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Abstract

Folding and Conformational Dynamics of the Hairpin Ribozyme and the Spliceosome:
Combining Computational and Experimental Analyses

by

Mark A. Ditzler

Chair: Nils G. Walter

The vital role of RNA structure and dynamics in determining biological function is
increasingly appreciated throughout the life sciences. RNA-coding genes are now
recognized to be far more abundant in eukaryotes than their protein-coding counterparts
and are essential to the central biochemical processes within all living cells. Here, we use
computational and experimental techniques in order to understand the folding and
conformational dynamics of two vastly different RNA systems (the hairpin ribozyme and
the spliceosome) at the single molecule level.

Large energy barriers separating misfolded and functional states are a well
appreciated characteristic of RNA. By contrast, it is typically assumed that functionally
folded RNA occupies a single native basin of attraction free of deeply dividing energy
barriers. Here, we develop an experimental approach to isolate persistent sub-
populations of a small RNA enzyme and show by single molecule fluorescence resonance
energy transfer (SmFRET), biochemical probing, and high-resolution mass spectrometry
that commitment to one of several catalytically active folds occurs unexpectedly high on
the folding energy landscape.

Despite numerous investigations, the catalytic mechanism of hairpin ribozyme self-

cleavage remains elusive. To gain insight into the coupling of active site dynamics with

vii



activity of this small catalytic RNA, we analyzed multiple molecular dynamics (MD)
simulations. Our simulations suggest an important role for protonation of A38 in
promoting a favorable geometry similar to that observed in transition-state analog crystal
structures, and support previously proposed roles of A38, G8, and water in catalysis.
Finally we discuss a plausible mechanism in which A38 acts bifunctionally and shuttles a
proton directly from the 2°-OH to the 5’-oxygen.

Despite over 20 years of study, the kinetic and structural details of spliceosome
assembly are not well understood. To track in real-time the conformational states
through which the spliceosome takes a pre-mRNA, we have developed an smFRET based
spliceosome assembly and activity assay. Our data quantify the kinetics of ATP, small
nuclear RNA, and sequence dependent pre-mRNA conformational changes. We find that
wild-type pre-mRNA inhabits a broad and dynamic conformational space and is
specifically funneled into a constrained conformational sub-space by ATP-dependent,

spliceosome induced processes.
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Chapter 1:

Exploring an RNA World”

1.1 Introduction

We are living in an RNA world! In 1968 Leslie Orgel and Francis Crick published two
speculative papers about the role of RNA in the origin of life and the genetic code (1,2).
They recognized that the ability of RNA to adopt varied secondary structures could
potentially endow RNA with the ability to catalyze chemical reactions, though catalytic
RNA was unknown at the time and transfer RNA (the existence of which was actually
predicted by Crick) was one of the few examples of structured RNA and even its three-
dimensional structure would not be known until 1974 (Figure 1.1). This speculation
opened the possibility that RNA may have served as the primary biological catalyst
before the emergence of genomically encoded proteins and as the molecule of heredity
prior to the existence of DNA. It would be another 14 years before the discovery of the
catalytic capabilities of group I introns (3) and RNase P (4), coupled with the knowledge
that certain viral genomes are composed entirely of RNA, would establish RNA as
unique in nature for its ability to both store genetic information and catalyze chemical
reactions. The dual genetic and catalytic roles of RNA lend tremendous support to what
became known as the “RNA world hypothesis”, which posits that purely RNA based life
predated the emergence of both protein and DNA (1,2,5). In the decades that followed
the importance of RNA in a myriad of modern biological processes has become
increasingly clear, revealing a picture of life that could justifiably excuse an unabashedly

ribo-centric approach to biology.

* Adapted from Ditzler MA, Aleman EA, Rueda D, Walter NG. Focus on function: single
molecule RNA enzymology. Biopolymers 87 (2007) 302-316, and from Ditzler MA,
Otyepka M, Sponer J, Walter NG. Molecular Dynamics and Quantum Mechanics of
RNA: Conformational and Chemical Change We Can Believe In. Accounts of Chemical
Research. (in preparation)



Figure 1.1: Increasingly complex RNA structures help to explain its biological function.
(A) Complementary RNA sequences adopt an A-form double helix with Watson-Crick
base pairing which allows RNA to serve as a molecule of heredity. A-form double helix
of an siRNA is shown (6) (PDB ID 2FS§S) (B) transfer RNA’s structure is essential to its
role in translation, provided the first example of a complex RNA structure, and inspired
the speculation that RNA may be catalytic. Phenylalanine t-RNA is shown (7)(PDB ID
1EVV). (C) The recently derived structure of the group II self-splicing intron helps to
explain how this RNA is able to precisely align functional groups to catalyze the removal
of its own intron, and may provide insight into how the spliceosome catalyzes removal of
the majority of introns which do not self-splice (8) (PDB ID 3EOG).
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RNA-coding genes are now recognized to be far more abundant in eukaryotes
than their protein-coding counterparts and are essential to the central biochemical
processes within all living cells (9-11). RNA is responsible for the synthesis of all
proteins within the cell, plays a central role in replication of many viruses, regulates gene
expression in both bacteria and eukaryotes, is involved in the maintenance, processing,
modification and editing of genetic information, and probably carries out a host of still
unknown cellular processes. Many of these known biological roles of RNA involve
catalytic RNAs (ribozymes) and, in addition to their functions in nature, catalytic RNAs
have been used to derive RNA based therapeutics (12,13). Our understanding of the
molecular underpinnings of organisms, and possibly the origin of life, as well as the
development of new medicines therefore significantly depend on our ability to dissect the

fundamental properties of non-coding RNA.

Ribozymes

Naturally occurring ribozymes can be divided into several groups based on their
size: small self-cleaving RNAs (<200 nucleotides), medium-sized self-splicing introns,
and larger catalytic ribonuclear-protein (RNP) complexes. The class of small ribozymes
comprises the hairpin, hammerhead, hepatitis delta virus (HDV), Varkud satellite (VS),
and glmS ribozymes. All of these ribozymes catalyze a site-specific RNA backbone
cleavage reaction as well as the reverse ligation reaction. Cleavage is achieved through
an Sn2-like reaction mechanism in which the 2’-hydroxyl (2°-OH) of the cleaved strand
acts as the nucleophile, resulting in 2°,3’-cyclic-phosphate and 5’-OH termini on the 5’—
and 3’-products, respectively (Figure 1.2A) (14-16). On the other end of the spectrum,
large RNPs such as RNase P, the spliceosome and the ribosome represent catalytic RNAs
that recruit protein co-factors for optimal function in vivo (self-splicing introns are of
intermediate complexity as some of them require protein co-factors, others do not).
RNase P and the spliceosome carry out site-specific hydrolysis and transesterification
reactions on RNA backbones, respectively, through mechanisms distinct from that of the
small ribozymes. The ribosome is unique among the naturally occurring ribozymes in
that it generates a product that is not itself an RNA. The ribosome catalyzes peptide bond

formation between amino acids coupled to tRNA adapters and so is responsible for the
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Figure 1.2: Proposed reaction mechanisms for two ribozymes of vastly different size
and structure. (A) Site-specific phosphodiester transfer as catalyzed by the self-cleaving
small ribozymes, including the hairpin ribozyme. A suitably positioned base B
deprotonates the 2’-OH of the upstream ribose, thereby activating the 2’-oxygen for
nucleophilic in line attack on the scissile phosphodiester. The 5’-oxygen leaving group is
protonated by a properly positioned acid AH" (see Chapter 3). (B) Peptide bond
formation as catalyzed by the ribosome. A suitably positioned base deprotonates the
amino acid esterified with the A-site tRNA, thereby activating the amino group for
nucleophilic attack on the peptidyl-tRNA ester bond on the P-site tRNA. The 3’-oxygen
leaving group is protonated by a properly positioned acid AH".



production of all cellular protein (Figure 1.2B). Evidence that the RNA rather than
protein components of RNPs are catalytic stems from the observation of catalytic
competence in the absence of protein and/or an active site composed of RNA only

(3,4,17,18).

The Structure-Dynamics-Function Relationship

Accompanying and largely precipitating the increasingly appreciated role of RNA
structure is the rapidly growing number of available RNA and RNP high-resolution
structures. These atomic resolution snap shots can provide detailed rationalization for
existing biochemical data, however biological function depends of the dynamic evolution
of structures along relevant functional pathways. A complete understanding of the
relevant structural dynamics exhibited by RNA covers time scales from picoseconds to
minutes (19). Meaningful assessment of dynamics over such wide-ranging time scales
requires a correspondingly broad range of techniques (Figure 1.3), with careful
consideration given to the scope and limitation of each method. Two important methods
available to understanding RNA dynamics are the focus of this thesis, single-molecule

FRET and molecular dynamics simulations.
1.2 Single molecule FRET of Catalytic RNA and RNPs: Focus on Function

Since their discovery a quarter-century ago, extensive investigations into the catalytic
mechanisms of ribozymes have been conducted in the quest to understand and potentially
exploit this essential and ubiquitous class of enzymes. Until recently, catalytic RNAs
were studied in bulk solution where the number of molecules present is many orders of
magnitude larger than the low copy number typical of many RNAs and RNPs in a single
cell (1-10%, up to 10° in case of the ribosome). Recently, it has become increasingly
common to study protein and RNA enzymes using single molecule methods, offering the
ability to observe short-lived mechanistic intermediates and minor sub-populations often
masked in the ensemble average. Single molecule approaches to understanding RNA
include atomic force microscopy, optical tweezers, and single molecule fluorescence

microscopy (for review see (20,21)). Of these, single molecule fluorescence resonance
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Figure 1.3: Evaluating RNA dynamics. Schematic of techniques commonly used to
evaluate RNA dynamics and the system size and time scales they are used to address.



energy transfer (smFRET) has proven particularly effective in studying reaction pathways
of ribozymes as smFRET assays provide information on the global dynamics of
molecules under native conditions. smFRET has therefore provided researchers with the
unique opportunity to quantify the (equilibrium) kinetics of both directions in reversible

reactions, which are commonly found in RNA.

