponding snRNA and progression through
spliceosome assembly depends upon interactions between the snRNAs [15]. The spliceosome
not only depends on these interactions, but may physically assemble around the snRNAs.
Complexes such as U4/U6 and U2/U6 may form an internal scaffold for the assembled and
activated spliceosome, thereby enabling protein-protein interactions and communication
between the snRNPs. The ground-state conformation of the U2/U6 complex is extended, with

the helical components radiating outward from a central three-helix junction [95]. Previously
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detected tertiary contacts [216-218] arise through helical turns in the RNA rather than long-
range interactions. This conformation suggests that U2/U6 acts as a central scaffold within the
spliceosome to position reaction participants. This model is distinct from other RNP ribozymes,
such as the ribosome [255] and the group II self-splicing intron [212], in which the RNA can
independently form a catalytic core of the assembly, but is supported and regulated by protein.
U2/U6 may instead be a part of a system that requires additional functional groups from protein

and mRNA to achieve catalysis.

6.1.3 Carefully balanced energetics as a mechanism for requlation

Many examples exist of fluctuating interactions during the splicing cycle. U2 snRNA
switches between competing stem-loops throughout splicing [256]. Sequences in the pre-mRNA
are recognized multiple times by different snRNA and protein interactions [15]. All of these
competing interactions appear to be carefully balanced, tipping to one side or another

depending on the fitness of the substrate and mutations in splicing factors.

The U2/U6 complex is no exception to the myriad competing interactions in splicing.
Evidence exists for two alternate conformations of U2/U6: a three-helix [96] and four-helix
junction [23, 98]. Different roles have been proposed for these competing structures, such as
two distinct conformations for each step of splicing [96]; however, the exact functional
implications remained unclear. In 2009, genetic studies suggested that the three-helix junction
promotes both steps of splicing [97] and the structure of U2/U6 further demonstrated that the
ground state solution structure of the yeast U2/U6 sequence is a three-helix junction (Chapter 3)

[95].
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U2/U6 may form multiple tertiary conformations. My work explored the ground state
conformation of U2/U6, wherein the U6 ISL is distal from the 5 splice site recognition sequence.
Other studies using hydroxyl radical probing by Fe-BABE [215] and single molecule FRET [219]
suggest that the U6 ISL comes into close proximity with the 5" splice site recognition sequence,
at least transiently. While this conformation may be present in only a small subset of the
population in vitro, the possibility exists that activation of U2/U6 is achieved via stabilization of
this configuration by protein co-factors. The potential requirement for activation of U2/U6

provides an additional mechanism for splicing regulation.

6.1.4 An additional step in spliceosome disassembly

The current model of spliceosome disassembly focuses mainly on mRNA release by two
DExD/H box helicases, Prp22 and Prp43 [22]. In contrast, little is known about how the snRNPs
are broken down and recycled for further rounds of splicing. Activity of the U5 snRNP helicase,
Brr2, is required for disassembly of the splicecosome and release of the lariat intron [125],
ostensibly by unwinding the U2/U6 complex. Additionally, the U6 snRNP protein, Prp24, is
required for reuse of U6 snRNA and spliceosome turnover [79]. However, the exact mechanism
of U6 dissociation from the spliceosome remains unclear. A U2/U6 snRNP disassembly
intermediate exists in wild-type yeast and is stabilized in a triple mutant strain (Chapter 5). This
observation implies that U6 dissociates from the spliceosome while still associated with U2,
potentially initiating the interaction between U4 and U6 before U2 dissociation. This hypothesis
is further supported by the observation that much of the U4/U6 snRNA complex in human cells

is present as a U4/U6/U2 tri-snRNA complex [68].
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6.2 Future directions

6.2.1 Next steps for RNA structural biology

The function of many other RNAs is dependent on interactions with other RNA and
protein. These interactions exist in all living systems, from viral RNAs that contain structural
elements to bypass host machinery for translation initiation [141], to complex protein-RNA
systems such as RNase P [257] and telomerase [258]. Available protein structures in the Protein

Data Bank (www.pdb.org) number 79,120, while there are only 934 RNA structures (~1% of all

available structures). The lag in RNA structure determination is in one part due to the size
limitation of NMR characterization, and in another the difficulty of crystallizing RNAs,
particularly those containing dynamic or unstructured regions. Improvement in the
characterization of large RNAs in solution is essential to further our understanding of the

function of essential RNAs.