Examples of Single Molecule Enzymology

Currently, the primary approach used in single molecule RNA enzymology is to monitor
global conformational changes associated with individual steps on or off a reaction
pathway such as substrate binding, tertiary structure (un)folding, chemical catalysis, and
product release. In this chapter we explore in detail single molecule investigations that
highlight the scope and limitations of single molecule RNA enzymology. We focus on
two significant RNA catalysts at opposite ends of the spectrum, the hairpin ribozyme and
the ribosome. The hairpin ribozyme is probably the most investigated RNA in single
molecule enzymology and the primary focus of this thesis (see Chapters 2 and 3). The
ribosome is far more complex and has been subjected to fewer single molecule studies
than the comparably simple hairpin ribozyme. However, the tremendous biological
importance of protein biosynthesis has motivated substantial progress also on single
molecule enzymology of the ribosome. The initial success of work with the ribosome
provides great encouragement in the single molecule investigation of other complex

RNPs such as the spliceosome (see Chapter 4).

The Hairpin Ribozyme: Synergy between Single Molecule and Ensemble Assays

The hairpin ribozyme (Figure 1.4A) is a small non-coding RNA that facilitates site-
specific cleavage and ligation chemistry of its own backbone as part of the double-rolling
circle replication of Nepovirus satellite RNAs. It serves as a convenient model system to
study RNA catalysis, and a vast body of ensemble biochemical(22-28), structural(29-35),
and computational data (36,37) is available, as are extensive single molecule analyses(38-
44). The drive towards a complete understanding of catalysis in this system has
demonstrated and exploited the power of single molecule spectroscopy to uncover short-

lived intermediates, minor sub-populations, and molecular heterogeneity, which
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Figure 1.4: Single molecule FRET applied to hairpin ribozyme docking. (A) A two-
stranded (RzA, RzB) hairpin ribozyme binds substrate (orange and small letters; arrow,
cleavage site) to form internal loops A and B, each flanked by two helices (H1-H4) and
connected between H2 and H3. Noncanonical base pairs are indicated by dashed lines.
Tertiary structure docking occurs via a g+1:C25 Watson-Crick base pair (red), a ribose
zipper (blue) and the U42 binding pocket (purple). Terminal Cy3 and CyS5 fluorophores
serve as donor/acceptor FRET pair and biotin is used for surface immobilization through
binding to streptavidin. (B) Multistep reaction pathway of the hairpin ribozyme with
distinct kinetic steps identified by their rate constants. (C) Typical smFRET time
trajectory monitoring donor and acceptor emission intensity, together with the resulting
FRET = IA/(Ip+1a) trace. Characteristic of a single molecule observation are the anti-
correlated donor and acceptor signals and the single-step photobleaching; specific events
are indicated. Rate constants are calculated from statistically significant numbers of state
dwell times and corrected as described.(38,44) (D) Two FRET time trajectories from
different molecules show dramatically different dwell times in the high-FRET docked
state that reveal persistent heterogeneity between molecular sub-populations.
Reproduced with permission from ref. (38).



otherwise are all hidden in the ensemble average. An effective application of single
molecule techniques, conversely, requires correlation of statistically significant averages
from stochastic single molecule events with observables from ensemble measurements.
In fact, most successful approaches have relied on the availability of a thorough
characterization of ensemble behavior in order to interpret single molecule observations
with confidence.

In the case of the hairpin ribozyme, extensive insights from ensemble techniques
into the ribozyme’s structural and kinetic properties have formed a solid platform for
probing at the single molecule level. For example, ensemble FRET experiments in
solution revealed the existence of two structural states at equilibrium — the catalytically
inactive undocked and the active docked conformations(22). Upon docking, the internal
loops of domains A and B are brought into close contact, compacting the RNA (Figure
1.4A) (45,46). Several crystallographic studies have shown that this docked state is
stabilized by a number of well characterized tertiary hydrogen bond and base stacking
interactions (Figure 1.4A) (32-35). In addition, ensemble enzymology approaches were
applied extensively, yet the (presumably micro-reversible) mechanism of cleavage and
ligation remains debated (47). Nucleobase derived general acid-base catalysis (23,32),
water assisted acid-base catalysis (35,36), and transition state charge stabilization (24-
26,33,48) have all been invoked as possible mechanisms (see Chapter 3). The important
contributions that a single nucleobase or even a functional group can make to proper
RNA folding as well as catalysis (44) and the inherent ambiguity in the interpretation of
enzymologic results (47) contribute to the difficulty of pinpointing the reaction
mechanism and necessitate additional mechanistic probing tools.

smFRET based on biotin-streptavidin mediated surface immobilization and total
internal reflection fluorescence microscopy (TIRFM) has been employed to dissect the
reaction pathway of the hairpin ribozyme, which comprises substrate binding,
interdomain docking, substrate cleavage, interdomain undocking, and finally product
release (Figure 1.4B). By labeling the termini of the two interacting domains with a
suitable smFRET donor/acceptor pair such as cyanine dyes Cy3/CyS5,(49) the docked,
undocked and product/substrate-free (unbound) states of the ribozyme display

distinguishable FRET levels (defined as I5/(Ip + I4), where 15 and I, are the fluorescence



signals from acceptor and donor, respectively) (Figures 1.4 and 1.5A) (38). Single-step
photobleaching to background signal at the end of each smFRET time trajectory confirms
that indeed a single RNA molecule is observed (Figure 1.4C). Since the cleavage
products rapidly dissociate from the undocked state, cleavage and subsequent undocking
result in a decrease in SmFRET from the docked to the unbound state (Figure 1.5A). The
good agreement between the rate of unbound state appearance in smFRET and that of
product appearance as monitored by traditional (ensemble) electrophoretic separation
further supports the assignment of states in and the functional validity of single molecule
trajectories (Figure 1.5A) (38).

To determine (un)docking rate constants in the intact ribozyme-substrate complex
unaffected by cleavage, a blocking 2’-O-methyl substitution was introduced into the
active site adenosine (A-1) based on its preservation of the sugar pucker preference (in
solution) and hydrogen bond acceptor capacity of the native 2°-OH (38). Substrate
dissociation is slow under standard conditions (pH 7.5, 12 mM Mg, effectively
isolating the docking/undocking steps from the remaining reaction pathway. Similarly,
(un)docking rate constants in the isolated ribozyme-product complex can be determined
by installing a ligation blocking 3’-phosphate on the 5’-product instead of the natural
2’,3’-cyclic phosphate. Rate constants can then be extracted by plotting the cumulative
number, N(¢), of state dwell (residence) times that are shorter than time ¢ and fitting with

a multi-exponential of the form:

N(t) = Zl: 4 (1 - ekf.,abs-t)

The observed rate constants &; ,»s need to be corrected for photobleaching, which shortens
the observed dwell times; while the amplitudes 4; need to be corrected if indeed multiple
rate constants are observed, to avoid bias towards shorter dwell times (38,44). Corrected
dwell times in the docked state then determine the undocking rate constant(s) kundock,
whereas corrected dwell times in the undocked state separately determine the docking
rate constant(s) kgcx (Figure 1.4B). This ability to determine forward and reverse rate
constants of a reversible reaction independently of each other is an important advantage
of single molecule enzymology. In the ensemble average, only collective and

synchronized relaxation of many molecules from one state to another can be observed,
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Figure 1.5: Accessing reaction chemistry of the hairpin ribozyme through single
molecule FRET. (A) smFRET time trace of the two-way junction form of the hairpin
ribozyme, showing the docked, undocked, and substrate/product free states at distinct
FRET values.(38) The purple box and bar indicate equivalent processes on the reaction
scheme and the experimental data, respectively. Individual states are indicated as U
(undocked), D (docked), L (ligated), C (cleaved) and P (product). (B) smFRET time
trace of the four-way junction form of the hairpin ribozyme, illustrating the difference in
(un)docking dynamics before and after cleavage (i.e., in the ligated and cleaved forms).
The purple box and bar highlight equivalent processes on the reaction scheme and in the
experimental data, respectively.(41) (C) Schematic of the possible outcome scenarios
from a double buffer-exchange experiment (first removal, then replenishment of 12 mM
Mg®") on the two-way junction form of the hairpin ribozyme with the associated
experimental smFRET readouts.(51) Reproduced with permission from Refs.(38,41,51)
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yielding an aggregate rate constant. ~ The fact that single molecule data often are best
represented through multiple rate constants k;.ps is another distinction from ensemble
averaging techniques. In the hairpin ribozyme (and commonly in RNA) an underlying
molecular heterogeneity is apparent upon closer inspection (Figure 1.4D) (38,39,42). At
least four distinct sub-populations of molecules are found in individual smFRET time
trajectories (38,39,44), each of which undocks with one of the four rate constants
extracted from the docking dwell times. Representatives of each sub-population are
remarkably resistant to interconversion as they continue to exhibit the same undocking
behavior even when probed at 3-hour intervals at 25°C (38), in various Mg*"
concentrations (39), in the presence of various RNA modifications (44) or following
subjection to harshly denaturing conditions (see Chapter 2). Such static heterogeneity (or
molecular memory) is also observed in the context of a four-way junction form of the
ribozyme, with potentially even more sub-populations exhibiting heterogeneity in both
docking and undocking kinetics (40), and is independent of the strategy for RNA surface
immobilization (42). The four distinctly undocking molecular sub-populations map onto
fast and slow phases of biphasic ensemble cleavage (44) and folding assays (27), and so
have important consequences for the interpretation of data from ensemble measurements

(see Chapter 2).

The Hairpin Ribozyme: Accessing Chemistry

Whereas docking and undocking rate constants of the hairpin ribozyme can be derived
directly from dwell time analyses of smFRET trajectories, catalysis itself does not result
in any discernable change in smFRET signal and thus calls for less direct inference.
Three different approaches have been pursued so far. In the first approach, single
molecule probing of inactivated ribozyme-substrate and -product complexes is combined
with ensemble cleavage assays and classic mechanistic modeling (38,44). Essentially,
the intrinsic cleavage and ligation rate constants are derived by finding either a numerical
(38) or analytical solution (44) to the set of differential equations that defines the reaction
pathway in Figure 1.4B after substrate binding (where substrate binding is assumed to be

irreversible):

12
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where N denotes the population of molecules in a given state with the subscript indicating
the conformation (docked or undocked) and the superscript indicating whether the
ribozyme is bound to substrate (S) or product (P). Using the known overall cleavage
kinetics and assuming the complete absence of interconversion between the molecular
sub-populations throughout the catalytic cycle (which makes them independent of one
another), a numerical fit yields upper and lower bounds for the intrinsic cleavage and
ligation rate constants and an estimate of their ratio (38). Alternatively, equations 2 can
be formulated in matrix notation so that an analytical simulation of the overall cleavage
time course is derived by diagonalizing and solving the corresponding master equation
(44). If the chemical equilibrium constant is independently determined by, for example,
running a ligation reaction to completion in the presence of excess reaction product, the
problem of solving the master equation for the five unimolecular reactions that describe
the kinetic pathway is reduced to a single-variable fit (44). The use of substrate and
product analogs and matrix-algebra assisted kinetic simulations thus enables rapid
relative comparison of single functional group variants. It was discovered that functional
groups far from the docking interactions and active site directly impact both docking and
chemistry. These findings led to the proposal that, similar to protein enzymes (50), long
range coupled molecular motions exist in ribozymes that link the overall fold to the active
site and contribute to RNA function(44). Recent molecular dynamics simulations support
this hypothesis (36).

It is important to note that two additional assumptions are implicitly employed in
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this analysis. First, common intrinsic cleavage and ligation rate constants are assumed
for all molecular sub-populations so that the derived rate constants represent averages
over all molecules (a standard feature also of ensemble enzymology). A range of rate
constants may exist, but kinetic modeling suggests that the chemical rate constants vary
by less than three-fold between the different sub-populations (44). Second, in the
analysis it is assumed that the docking and undocking rate constants obtained for the
inactivated ribozyme complexes (with 2’-O-methyl modified substrate and 3’-phosphate
modified 5’-product analogs) closely resemble those of the active complexes. Recent
evidence from single molecule studies in the presence of cleavable substrate suggests that
undocking of the substrate complex is decelerated and that of the product complex
accelerated in the presence of the native 2°-OH and 2’°,3’-cyclic phosphate, respectively,
leading to a systematic over-estimation of the intrinsic cleavage rate constant in the above
analysis by ~7-fold (while docking and ligation rate constants are unaffected; see also the
following discussion) (41,51). The increase in docking stability in the presence of the
native 2’-OH in the ligated form is further supported by our recent MD simulations (see
following section and Chapter 3).

The second single molecule approach used to access chemical rate constants of
the hairpin ribozyme exploits the fact that undocking is slow in the native substrate
complex, but fast in the cleaved product complex; thus, cleavage in situ can be
fortuitously detected by an acceleration of the smFRET fluctuations between docked and
undocked conformations (rather than a change in FRET level) (41). This change in
dynamics is particularly pronounced at 1 mM Mg2+ in a four-way junction form of the
ribozyme in which both the 5’- and 3’-products are extended to prevent dissociation.
Significant enhancement and suppression of the docking/undocking kinetics can thus be
used as signatures for cleavage and ligation, respectively (Figure 1.5B). Still, extraction
of a cleavage rate constant is complicated since, first, any given transition from docked to
undocked state may originate from either the substrate or product complex; second,
cleavage events followed by ligation before undocking will go undetected; and, third, the
observed docked state dwell times are shortened by photobleaching. Using a succession
of undocking events as indication of cleavage and correcting for missed events as well as

photobleaching then yields an estimate of the intrinsic cleavage rate constant. In
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addition, the ligation rate constant has to be corrected for the fact that a rapidly
docking/undocking ribozyme spends only part of its time in the docked state where
ligation can occur. The final corrected intrinsic chemistry rate constants indicate a
stronger equilibrium bias towards the ligated state than did the use of chemistry blocking
modifications (41).

The third approach exploited to tease out the intrinsic chemistry rate constants
also uses cleavable substrate and sets up a succession of buffer exchanges to produce
distinct time sequences of smFRET signal that serve as kinetic “fingerprints” of specific
catalytic intermediates (51). In concept such an approach is analogous to pulse-chase
experiments widely used in ensemble enzymology, but it gains from the ability to assign
a specific state to each individual molecule and count the number of representatives.
Figure 1.5C illustrates how the number of molecules in the undocked (U) and docked (D)
states in the presence of either ligated (L) or cleaved (C) substrate is assessed. First,
chemical equilibrium is reached upon incubation of the ribozyme in standard buffer (pH
7.5, 12 mM Mg?") in the presence of a saturating excess of 3’-product. Upon addition of
EDTA to remove Mg®" at time #, and subsequent replenishment of Mg®" at time #,,
distinct scenarios are observed depending on which of the four reaction intermediates Uy,
Dy, D¢ or Uc is observed. In particular, the two docked states undock (transit from high
[0.8] to low [0.2] FRET) upon Mg”" removal, while the two undocked states only slightly
decrease in FRET (from 0.3 to 0.2). In addition, the two complexes involving ligated
substrate will eventually dock again after the replenishment of Mg®", whereas the two
cleaved complexes lose their 3’-product under these conditions (the 5’-product is
covalently linked to the ribozyme) and thus can never dock after Mg®" addition. Given a
sufficient observation window after time #; (i.e., slow photobleaching) the four reaction
intermediates can be unequivocally identified through their unique FRET versus time
patterns (Figure 1.5C) and counted. Based on a sufficient number of molecule
assignments P, yielding P(Up) = 21, P(Dy) = 591, P(D¢) = 47, and P(Uc) = 165, the
equilibrium constants of docking before and after cleavage and of internal chemistry are
derived as ratios of the appropriate molecule counts (51). In conjunction with the rate
constant of the very last transition from high to low FRET under standard conditions

(Figure 1.5A), which is a convolution of the undocking, cleavage and ligation rate
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constants, the intrinsic cleavage and ligation rate constants can be calculated.

The latter two single molecule studies yield similar intrinsic cleavage and ligation
rate constants and a consistent picture of how a ribozyme is optimized for its self-
cleavage function in Nepovirus replication — stable docking of the ligated ribozyme-
substrate complex allows for ample time to cleave, while instable docking of the cleaved
ribozyme-product complex results in rapid product release (41,51). One may note that a
structural explanation for this kinetic phenomenon is still outstanding. In addition, since
a properly ligated RNA is important as a replication template, one may wonder whether
alternating structures switch the RNA between preferably cleaved (active) and ligated
(inactive) forms.  Strikingly, standard ensemble measurements of the chemistry
equilibrium position do not distinguish between the docked and the undocked ligated or
cleaved states and thus lead to a significant under-estimation of the ligation equilibrium
constant (from [P(Up) + P(Dp)]/[P(Dc) + P(U¢)] = 2.9) (44) compared to its true value
(which is defined as P(Dp)/P(D¢) = 13) (51), and a resulting over-estimation of the
intrinsic cleavage rate constant. Ensemble studies also average out important information
on parallel (heterogeneous) reaction pathways, which are studied in isolation when
observing single molecules, and on short-lived intermediates, which are identified by
short smFRET bursts as long as they live longer than the experimental time resolution
(Figure 1.4D).

In summary, single molecule enzymology studies of the hairpin ribozyme have
demonstrated feasible routes towards determining rate and equilibrium constants of the
chemical step in a fully reversible RNA reaction pathway that exhibits molecular
heterogeneity. It thus has become possible to dissect the often surprisingly profound
role(s) of individual residues and functional groups in structural dynamics and chemistry,
may they be close to or far from the active site and/or tertiary structure interactions.
Careful consideration needs to be given to the various types of modifications
(fluorophore labeling, surface immobilization, functional group and sequence changes)

that have to be introduced into the RNA to address specific scientific questions.
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Investigating Complex RNA-Protein Machinery

The largest ribozyme studied so far at the single molecule level is the protein biosynthetic
machinery, the ribosome, arguably the most abundant enzyme on earth. Ribosomes are
very large (in bacteria ~2.5 MDa) RNA-protein complexes that universally translate the
sequence of a messenger RNA (mRNA) with high fidelity into a polypeptide chain using
transfer RNA (tRNA) adaptors. Ribosomes are composed of a large and a small subunit
(termed 50S and 30S in bacteria, respectively). Translation is initiated by the assembly
of the two subunits into the 70S ribosome on an mRNA template. Protein synthesis is
catalyzed by the ribosomal RNA (rRNA) component of the large subunit by transfer of
the growing peptide chain from one tRNA onto the next aminoacyl-tRNA (aa-tRNA)
(52), whose selection is determined by the small subunit. A sequence of three
nucleotides in the tRNA, called the anticodon, base pairs with each mRNA codon; this
short hybrid is proofread with high fidelity by the rRNA component of the small subunit
(53). Both subunits of the ribosome contribute to its three tRNA binding sites: the
aminoacyl site (A site), the peptidyl site (P site) and the exit site (E site) (54).