The study presented in Chapter 3 utilized a novel methodology in which traditional
NMR techniques were incorporated with SAXS and molecular modeling to determine the
structure of U2/U6. This method certainly bears further improvement to expand the
accessibility and efficiency of structure determination. I employed a software called MC-Sym
[162], which predicts RNA tertiary structure by assembling homologous fragments from a
structure database. This method could be improved through the use of coarse-grained
modeling, which is more computationally efficient and can more effectively model long-range
contacts such as pseudoknots. Such an approach benefits from the highly regular structure of A-

form helices, which constitute the majority of RNA structure. A few programs exist for
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modeling RNA using a coarse-grained approach [191, 192], and this area is currently under fast

development.

Additionally, streamlined prediction of SAXS and NMR measurements from initial
models will expedite the process of filtering models to obtain an ensemble. Ideally, prediction of
the scattering curve of a model would be possible within the same software that predicts
residual dipolar coupling measurements (see Chapter 3). This would allow simultaneous
ranking of models against two independent measures of structure quality. Combined with
characterization of the secondary structure and distance measurements from NMR or other
methods such as EPR [259], such a software would expand the ability to rapidly generate

structures of large RNAs using sparse data sets.

6.2.2 Structural studies of U2/U6 and U4/U6/U2

With an improved understanding of the structure of U2/U6 and increased evidence for
the potential of a U4/U6/U2 snRNA complex in S. cerevisiae in hand, structural studies of these
RNA elements in complex with protein co-factors will help elucidate their role in splicing.
Several protein co-factors have been proposed to affect the structure, stability or both of snRNA
complexes; however, definitive direct evidence for such influence is available in only a few

cases.

Several protein partners have been implicated in altering the stability or structure of U6
and its related snRNA complexes (See Chapter 1). Early in spliceosome assembly, Prp24 aids
dissociation of the U6 ISL [69], while Brr2 is responsible for U4/U6 unwinding [84]. Slt11p is
thought to stabilize U2/U6 Helix II during initialization of pairing between U2 and U6 [89]. Prp8

and Cwc2 may interact with U6 in the active site [107, 112]. Finally, Brr2 and Prp24 are required
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for U6 recycling [79, 125]. Of all of these binding partners, only the structure of Sltllp
(potentially Rbm22 in humans) has not yet been at least partially characterized. Therefore,
complexes between these proteins and U6, U4/U6, U2/U6 or even U4/U6/U2 are promising
targets for structural characterization using a joint NMR/SAXS approach. SAXS studies alone
can provide information about binding sites and large scale conformational changes, such as
stabilization of long-range contacts in the U2/U6 complex. However, integration of SAXS with

NMR allows derivation of more detailed information about specific interactions.

6.2.3 Isolation and characterization of the U2/U6 snRNP

The U2/U6 snRNP is transient in wild-type S. cerevisinze, and would therefore be
challenging to study; however, in the triple mutant (U6-A62G/A91G, U4-G14U) strain presented
in Chapter 5, the U2/U6 snRNP is quite stable. Isolation of the U2/U6 snRNP could be achieved
in a number of ways. Because the protein content of the snRNP is currently unknown, the
easiest would be to add an affinity tag, such as MS2 binding sites [260], to U2 or U6. U2 snRNA
may the best target because the tri-snRNP and U2/U6 snRNP are similar in size (Figure 5-9) and
would therefore be difficult to separate during further purification steps such as gel filtration. In
contrast, U2 snRNP is significantly larger than the U2/U6 snRNP (Figure 5-9) and the two could
therefore be separated by size. Once isolated, protein co-factors can be identified by PAGE and

mass spectrometry.