The highly dynamic peptide elongation cycle is composed of at least the
following steps (Figure 1.6A) (53,55-58): 1) Initial binding of the aa-tRNA to the
ribosome in a ternary complex with the elongation factor Tu (EF-Tu) and guanosine 5’-
triphosphate (GTP). 2) Codon recognition where base pairs form between the tRNA
anticodon and mRNA codon in the A site of the 30S subunit. 3) Stimulation of the
GTPase activity of EF-Tu in response to correct codon-anticodon pairing with the
cognate aa-tRNA. At this stage, mismatched (non-cognate) aa-tRNAs are readily ejected
from the ribosome, whereas near-cognate aa-tRNAs (only one base mismatch) remain
bound (53,59). 4) GTP hydrolysis by EF-Tu. 5) Conformational change of EF-Tu
coupled with dissociation of inorganic phosphate (P;). 6) Accommodation of the A-site
aa-tRNA within the peptidyl transferase center (PTC) of the large subunit, during which
EF-Tu:GDP dissociates. At this point, most near-cognate aa-tRNAs are rejected in a
process known as proofreading (53,60). 7) Peptidyl transfer, that is, formation of the
peptide bond in the PTC, during which the polypeptide chain is rapidly transferred from
the P-site to the A-site tRNA (see also Figure 1.2B). 8) The tRNAs proceed to two
discernable hybrid states, where they remain bound to the mRNA in the A and P sites of
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Figure 1.6: Dissecting the complex ribosomal translation cycle by single molecule
FRET. (A) Schematic of the reaction cycle of the ribosome as illuminated through
smFRET (FRET values are indicated in purple). The E (yellow), P (blue) and A (green)
sites on the ribosome are shown as small rectangles. Specific steps can be inhibited by
the antibiotics or additives indicated in red. (B) Contour plots of the postsynchronized
time evolution of many individual smFRET trajectories in the presence of the indicated
antibiotics and additives. Contours are plotted from tan (lowest population) to red
(highest population).(56) (C) Donor and acceptor fluorescence signals and corresponding
smFRET time trajectory displaying the classic (C), hybrid 1 (H1), and hybrid II (H2)
states. The FRET data are Hidden Markov modeled (red line) to determine dwell times
in the three states and derive interconversion rate constants.(58) Reproduced with
permission from Refs (56,58)
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the 30S subunit, while their 3’-ends bind to the P and E sites of the 50S subunit,
respectively (58). 9) Full translocation of the tRNA:mRNA complex from the P and A
sites to the E and P sites of the ribosome, respectively, which is accelerated by GTP
hydrolysis on the elongation factor G (EF-G). The ribosome is thus ready for the next
round of elongation, where the A site is prepared to accept the next aa-tRNA ternary
complex (Figure 1.6A).

The elongation cycle involves extensive conformation changes and the dynamic
association of multiple RNA and protein complexes, which lend themselves to FRET
based distance measurements. Single-molecule analysis is particularly well suited to
address such a multi-step biological process where transitions between states do not
remain synchronized within the ensemble and the resulting averaged signal cannot easily
be deconvoluted. Finally, the recent explosion in structural and mechanistic insights into
ribosome function (reviewed in, for example, Refs. (52,53,61,62)) provides a vast
knowledge base for in-depth studies of the single molecule enzymology of translation.

So far, several single molecule fluorescence studies have been conducted on
reconstituted ribosomes from Escherichia coli (56-58,63). In particular, intermediates
involved in aa-tRNA selection are resolved by combining stopped-flow mixing with the
use of antibiotics that inhibit tRNA selection, a non-hydrolyzable GTP analog (GDPNP)
and mutant ribosomes. Single E. coli ribosomes with a Cy3-labeled aa-tRNA (fMet-
tRNAfMCt) in the P site are immobilized via a 5’-biotinylated mRNA on a streptavidin
coated and otherwise passivated quartz slide (56). An EF-Tu:GTP:Phe-tRNA™ ternary
complex, where the tRNA is labeled with CyS5, is delivered to the immobilized ribosomes
via stopped-flow. The FRET level of single complexes proceeds stepwise from FRET =
0.35 in the initial bound state to FRET = 0.75 in the state with a fully A-site
accommodated aa-tRNA (Figure 1.6A). Due to the asynchronous nature of initial aa-
tRNA binding, individual time traces were “postsynchronized” to the first FRET > 0.25
signal. The average time from this initial FRET state to complete accommodation is ~93
ms, in agreement with previous ensemble studies on aa-tRNA selection, which validates
the single molecule approach (64).

Classic approaches to stop translation at defined points along the elongation cycle

provide an elegant means of assigning the FRET states and so further dissect ribosome
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kinetics (57). Tetracycline is an antibiotic that inhibits selection of the ternary complex
by the ribosomal A site (Figure 1.6A). smFRET traces in the presence of tetracycline
show the transient sampling of a FRET = 0.35 state, with rare excursions into higher
FRET (= 0.5) states (Figure 4B) (56). Each FRET = 0.35 event is identified as an
independent attempt of a single ternary complex to enter the ribosomal A site, upon
which tetracycline interrupts aa-tRNA selection. Replacing GTP with its non-
hydrolyzable analog GDPNP in the ternary complex is known to efficiently stall aa-tRNA
selection prior to GTP hydrolysis (Figure 1.6A). Single molecule traces observed in the
presence of GDPNP rapidly transit through the FRET = 0.35 state and show a stabilized
FRET = 0.5 state (Figure 1.6B). In this pre-hydrolysis state, the ternary complex is in
closer contact with the ribosome than in the 0.35 FRET state. Kirromycin inhibits the
conformational change of EF-Tu after GTP hydrolysis (Figures 1.6A). In single
molecule traces kirromycin also stops the ribosome at a FRET = 0.5 state after readily
passing through the 0.35 FRET state (Figure 1.6B). Restrictocin is an a-sarcin toxin
homolog that specifically cleaves the sarcin-ricin loop (SRL) of the ribosome, which is
involved in activating the GTPase activity of EF-Tu. In the presence of this toxin,
smFRET time traces of the ribosome again stall in a FRET = 0.5 state before aa-tRNA
accommodation (Figure 1.6B).

The fidelity of initial aa-tRNA selection and proofreading is investigated by
comparing encoded mRNAs with cognate (UUU), near-cognate (CUU) and non-cognate
(AAA) codons at the A site (56). Analysis of smFRET traces shows that a non-cognate
aa-tRNA is effectively rejected at the codon recognition state (FRET = 0.35, Figure
1.6A). By contrast, 65% of bound cognate aa-tRNAs advance to a FRET state higher
than 0.35, while only 11% of near-cognate aa-tRNAs move forward. Therefore, the
FRET = 0.35 state represents an important initial selection step for correct anticodon-
codon pairing that favors cognate over near-cognate aa-tRNAs by ~6:1 (Figure 1.6A). A
(second) proofreading step is based on the stability of the A-site aa-tRNA bound to the
rearranged ribosome after the release of the EF-Tu-GDP complex, which occurs during
accommodation and is identified by smFRET as a transition from FRET = 0.5 to FRET =
0.75 (Figure 1.6A). Cognate aa-tRNAs are favorably accommodated in the PTC over
near-cognate aa-tRNAs by a ratio of 24:1 (56).
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After peptidyl transfer, fluctuations between FRET = 0.75 and 0.45 states are
observed, which were initially attributed to a dynamic exchange between the classic (C)
and translocation hybrid states (H), respectively (Figure 1.6A) (57). More recently,
detailed smFRET analysis yielded evidence for the formation of two hybrid states (H1
and H2) in equilibrium with each other and the classic state (Figures 1.6A and 1.6C) (58).
Rate constants for intermediate steps in aa-tRNA selection, proofreading and
translocation were obtained by evaluating the FRET states and determining their
corresponding single event dwell times based on the statistical evaluation afforded by
Hidden-Markov modeling (Figure 1.6C and discussion below).

In summary, work on the ribosome has demonstrated how even very complex
reaction cycles can be followed in real-time at the single molecule level to determine rate
constants of individual reaction steps. Work on the ribosome opens the door to single-
molecule analysis of additional RNP complexes such as the spliceosome (see Chapter 4)
and RNase P (see Appendix A). These systems possess the necessary broad foundation
of prior ensemble measurements that make them ideal candidates for single molecule
approaches.

The spliceosome is a massive RNP complex that assembles to excise introns with
single-nucleotide precision from pre-mRNAs as part of mRNA maturation in all
eukaryotes (65-67). pre-mRNA splicing is accompanied by a complex series of
conformational rearrangements of the central, presumably catalytic small nuclear
(sn)RNAs, guided by a large number of protein cofactors including several RNA
helicases. The presence of multiple global conformational changes along the splicing
reaction pathway provides numerous opportunities to follow activity by smFRET (see
Chapter 4). Additionally, the RNA helicases in the spliceosome are ATP dependent,
which provides a convenient means of controlling progress along the reaction trajectory.

RNase P is an evolutionarily ancient enzyme that universally catalyzes the
removal of the 5' end of pre-tRNAs as part of tRNA maturation in all organisms.
Activity of the ribozyme involves the site-specific coordination of substrate, divalent
metal ions, and at least one protein component by the RNase P RNA (68-70). Despite
extensive study and several recent crystal structures of the RNA component, important

details of the reaction pathway remain unclear (70). smFRET, which so far had only
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been applied to folding of the isolated catalytic domain of RNase P RNA as described

above, is ideally suited for dissecting this reaction pathway (see Appendix A).

Technical Challenges in smFRET

The examples above demonstrate how previous knowledge from ensemble experiments
can be used to inform single molecule experimental design and interpretation and thus
dissect multi-step enzymatic reaction pathways. smFRET observations do not require
synchronicity between molecules to extract rate constants from statistical analyses of the
underlying stochastic (even rare and/or brief) dwell times, making them uniquely suited
for answering questions of RNA enzymology. (State dwell times often define the
macroscopic rate constants since conformational transitions in RNA are typically fast, but
rare. Only recently have attempts been made to measure an actual folding transition time
(71).) As with any enzymatic assay, however, challenges lie in developing an assay,
signal detection conditions, and strategies for extracting and interpreting experimental
observables, and in deriving kinetic models. In the following we discuss some of the

important challenges and highlight possible solutions.

Evaluating Dwell Times Correctly

In kinetic analyses of single molecule traces, dwell times must be measured with
confidence. Large ribozymes may introduce an added level of complexity into the
analysis as they may not display simple two-state FRET behavior with well defined dwell
times. To deal with increasingly complex single molecule data sets a number of
statistical methods have been implemented. Hidden Markov modeling (HMM), in
particular, has recently been utilized to determine the number of distinct states and the
transitions probabilities between states(58,72,73). HMM in principle can identify a large
number of states within a single molecule trajectory in a semi-automated, reproducible
fashion, thus avoiding potential bias. However, the assumptions implicit in any statistical
model need to be kept in mind; for example, Hidden Markov modeling requires that the
transitions be Markovian in nature, i.e., the current state is independent of past states.
This assumption requires transitions within a single trajectory to be dictated by a single

rate constant, which is not necessarily the case for RNA. It is therefore wise to apply
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HMM independently to each single molecule trace to avoid masking any molecular
heterogeneity that may be present. Furthermore, even individual trajectories may violate
the assumption of Markovian behavior. Nevertheless, HMM has been successfully used
to evaluate smFRET trajectories in the ribosome work discussed above (Figure 1.6C)
(58), as well as in studies of Holliday junctions (72), and RecA filament assembly on
single-stranded DNA (Figures 1.7A and 1.7B) (73). The extent to which HMM can be
used to distinguish FRET states is demonstrated by the latter study. smFRET trajectories
monitoring sequential association of up to four RecA monomers into a filament were
analyzed, leading to five discernable FRET states with eight transition densities and
fundamental rate constants for the stepwise binding and dissociation rates of individual
monomers (Figure 1.7B) (73).

In some cases, such as in a folding study of the catalytic domain of Bacillus
subtilis RNase P RNA, gradual structural FRET changes that lack abrupt transitions may
be observed, limiting the ability to define FRET states (Figure 1.7C) (74). While the
fully unfolded (0 mM Mg>") and folded (5 mM Mg”") states of the catalytic domain
display narrow distributions with FRET = 0.13 and 0.85, respectively, at intermediate and
physiologically relevant Mg*" concentrations (at least) four FRET distributions are
discerned (Figure 1.7D). Any particular RNA molecule is restricted to a limited range of
FRET values (although this may in part be related to the unusually short observation
window in this particular study, see also discussion below) (74). The authors therefore
evaluate the folding pathway using free energy contour maps (Figure 1.7E). This
approach assumes thermodynamic equilibrium since free energies are derived from
probabilities based on the relative population sizes of folding states in the ensemble. The
authors conclude that early folding steps in the catalytic domain of RNase P RNA involve
a series of intermediates that fold under the kinetic control of local conformational
rearrangements. Similar free energy contour map approaches may prove useful in
evaluating progress along the reaction coordinate of RNA enzymes.

A significant limitation for any fluorescence based single molecule study is the
non-ideal photophysical behavior of fluorophores; in particular, their photobleaching
limits the total observation window (so that rate constants extracted from dwell times

have to be corrected(44)) and long-lived dark states may persist for seconds. The donor-
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Figure 1.7: Challenges: Dealing with complex single molecule FRET kinetics. (A)
Donor and acceptor signals and corresponding smFRET time trajectory upon assembling
RecA in the presence of ATP onto the single-stranded 3’-extension of a double-stranded
DNA. The FRET data are Hidden Markov modeled (green line) to determine dwell
times in five different states (M to My) and distinguish from acceptor dark states (FRET
=0). (B) A transition density plot of RecA binding and dissociation transitions observed
on 82 DNA molecules shows five FRET states (FRET = 0.2, 0.3, 0.55, 0.75, 0.85) that
interconvert pairwise.(73) (C) smFRET time trajectories and donor and acceptor
fluorescence signals from the catalytic domain of RNase P incubated at 0.1 mM Mg*"
reveal gradual transitions between poorly defined FRET states. (D) FRET distribution
histogram from ~50 smFRET time trajectories of the RNase P catalytic domain observed
at 0.1 mM Mg”". (E) Resulting free energy contour plot for the folding pathway of the
RNase P catalytic domain as monitored by 3’- to 5’-end proximity. Two fluctuating
classes, reflected by two pairs of closely connected basins (double arrows), as well as
three nonfluctuating classes of smFRET states (dashed boxes) can be defined.(74)
Reproduced with permission from Refs.(73,74)
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acceptor pair Cy3/CyS5 is often favored in single molecule studies due to its large
wavelength difference and strong FRET signal that can be prolonged by enzymatic
oxygen scavenger systems (75). However, low FRET states have been observed in
smFRET studies that arise from the acceptor temporarily visiting a dark state (Figure
1.7A) (44,73,76). This so called “blinking” is of concern because it can potentially be
misinterpreted as a conformational change in the labeled molecule. The problem is
exacerbated by the observation that the blinking kinetics vary depending on identity of
the donor, inter-fluorophore distance, and buffer conditions (77,78). Fortunately, the
resulting FRET = 0.0 is often sufficiently distinct from a “real” low FRET signal (Figure
1.7A). If this is not the case, rapidly alternating-laser excitation (ALEX) of the donor and
acceptor fluorophores provides a solution, whereby acceptor activity is continuously
probed as a control (77,79). Other promising advances toward longer smFRET
observation windows may be expected from additives such as Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2—carboxylic acid), which suppress blinking and photobleaching of

CyS5 (80), as well as from the development of improved fluorophores (81).

1.3 Molecular Dynamics and Quantum Mechanics of RNA: Conformational and

Chemical Change We Can Believe In

Experimental studies of RNA can be complemented by computational techniques,
provided they are judiciously applied to addressing issues that can be described with
acceptable accuracy. Computational methods can provide insights that are not fully
accessible through experimental techniques. Mere reproduction of known experimental
data, though highly desirable for accuracy assessment, is not the primary goal.
Simulations can reveal functionally significant stochastic fluctuations (82-84), identify
problematic aspects of experimental structures (85,86), suggest whether a given base is

protonated (87), and predict detailed solvent behavior (36) (88-90).

Molecular Dynamics Simulations: Overview
Explicit solvent MD is an atomistic technique dealing with a single molecule of defined

starting geometry that subsequently undergoes 1-1000+ ns dynamics at room

25



temperature. MD provides unprecedentedly detailed information about all aspects of the
time development (with sub-ps time resolution) of 3D structures, including positions of
all waters, and ions. This picture, however, is limited by significant approximations.
Simulations are limited by incomplete sampling of conformational space due to the short
timescale of MD compared to biological processes. This limitation is being subdued
step-by-step with the advance of faster computers. The truly fundamental approximation
that is not waning with faster computers is the force field. The simulated systems are
described by a simplistic analytic atomistic function (force fields) relating structures with
potential energies (91,92). Assessment of the force field quality needs to be done case by
case. The more qualitative the computational task, the more likely is the force field
description sufficient. High-accuracy starting structures for MD are essential; usually x-
ray diffraction or NMR data are used (93). Quantum chemistry (QM) provides a basis
and rigorous benchmark by which to gauge force field quality (94-97), and coupling MD
simulations to QM analysis provides a means of explicitly addressing chemical reactions
(98).

Standard MD simulations can be enriched by enhanced sampling techniques
(locally enhanced sampling, replica exchange or targeted MD) and free energy
computations (direct or by post-processing analysis of the trajectories via Poisson-
Boltzmann or Generalised Born theory). All these methods assume additional major
approximations (99,100). While such calculations can provide very interesting
insights, their reliability is less apparent. These computations are not included as part

of this thesis.