An alternative approach would be to predict which proteins might be present and
attempt to pull down the U2/U6 snRNP using tagged versions of these proteins. The associated
proteins likely belong to the U2 snRNP based on the observation that removal of U2 sequence
downstream of the U2/U6 interaction by RNase H digestion results in an RNA-only complex

(Figure 5-9). Given that the U2/U6 snRNP travels only slightly more slowly than the uncleaved
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U2/U6 snRNA complex, the only proteins associated may be the Sm ring of U2. Nonetheless,
one intriguing experiment would be to attempt to pull down U2/U6 with Brr2 or Prp24. Because
the U2/U6 snRNA complex is stable enough in this strain to be detected without crosslinking,
association with either of these factors with U2/U6 would suggest a role in disassembly. This
interaction may also be detectable by in vivo crosslinking and sequencing [261]; however, this

method does not provide a potential purification scheme.

Finally, if the U2/U6 snRNP can be purified, it may be a very good target for structural
studies by X-ray crystallography and SAXS. One way to improve these studies may be to
replace the endogenous S. cerevisine U2 gene, which contains a large non-essential fungal
domain, with a truncated version (similar to human U2) that does not affect growth or splicing
[262]. Structural studies will provide a window into the post-catalytic conformation of the
U2/U6 snRNA complex, potentially improving our understanding of the second-step

conformation of the active site of the spliceosome.

6.2.4 Analysis of splicing defects in the U4/U6 defective strain

The triple mutant strain exhibits a drastic shift in the steady state levels of several
spliceosome assembly intermediates (Figure 5-9). Aside from containing a stabilized U2/U6
snRNP, it also apparently lacks the U4/U6 snRNA complex and U4/U6 di-snRNP. Even the U4
and U6 snRNAs present in the tri-snRNP are not stably paired. Due to the loss/transience of
U4/U6 association, high levels of free U4 snRNP are present, which is typically only observed in
strains that lack free U6 snRNA [44, 263]. Additionally, U6 snRNP is destabilized, resulting in
accumulation of free U6 snRNA. Finally, U2 snRNP is depleted, consistent with sequestration of

U2 snRNA in the U2/U6 complex.
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Such a strain may have defects in splicing, even if it does not exhibit any growth defects.
Analysis of such defects may provide insights into the role of essential interactions, such as the
U4/U6 complex. U4 presumably binds U6 to regulate its activity and prevent premature
activation of the spliceosome; however, this role has never been directly tested. One potential
result of disruption of U4/U6 pairing is premature formation of the U6 ISL and the U2/U6
complex, which could result in inappropriate splicing or splicing at sites other than the optimal
consensus sequences. This hypothesis could be tested by analyzing the splicing efficiency of
substrates that contain 5" splice site, branchpoint or 3’ splice site mutations in a wild-type or
triple mutant background. Such an experiment could help pinpoint the effect of U4/U6 pairing

on the fidelity of the spliceosome.

Additionally, destabilization of the U4/U6 interaction could inhibit or stall spliceosome
activation. It is generally accepted that the helicase and ATPase activity of Brr2 as it unwinds
the U4/U6 complex is required for spliceosome activation [84]. If this activity is no longer
possible due to loss of U4/U6 pairing, spliceosome activation may become less efficient.
Analysis of well characterized mutant BRR2 alleles (such as the cold sensitive BRR2-1 [84]) in
the triple mutant background may provide further insight into this essential switch in
activation. One possible outcome would be that while Brr2 is still required as an interaction
partner within the U5 snRNP, Brr2 activity is no longer required for spliceosome activation. In
this case, the U4 and U6 mutations presented here should suppress the cold sensitivity of Brr2-
1. Alternatively, the loss of U4/U6 pairing could exacerbate the defect caused by mutation of

this essential protein and result in synthetic lethality.

Loss of U4/U6 interactions could also lead to increased reversibility of spliceosome

activation, catalysis or both. The reversibility of catalysis could be compared in the triple
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mutant strain using single molecule fluorescence [264]. Furthermore, proteins that leave or join
the spliceosome upon activation, such as a Ul or U4 snRNP proteins or an NTC component,
could be labeled to detect changes in the reversibility of activation. Splicing reversibility can

also be assayed biochemically, using a labeled pre-mRNA substrate [21].