Force Fields

Despite sophisticated parameterizations, the force field formally consists of a set of
harmonic springs for bond lengths and valence angles supplemented by torsion profiles
for dihedral angles (91,92,101,102). Atoms are approximated by Lennard-Jones spheres
and constant point charges localized at atomic centers (101,103). Such force fields are
pairwise-additive, which means they do not explicitly include polarization and charge-

transfer effects. Many-body terms are by definition zeroed.
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Force fields rely on the mutual compensation of errors which depends on the
balance of forces in the studied system and the force field parameterization. There are
two basic scenarios: 1) The compensation of errors is sufficient and the force field gives
basically the correct global minimum of the simulated system (96). In this case not
necessarily all details are correct, but the overall description is (similar to error margins
in experiments). ii) The force field does not give the correct global minimum and the
simulated system sooner or later degrades (104). Such degradation may start as early as
within a few nanoseconds, but in other cases it can take millisecond (or longer) to occur.
In the latter case the beginning of the simulation can still rather successfully characterize
the starting structure. There are two widely used nucleic acid (NA) force fields, AMBER
and CHARMM (91,92). They share similar functional forms but differ in
parameterization (105). AMBER has been successfully tested for many folded RNAs
and non-canonical DNAs (36,82,84-90,96,97,102,104,106-109). CHARMM describes
B-DNA well but has not been systematically tested for either folded RNAs or non-
canonical DNAs. For A-RNA the CHARMM force field predicts unnaturally accelerated
base pair breathing, which may indicate an underestimation of the strength of base
pairing (107,110). Both AMBER and CHARMM offer high-quality protein force fields
that allow consistent description of protein-nucleic acid complexes. The MD simulations
in this thesis utilize the AMBER force field.

The AMBER parameterization describes the key electrostatic terms using atomic
charges derived to reproduce the electrostatic potential around NA building blocks (101).
Quantum chemical calculations show that base stacking is the best approximated term in
RNA simulations (95), followed by base pairing including non-Watson-Crick base pairs
utilizing the 2’-OH group (94,97). This contributes to the overall stability of RNA
simulations. Description of the very flexible backbone is assumed to be inherently less
accurate (102). The phosphate group is a polarizable anion and the dihedral space of
backbone possesses multiple sub-states. Its description would profit from geometry-
dependent electrostatics and polarization terms. Monovalent ions and solute-solvent
interactions are also assumed to be reasonably described, whereas an accurate description
of divalent ions is outside the applicability of the force field. lons are represented simply

as Lennard-Jones spheres with constant point charges. In reality the first ligand shell of
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divalents is highly activated through polarization and charge-transfer, its waters can form
very strong hydrogen-bonds, and these effects propagate beyond the first ligand shell
(111). All these contributions are neglected by pair-additive force fields. Even when the
divalent ions are initially placed based on experimental structures their observed
dynamics are imperfect.

Good performance can be achieved by specialized force fields. These, however,
cannot be used to simulate biomolecules where the need arises to catch a multitude of
interactions simultaneously. Biomolecular force fields are parameterized for
multipurpose use with delicate trade-offs in the parameterization. There are considerable
and tremendously challenging efforts to develop more physically accurate, multipurpose
force fields that would include polarization effects (92,112-115). Since such force fields
will have to be more sophisticated it can be paradoxically more difficult to achieve a
satisfactory balance of all parameters compared to the presently available simplistic force

fields.

More Accurate Methods

In contrast to force fields, Quantum Chemistry (QM) can achieve a physically based and
close to ultimate accuracy description of a chemical system. Ab initio QM methods are
free of empirical parameters and offer a systematic (controllable) tuning of their quality
via improving the basis sets of atomic orbitals and inclusion of electron correlation. Such
calculations are, however, limited to 30-50+ atoms. QM allows evaluation of intrinsic
(gas phase) interaction energies, defined as differences between the electronic energy of
the dimer in a given geometry and the non-interacting monomers. This direct structure —
energy relationship can be accurately calculated for any single geometry of stacking or
base pairing to map the whole potential energy surface (95,97). Such energies
unambiguously reflect direct forces between the interacting subsystems with no influence
of the environment, making QM a genuine reference tool to parameterize and verify other
computational approaches such as classical MD simulations (94,97) However, it is not
straightforward to extrapolate QM data to biomolecules. Nucleic acids conformations
result from a highly variable mixture of mutually compensating interactions and their

balance may even vary for distinct types of nucleic acid architectures. Electrostatic
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forces are substantially modulated by solvent screening effects. Specific care is needed
when including NA backbone in QM studies. Small model systems in isolation favor
(even for a single nucleotide) geometries that are biased by spurious intramolecular
hydrogen bonds. The ionic effects associated with the phosphates typically dominate the
energetics of such model calculations, especially when two or more phosphates are
included (116). The problem is not quality of the QM methods per se, but incompleteness

of the model systems; related experiments would suffer from the same problem.

Simulation Performance Judged by Comparison to Experimental Structures
Complementary to QM, evaluation of the overall performance of a force field for a given
system can be determined by comparison to available experimental data. Evaluation of
the RNA backbone is difficult for both experimental and computational approaches. The
flexibility and polar nature of the backbone provide obvious difficulties for non-
polarizable point-charge based force fields. Additionally the point-charges are based on
the electrostatic potential of the most common C3’-endo sugar pucker and does not
explicitly account for the relatively common C2’-endo pucker which may not be well
represented (101). However, we usually observe surprisingly good agreement between
experiment and simulation due to compensating errors, base pairing/stacking constraints
and accurate starting structures.

An example of surprisingly good backbone behavior comes from our simulations
of the hairpin ribozyme (see Chapter 3). Over the course of the simulations the dihedrals
in a lower resolution structure switched to those observed in the higher resolution
structures.  Structural bioinformatics assisted in the rapid evaluation of backbone
behavior during these simulations to rapidly determine if the simulated backbone adopts
conformation commonly observed in experimental structures (117). However, not all
simulations are correct. A textbook example of force field problems arises in
simulations of guanine quadruplex DNAs (G-DNA) which consist of four-stranded stems
formed by guanine quartets stabilized by tightly bound monovalent ions and
complemented by single-stranded hairpin loops. The force field AMBER provides a
global minimum consistent with experimental structures for the G-DNA stems but not for

the loops (104) Thus, in a given simulation, different parts of a molecule can be
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described with different success, depending on whether the compensation of errors is
sufficient to reflect the overall balance of forces between various sub-states. Failure was
unexpectedly detected also for long (15-50+ ns) B-DNA simulations, due to
accumulation of irreversible incorrect backbone sub-states with concomitant progressive
degradation of the whole structure. The y backbone torsional profile was subsequently
reparametrized(102). The improved force field allows stable microsecond-scale B-DNA
simulations and even repairs partially degraded B-DNA structure, indicating that B-DNA
is now the global minimum (96). Fortunately, the above two examples are the worst
problems of the AMBER NA force field known to us. For most other systems
inaccuracies of this magnitude are not encountered, with no visible instability stemming
from pathological backbone substates. Specifically, backbone flip problems are not
observed in RNA simulations (84,88) and considering its simplicity, the AMBER
performance for RNA reported so far is surprisingly good. It is nevertheless fair to admit
that the improved force field is still not satisfactory for the G-DNA loops and longer
simulations of RNA tetraloops (unpublished results from Jiri Sponer) also indicate

problems. Single stranded hairpin loops may be the Achilles heels for NA simulations.

Application of MD Depends on Availability of High Resolution Structures.
Provided reasonably accurate starting structures, MD can locally improve for example
pairing and stacking patterns and minor backbone distortions in lower resolution
experimental structures (93). Swift structural changes in the simulation usually indicate
that the starting structure is high in energy and imperfect. Due to force field and
sampling limitations, MD cannot predict RNA 3D structures and if the starting structure
is locked in incorrect conformation via large energy barriers (>5kcal/mol), the simulation
does not move away from the starting geometry (107). Unrealistic structures (mostly
models) often fall apart swiftly. It is therefore necessary that high resolution structures
be available for reliable evaluation of a given system by MD.

After collecting long enough simulation(s), careful inspection of the trajectory
development compared with the starting experimental data should be done. Analysis of
few distances of interest accompanied by the essentially uninformative RMSd plots is of

limited utility and may mask considerable problems. During MD simulations the
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observed structure developments result from a mixture of factors, including actual
stochastic flexibility of RNA, experimental artifacts introduced through crystal contacts,
disorder or modification, and finally force field artifacts. If this mixture is properly

resolved then the analysis can be very insightful.

Flexibility of RNA Building Blocks

The stochastic flexibility of RNA is a key feature that is difficult to get from
experiments. Stochastic fluctuations are important for function of biomolecular machines
such as the ribosome but are not directly visualized by current structural experiments
which show static averaged picture of the biomolecular machines (84,118). Simulations
can help develop a qualitative understanding of stochastic dynamics and flexibility of key
RNA building blocks (Figure 1.8) (82-84). Simulations of k-turn motifs revealed striking
intrinsic dynamics and flexibility of these RNA building blocks which may contribute to
the functional dynamics of the ribosome as flexible anisotropic molecular elbows.
Importantly, the observation of profound dynamics of the GTPase associated center RNA
(helices 42-44 of the large ribosomal subunit) requires application of an explicit solvent
atomistic force field as a more course-grained normal mode analysis assuming harmonic

approximation does not reflect this large-scale flexibility (82).