Continued genetic, structural and biochemical analysis of U6 interactions will provide a
view into the catalytic core of the spliceosome, shedding light on mechanisms involved in
spliceosome regulation and catalysis. Approaching these questions from the perspective of
snRNAs as well as protein factors will allow elucidation of specific functional details which will

hopefully help inform large scale structural studies in the future.
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Appendix I: Requirement for U4 and Prp24 function in the presence of

the U2/U6 snRNP

A1.1 Overview

The U4/U6 complex is thought to be an essential intermediate in spliceosome assembly.
However, our work (see Chapter 5) has suggested that U4/U6 may not be required in a genetic
background that stabilizes the U2/U6 complex. In this case, some or all of the functions of the
protein factor that pairs U6 with U4, Prp24, may prove unnecessary. Here we demonstrate that
both U4 snRNA and Prp24 are required in the presence of a stabilized U2/U6 complex. This
result indicates that the apparent loss of U4/U6 complex in the triple mutant strain described in
Chapter 5 is not due to bypass of U4/U6 assembly. Instead, U4/U6 is either unstable in the triple
mutant or exists at very low steady state levels due to a shift in equilibrium between assembly

intermediates.
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A1.2 Materials and Methods

A1.2.1 JEB100 Strain construction

The JEB100 strain was constructed from CJMO000 [248] (Figure A1-1). The resident
PRS316-SNR14/SNR6 plasmid was first replaced with a pRS317-SNR14/SNR6 plasmid using
plasmid shuffle and selection on 5-FOA. A pRS316-SNR14/SNR6/PRP24 plasmid was
constructed by PCR amplification of the wild-type PRP24 gene using primers containing the
desired restriction sites followed by digestion and ligation into the pRS316-SNR14/SNR6
plasmid. The pRS316-SNR14/SNR6/PRP24 plasmid was then introduced via plasmid shuffle
and selection on «a-aminoadipate to remove the pRS317-SNR14/SNR6 plasmid. The
chromosomal PRP24 allele was knocked out by homologous recombination with a PCR product
containing the KANMX4 cassette flanked by approximately 250-bp of sequence adjacent to the
PRP24 open reading frame and selection on YEPD with 0.2 mg/ml of Geneticin (G418). The
PRP24::KANMX4 genotype was confirmed by PCR from chromosomal DNA as well as
transformation with individual vectors containing SNR14, SNR6 and/or PRP24 followed by

selection on the appropriate SC media and 5-FOA.

A1.2.2 Other strain construction and growth assays.

All mutations and deletions were introduced into the U6 (SNR6) or U4 (SNR14) gene in
either pRS314 or pRS317, respectively, using the Quikchange protocol (Stratagene). The gene
was sub-cloned into fresh vector by first amplifying the gene by PCR and then digesting the
amplicon with EcoRI and BamHI restriction enzymes (Promega). The digested amplicon was
ligated into the desired vector using T4 DNA ligase (Promega). Preparation of pRS313-U4 and

pRS314-U6 has been described previously [58, 246]. The desired U4 and U6 alleles were co-
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transformed into S. cerevisiae strain CJMO000 or JEB100 as described previously [247, 248].
Transformants were then streaked or spotted in 10-fold serial dilutions (starting with ODeoo =

1.0) onto SC medium containing 0.75 mg/ml 5-fluoroorotic acid (5-FOA) and incubated at 30°C.
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Figure A1-1. Construction of JEB100 strain.
Schematic of conversion of the CJM000 strain to the JEB100 strain, which can be used for genetic
analysis of mutant alleles in SNR14, SNR6 and PRP24 simultaneously. The SNR6 gene is shown
in blue, SNR14 in red and PRP24 in green. Knockouts of chromosomal genes are indicated in
black text. The genotype of JEB100 was confirmed by PCR of both the chromosomal and
plasmid borne PRP24 alleles as well as plasmid shuffle with either wild-type SNR14/SNR6

alleles (negative control) or wild-type SNR14/SNR6/PRP24 alleles (positive control).

SNR6 +pRS317
;-.:..\15-3 14 SNR6/SNR14
SNR6:LEU2 Lys S-FOA
SNR14::ADE2 SCM
+pRS313
SNR6/SNR14/PRP24
-Ura
SCM
JEB100
+PRP24::
KANMX4
PCR
YEPD
PRP24WT +G418
Confirmed on -Lys SCM Confirmed by plasmid shuffle

and PCR
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A1.3 Results

U4 (SNR14) and PRP24 are essential splicing factors. However, due to the apparent loss
of U4/U6 pairing in a triple mutant background (Chapter 5), we hypothesized that these
essential factors may be unnecessary in the presence of stabilized U2/U6 complex. We tested
this prediction by introducing empty vector as a placeholder for U4 in a U6-A62G/A91G
background, respectively. The strain was not viable after plasmid shuffle (Figure Al-2A),

indicating U4 snRNA is still required for some essential function.