Experimental Artifacts

Simulations can resolve regions of limited resolution and structural effects stemming
from crystal packing. A local region of lower resolution is observed close to the active
site of the HDV ribozyme and MD simulations appear to improve the description of the
RNA backbone near the active site (85) (Figure 1.9A). In the crystal structure the
backbone cleavage site between U-1 and G+1 displays an unusual set of dihedral angles,
which become more regular over the course of the simulations. Simulations ultimately
reveal a U-turn motif with canonical dihedral values (85). Crystal structures of the HDV
ribozyme also include an extruded guanine which participates in an inter-molecular
crystal contact (119). Multiple simulations reveal the rapid loss of this conformation and
suggest a possible role in promoting catalysis through novel interactions with stem P1

(86).
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Kt-42 ,
and
rGAC

Figure 1.8: All atom, explicit solvent MD simulations can be applied to understanding
global dynamics of RNA. (A) Context of the Kt-42 (the rRNA portion of the GTPase-
associated center) within the ribosome. A (B) three dimensional and (C) schematic
representation of global motion of Kt-42 identified through the analysis of MD
trajectories. This global motion is not detected in a coarse grained normal mode analysis.
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2’-deoxy or 2’-O-methyl backbone modifications or inactivating mutations are
often necessary to trap ribozymes in their precatalytic structures. Simulations described in
this thesis indicate that a 2’-O-methyl backbone modification of the hairpin ribozyme
significantly distorts its active site. Multiple MD simulations consistently result in a
change in the A-1 sugar pucker immediately 5° of the cleavage site, leading to a
significant repositioning of catalytically important functional groups (Figure 1.9B)(see

also Chapter 3).

Solvent Dynamics

MD can detect long-residency water molecules that occupy prominent hydration sites and
stay bound for many nanoseconds, contrasting with more common individual water
binding events of only ~50-500 ps. The dynamics of long-residency waters is highly
variable and they can serve structural, functional and possibly catalytic roles
(36,83,89,90). Simulations of the hairpin ribozyme predicted the presence of inter-
domain long residency waters which was ultimately verified by the emergence of higher
resolution structures (35,36). An intriguing long-residency hydration site was detected in
the A-minor I tertiary interactions in k-turns 38 and 42 of the large ribosomal subunit.
Their A/C base pairs dynamically oscillate between direct and water-mediated H-bond
which significantly contributes to the elbow-like flexibility of the k-turns. The “static” X-
ray structures show both geometries. The Kt-38 A/C interaction is water-mediated and
that of Kt-42 direct.

Simulations can qualitatively describe major binding sites for monovalent ions
primarily determined by electrostatics. Simulations in monovalents alone show ion
density in known multivalent ion binding sites in simulations of multiple systems
(36,87,88). Simulations of the HDV ribozyme exhibit monvalent binding at the cleavage
site in a crystalographically resolved divalent ion binding site proximal to the 5’-O
leaving group. In the simulations two Na' ions and accompanying first hydration sphere
fill the catalytic pocket, a prediction with implications for catalysis in the absence of
divalent ions. The MD predicted behavior of monovalent ions was later experimentally
verified by crystal structures solved in the presence of T1" (120) that reveal two T1™ ions

at the active site. Simulations further predict a competition between ion binding and the

33



Figure 1.9: Molecular dynamics can improve backbone conformations in high resolution
crystal structures. (A) Rotation of dihedral angles toward values consistent with the U-
turn motif (gray sticks) occurs over the course of the HDV simulations (colored sticks)
and results in what is likely an improved description of the backbone relative to the
experimentally determined starting geometry. The starting geometry and final
conformation of the backbone heavy atoms from the HDV ribozyme cleavage site are
overlaid with a U-turn motif from a crystal structure of the hammerhead ribozyme (PDB
ID 2GOZ) (B) An active site conformational change in the hairpin ribozyme reflects the
loss of a catalytically inactivating 2’O-methyl modification and results in a significant
rearrangement of functional group experimentally determined to be important to
catalysis. The cleavage site is indicated with a green arrow for the HDV and hairpin
ribozymes.
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protonation state of C75, a feature not evident in the experimental structure. An
additional binding site is predicted from simulations proximal to the 2’-OH nucleophile
and this site is again verified by crystal structures, however the exact coordination
geometry differs between experiment and simulation, likely reflecting a combination of
differences between the ions used, force field approximations, and crystallographic
artifacts. Other ion-binding sites can elude experimental detection, either due to low
resolution or due to the fact that the ions are inherently delocalized in the pocket.
Simulations of the 5SrRNA loop E and the HIV-DIS kissing complex reveal major

monovalent ion binding sites that are to a significant extent delocalized (89,90,107,121).

Base Substitutions and lonization

MD can be used to evaluate the effects of base substitutions (including protonated
and deprotonated bases) at atomic level of resolution in known 3D structures. In this
respect MD can efficiently complement experimental mutagenesis studies. Multiple base
substitutions were modeled into experimentally determined crystal structures of the
hairpin ribozyme (36). Good agreement is observed between MD and experimentally
derived stability of the tertiary structure. The ddG for various hairpin ribozyme mutants
derived from single-molecule FRET studies scales linearly with the number of inter-
domain hydrogen bonds lost after 10 ns of simulation (36). These simulations involving
the hairpin ribozyme reveal the importance of coupled molecular motions in tertiary
structure stability. The loss of inter-domain stabilizing hydrogen bonds reflect long-
range effects of mutations distant from the inter-domain interface, and reveal the
importance of a coupled network of hydrogen bonds which includes long residency water
molecules(36). For simulations of the HDV ribozyme all four standard nucleobases
were modeled into the position immediately 5° of the cleavage site. For the HDV
ribozyme the wild-type U-1 has the most tightly folded catalytic core in the simulations,
fully consistent with the Tb(III) foot-printing data obtained in the same study (85). These
simulations of the HDV reveal the importance of hydrogen-bonding of the -1 nucleobase
in stabilizing a previously unnoticed U-turn motif at the cleavage site likely contributing
to the increased catalytic activity. Simulations of the HDV and hairpin ribozymes are

consistent with experimental data thus generating confidence in the simulated dynamics
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which additionally reveal features uniquely accessible to MD thereby pushing MD
beyond the simple reproduction of what was previously known about the two systems.
Simulation of both the HDV and hairpin ribozymes have been used to assess the
impact of nucleobase identity and protonation state in promoting catalysis. In
simulations of HDV the protonation state of C75 was varied, the simulations in which
C75 is in its neutral form adopt a geometry suitable for general base catalysis (87,122),
but complementary simulation of the charged C75H+ do not predict a reasonable starting
geometry for C75 to act as a general acid (87). Similar to C75 in the HDV, compelling
biochemical evidence for a direct catalytic role for ionization of A38 in the HP ribozyme
led us to carry out simulations with the protonated and neutral forms of A38. Simulations
with A38 unprotonated led to a geometry compatible with A38 acting as a general base, a
role consistent with the available biochemical evidence but previously discounted based
on crystallographic distances likely influenced by the backbone 2’-O-methyl
modification in the crystal structures (35) (Figure 1.9B)(see also Chapter 3). Unlike the
HDV, simulations with a protonated A38H+ also provide a geometry suitable for general
acid catalysis. Of course, assessing a potential catalytic mechanism is limited by
classical MD as bond-breaking and bond-formation are by definition not observed, and
subsequent QM analysis is warranted to further evaluate the feasibility of mechanisms

suggested by classical MD and biochemical data.

Accessing Chemistry: QM of Ribozymes

A wide spectrum of fast and rather accurate QM approaches have emerged recently
allowing the inclusion of hundreds of atoms (123). Unfortunately, making the QM
systems larger but still not complete will exemplify the errors resulting from the
incompleteness of the system. However, these fast QM methods will facilitate
applications of hybrid methods (QM/MM) where a smaller part of the system is treated
quantum-chemically and the rest including solvent is treated classically using force fields.
QM is particularly attractive for RNA enzymes, since, in contrast to force fields, QM can
describe chemical reactions. The main limitations of QM/MM method come namely from
insufficient sampling, quality of QM or MM methods used, treatment of boundaries and

communication between QM and MM parts. In order to enhance QM/MM sampling, low
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level semiempirical (AM1, SCC-DFTB etc.) and empirical (EVB) QM methods, which
do not have to describe the reaction barrier accurately enough, are often used.
Calculations wusing hybrid QM/MM methods predict specific roles for
nucleobases, divalent ions and/or electrostatic stabilization in catalyzing self-cleavage by
the hammerhead, hairpin and HDV ribozymes (124) (125). MD simulations of HDV
ribozyme with varied protonation state for active site cytosine (C75) provided a suitable
general base geometry for the C75 unprotonated form. Combined QM/MM was further
applied to determine plausibility of catalytic strategies suggested by classical MD
analysis. QM/MM of the HDV ribozyme utilizing starting geometries derived from
classical MD trajectories reveal a plausible role of C75 acting as a general base and Mg
as a general acid (122). The QM/MM analysis predicts an energy barrier of about 20
kcal/mol for this mechanism consistent with experimental kinetic data. For the QM scans
a region made up of 80 atoms in the active site was treated quantum-mechanically using
hybrid DFT method and coupled to the rest of the HDV ribozyme which was described
by the classical AMBER force field. Multiple starting positions of a specifically bound
Mg** were sampled, establishing a hexacordinated Mg*" ion with a single innersphere
contact to a cleavage site non-bridging oxygen as the most likely conformation with the
Mg®" acting as a Lewis acid in the cleavage mechanism. Mechanisms in which C75 acts
as a general acid, as suggested by many recent biochemical studies (126,127) could not
be explored due to the absence of suitable starting geometries derived from standard MD
simulation. In contrast, hairpin ribozyme MD simulations described in Chapter 3 with
both protonated and unprotonated forms of adenosine result in plausible catalytic
geometries for A38 acting as either general acid, and/or general base respectively. These
simulations reveal in part the impact of base ionization on the nature of the ground-state
starting geometry, and may explain the apparent insensitivity to base ionization of initial
QM/MM analysis of the ribozyme (98). Independent MD simulation and analysis prior
to QM descriptions may therefore be essential in establishing starting geometries for

subsequent QM analysis.
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1.4 Conclusion

Current single molecule FRET microscopy approaches that detect large-scale RNA
conformational changes in real-time have been previously employed to determine rate
and equilibrium constants of folding as well as catalysis by ribozymes, including the
small hairpin ribozyme and the large ribosome. Single molecule analysis has also
exposed molecular heterogeneities and short-lived and/or rare intermediates otherwise
masked in the ensemble average. In this thesis we exploit the power of single molecule
RNA enzymology to provide a fresh focus on the biological function of the hairpin
ribozyme and the spliceosome. In the application of these single molecule approaches
care needs to be taken to develop suitable assays based on prior knowledge from
ensemble studies. The preparation of proper controls, the conscientious analysis of
statistically significant numbers of single molecule trajectories, and the comparison of
single molecule results with ensemble data are all essential considerations.