Because U4 snRNA forms extensive interactions with protein splicing factors, we next
sought to specifically target the regions of U4 responsible for interacting with U6 snRNA.
Deletions of U4 residues 1-12 or 57-64 were introduced (Figure A1-2B). Residues 12-17 were
changed from 5-GGGAAC-3" to 5-AAACCA-3’ to ablate base-pairing with U6 in this region
while maintaining the upstream portion of U4/U6 Stem II (Figure A1-2B). Neither of the
disruptions in U4/U6 Stem II (Figure A1-2B) were viable in a wild-type or U6-A62G/A91G
background (Figure A1-2C). Surprisingly, the U4 57-64 deletion was viable in both a wild-type
and U6-A62G/A91G background (Figure A1-2C), suggesting that U4/U6 Stem I is a non-
essential structure. This is consistent with the previous finding that deletion of residues 61-71 of

U4 is not lethal in yeast [265].
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Figure A1-2. Requirement for U4 sequences in a U6-A62G/A91G background.
A. Plasmid shuffle was used to introduce pRS317 U4-WT or empty pRS317 in a U6-A62G/A91G
background. After growth in -His —Lys SCM, liquid culture was streaked onto 5-FOA. B.
Schematic of sections of U4 sequence deleted or scrambled in this study. C. 5-FOA selection for
U4 truncation, conducted as in (A). U4 A57-64 strains were genotyped via transformation of

genomic DNA preps into E. coli (DH5a) and sequencing of the isolated plasmids.

A UB-AB2G/A91G
No U4

UB-AB2GIA91G 4
U4-WT 4

UB AB2G/A91G 4
U4 A57-64 (8 . el A Us WT

U4 05764 N\ V' U6 AB2G/IA91G
&/ U4 A1-12
UB AB2G/A91G U WT

U4 12-17s U4 12-17s
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Finally, bypass of some or all of the functions of the essential splicing factor Prp24 was
attempted in a U4-G14U/U6-A62G/A91G (triple) mutant background. Replacement of wild-type
PRP24 with an empty vector (pRS313) resulted in lethality in all cases (Figure A1-3A),
indicating that Prp24 function is still required in the triple mutant strain. Bypass of the function
of individual RRM domains in Prp24 was also attempted through the use of PRP24 alleles
constructed by Sharon Kwan (Figure A1-3B) [266]. Deletion of Prp24-RRM3 was previously
observed to result in weak viability due to overexpression of Prp24 [266]. Introduction of this
mutation in the triple mutant background resulted in a slightly higher level of growth on 5-
FOA. Some other RRM deletion alleles were slightly viable in a wild-type background in
JEB100; however, none of the RRM deletions were viable in the triple mutant background
(Figure A1-3C). Together these results indicate that Prp24 is still required for U6 snRNP
formation and potentially U4/U6 pairing, despite barely detectable levels of U4/U6 in the triple

mutant.
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Figure A1-3. Prp24 function is not bypassed in the triple mutant.
A. Plasmid shuffle was used to introduce pRS313 PRP24-WT or empty pRS313 in a U6-
A62G/A91G, U4-G14U (Trp) background. After growth in —His —Lys -Trp SCM, liquid culture
was spotted in 10-fold serial dilution on 5-FOA. B. PRP24 RRM deletion constructs used in this
study, constructed by Sharon Kwan [266]. C. Serial dilutions (as in A) of RRM deletion construct

in a wild-type or triple mutant background.

A U4/U6 PRP24 C
U4/U6 PRP24
WT | wr
WT | wr
Trp WT
Trp WT
WT None
WT |ARRM1a
Trp None
Trp | ARRM1a
- WT |ARRM1b
Pro24 WT 1[_[EGGIERMINCGIVPRN [GGUVERN | GGV [J+s | Trp |ARRM1D
41 114116 193 210 287 294 308 432 WT ARRM2
ARRM1a [ ] RRV2 HE RRv3 I} orRrRM4 | EX
P -
ARRM1b gt Rrv2 EH rrvz | orrvs N BQ WT | ARRM3
ARRM2 1[I B ~rvz ] orrv4 I EZ L et
18 197 WT | ARRM4a
ARRM3 1 [ SISIVER N T-IVERN | I| oRRM4 |I o Trp | ARRM4a
208 291
WT | ARRM4b
LU Rrvt | RRVZ B RRv: ) [Wee
37 391 Trp | ARRM4b
ARRM4b 1 ICTHVERE I CIVPRN  JCTSIVERN | 317 WT | ARRM4e
INCIUVTSIE RRM1 | RRM2 EE RRVS  IBE Tp |ARENHe
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Appendix II: Alternate U2/U6 constructs and secondary structures

Overview:

En route to finding the ideal construct for analyzing the structure of U2/U6, I explored
some variations on truncations of the U2/U6 complex. Initially, we hoped to use traditional
NMR methods to solve the structure of U2/U6; however, it soon became clear that the best
approach was to use all of the sequence that contributes to base-pairing. Two of the constructs
(JEH1 and JEH2) presented here completely lack Helix II (Figure A2-1B and Figure A2-2B), as
this portion of U2/U6 is not as highly conserved and is not essential in yeast [252]. The third
construct (JEH4, Figure A2-3B) is similar to the 111 nt RNA presented in Chapter 3 but is

truncated such that Helix III consists of only four base-pairs.

The secondary structures of these RNAs were consistent with the predicted structures.
JEH1 and JEH2 form the U6 ISL and Helix Ia (Figure A2-1A, B and Figure A2-2). JEH2 also
forms Helix III (Figure A2-3). Neither RNA exhibits stable U2/U6 Helix Ib formation. Splitting
of the imino 'H resonance for residue U6-G63 is observed in JEH1, potentially due to
heterogeneity at the 3’ end (Figure A2-1A). Addition of 2 mM Mg? resulted in significant
chemical shift perturbation in the imino 'H resonance of U6-U70 and detection of an additional
NOE cross-peak between U6-U70 and U6-G71, suggesting stabilization of the U6 ISL pentaloop
(Figure A2-1B, C). JEH4 forms the same overall fold as the 111 nt RNA, with the only exception

of the missing base-pairs on the end of Helix III (Figure A2-3A and B).
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Figure A2-1. Structure and Mg* dependence of Helix I and the U6 ISL (JEH1).
A. 'H-'H 2D NOESY of Helix I linked to the U6 ISL (JEH1) at pH 7.0, 10°C (buffered by only
RNA). Assignments within the U6 ISL are shown in blue and Helix I assignments in green.
Resonances from non-native residues are indicated in black (TL=tetraloop). B. Secondary
structure of JEH1 as determined by NMR. Black lines indicate observed base-pairs and gray
lines indicate pairs inferred based on chemical shift. Red lines indicate base-pairs that appear
upon addition of Mg? (U6-71G) or shift strongly in Mg? (U6-70U). C. Comparison of JEH1
spectra with and without 2 mM MgCL. Only the chemical shift of U6-70U changes
significantly. An additional NOE cross-peak appears between U6-70U and U6-71G (red arrows),

suggesting stabilization of the pentaloop.
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Figure A2-2. Structure of Helix I and III with the U6 ISL (JEH2).
A. 'H-"H 2D NOESY of the JEH2 RNA. Chemical shift assignments are consistent with the 111
nt construct (Chapter 3). Lines and resonance assignments are labeled according to secondary

structure as in Figure A2-1. B. Secondary structure based on NMR assignments. Color-coded as

above.
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Figure A2-3. Secondary structure of a 102 nt U2/U6 RNA (JEH4).
A. 'H-'H 2D NOESY of the 102 nt construct (also JEH4 or DS8 short III). Chemical shift
assignments are consistent with the 111 nt construct (Chapter 3). Lines and resonance
assignments are labeled according to secondary structure as in Figure A2-1. B. Secondary

structure based on NMR assignments. Color-coded as above.
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