MD simulations have proven useful in expanding on experimental structures and
experimental biochemical data, providing detailed descriptions of the roles of
nucleobases, ions, water, and backbone dynamics in imparting biological function to
multiple systems. Experimental structural studies can profit from side by side MD
analysis, using MD as an independent a posteriori tool to better understand the
experimental structures. In this thesis we integrate our MD simulation data with previous
structural studies to gain insight into the impact of active site dynamics and global
stability of the hairpin ribozyme on its cleavage and ligation activity. In evaluating MD it
is essential to take into account that simulations respond to averaging and error margins
of the experimental data, and that there are always force field artifacts present.
Unfortunately, in some instances, the force field is not sufficient to obtain meaningful
results. Then it is appropriate to either fully acknowledge that (104) or to try to improve
the method (102). As with any other method, the data gathered from computational
efforts should always be considered in the context of all available experimental and
computational data, and great care should be given to assessing limitations and to not
overstating the strength of the resulting conclusions.

Powerful synergies can arise from the use of multiple alternate approaches. In
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this thesis we apply smFRET, MD, and additional ensemble biochemical techniques (gel
electrophoresis, mass spectrometry, footprinting, time-resolved and steady state FRET) to
two systems encompassing the full range of catalytic RNAs, from the small purely RNA
system of the hairpin ribozyme to the massive RNA-protein assembly that constitutes the
spliceosome. Our understanding of RNA folding and conformational dynamics is
advanced by the application of the methods described herein to these two systems. The
future progress of our understanding of the structure-dynamics-function relationship in
RNA will undoubtedly benefit from the continued investigation of both these and other
RNA systems and through the careful integration of the methods used in this thesis, in
particular, ensemble enzymology coupled with mutagenesis, X-ray crystallography,
NMR spectroscopy, and quantum mechanical/molecular mechanical (QM/MM)

calculations.
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Chapter 2:

A Rugged Free Energy Landscape Separates Multiple Functional RNA Folds
Throughout Denaturation”

2.1 Introduction

Large fractions of all eukaryotic genomes are transcribed into biologically functional,
non-protein coding RNAs (1), profoundly impacting our understanding of cellular
function and the application of biotechnology (2). Folding of RNA is generally
characterized by a rugged free energy landscape, challenging our understanding of how a
given RNA sequence reaches its functional tertiary structure (3-8). Recent single
molecule fluorescence resonance energy transfer (smFRET) approaches have provided
unprecedented insight into the RNA folding problem by uncovering highly heterogeneous
folding kinetics in a number of biologically relevant RNAs (3,7-18). Arguably the most
striking example of heterogeneity comes from experiments using the hairpin ribozyme
(3,10-12,17,19), a small self-cleaving RNA.

Small self-cleaving RNAs involved in the rolling-circle replication of certain
plant, fungus and animal virus satellites are favored model systems to study RNA
folding-function relationships as their catalytic function can serve as a practical reporter
of a biologically relevant fold (20,21). Various forms of the hairpin ribozyme derived
from the tobacco ringspot virus satellite RNA have provided a wealth of structural and
biochemical information on how folding impacts the biological activity of RNA (3,10-

12,17,19,22-28). The hairpin ribozyme catalyzes site-specific and reversible backbone

P Adapted from Ditzler MA, Rueda D, Mo J, Hikansson K, Walter NG. A Rugged Free
Energy Landscape Separates Multiple Functional RNA Folds Throughout Denaturation.
Nucleic Acids Res. 36 (2008) 7088-99. FRET measurements were made by Mark Ditzler
and David Rueda, footprinting and refolding assays were done by Mark Ditzler, and
Mass Specta were measured by Jingjie Mo.
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self-cleavage, following the dynamic formation of a docked structure in which the
internal loops of two adjacent domains form well-understood tertiary contacts (Figure
2.1a) (25,26,28). Ill-understood, however, is the underlying nature of the consistently
observed (3,10-12,17,19) multiple sub-populations with dramatically different folding
kinetics that result in profoundly biphasic and incomplete catalytic activity (Figure 2.1b)
(3,11). Given our increasing appreciation of RNA’s role in biology and biotechnology
and the ubiquity of heterogeneities in RNA folding and function, it is critical to ask
whether the observed heterogeneities are intrinsic or not.

Here, we use smFRET, gel electrophoresis, footprinting, and mass spectrometry
analyses that, taken together, demonstrate that the hairpin ribozyme’s observed
heterogeneity reflects a deeply furrowed folding landscape that is intrinsic to the RNA.
We find that commitment to one of several functional folds occurs unexpectedly high on
the RNA folding free energy landscape, resulting in partially irreversible folding.
Ensemble techniques cannot easily differentiate between rapidly interchanging RNA
conformers and those that are separated by deeply dividing energy barriers. The intrinsic
nature of such deeply dividing energy barriers within a population of functional RNAs
for even a relatively small tertiary RNA fold thus has important ramifications for the
interpretation of ensemble-averaged RNA structure and function data. Finally, our
observations suggest that it may not be necessary, or even possible, to completely avoid

folding heterogeneity in the biological evolution and human design of functional RNAs.

Materials and Methods
RNA Preparation
Synthetic RNA oligonucleotides were purchased from the Howard Hughes Medical
Institute Biopolymer Keck Foundation Biotechnology Resource Laboratory (Yale
University, New Haven, CT), deprotected and purified by 20% (w/v) denaturing
polyacrylamide gel electrophoresis (D-PAGE), in 8 M urea, 2 mM EDTA, and 89 mM
Tris-Borate and C8-reverse-phase HPLC chromatography, as described previously
(21,29).

Transcribed RNA was generated in vitro from partially double stranded DNA
containing a T7 promoter incubated in buffer containing 120 mM HEPES-KOH pH 7.5,
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30 mM MgCl,, 2 mM Spermidine, 40 mM DTT, 0.01% triton x-100 (v/v) with 4 mM
each of NTPs, T7 RNA polymerase, and pyrophosphatase for 3 h at 37° C. Full length
transcripts were isolated using denaturing PAGE (20% acrylamide, 8 M Urea). RNA
concentrations were calculated from their absorption at 260 nm correcting for absorbance
by attached fluorophores when applicable. The RNA sequences are strand RzA (5’-AAA
UAG AGA AGC GAA CCA GAG AAA CAC ACG CCA AA-3’), where the transcribed
RzA contains one additional G on the 5’ end and the underlined G (G8) was mutated to
an A (A8) to inactivate self-cleavage during EMSA of fully transcribed ribozyme. In
strand RzB (5’-AU AUA UUU GGC GUG GUA CAU UAC CUG GUA CCC CCU
CGC AGU CCU AUU U-3’) a 2’ O-methyl modification is present at A-1 (underlined)
for the non-cleavable construct used in most of our assays. The sequence in bold is absent
from the synthetic construct prepared for mass spectrometry.

Cleavage Assays

Single-turnover ensemble cleavage assays were carried out in 50 mM Tris-HCI (pH 7.5),
12 mM MgCl,, over a 26 h time course at 25 C. Ribozyme (final concentration 100 nM
strand RzA with a domain terminal donor-acceptor (Cy3-CyS5) fluorophore pair and <10
nM 3’-*?P radiolabeled strand RzB with a 5’-biotin) was pre-annealed by heating to 70 C
for 2 min and slow cooling over 5 min to room temperature. After pre-incubation for 15
min at 25'C, 1/10™ volume of 10x standard buffer was added to initiate the reaction. 2-pL
reaction aliquots were taken at appropriate time intervals and quenched with 13 pL stop
solution (80% formamide, 0.025% xylene-cyanol, 0.025% bromophenol blue, and 10
mM EDTA). The 3' cleavage product was separated from uncleaved RzB by 20% (w/v)
D-PAGE, in 8 M urea, 2 mM EDTA, and 89 mM Tris-Borate. The extent of cleavage was
quantified, normalized to the sum of the substrate and product bands, and averaged over
three separate cleavage assays using a Phosphorlmager Storm 840 with ImageQuant
software (Molecular Dynamics). Product formation was fit to the double-exponential
first-order rate equation y(t) = y0 + A1(1-e™*!™) + A2(1-¢™°™*™) | where Al + A2 is the
final extent of cleavage and k51 and kops» are the rate constants.

EMSA

The two strands of the hairpin ribozyme were heat annealed in native buffer containing

50 mM Tris-Acetate (pH 7.5) and either 12 mM Mg-Acetate or 50 mM Na-Acetate, and
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10% (v/v) glycerol. Annealed samples were loaded onto a 10% polyacrylamide (19:1
acrylamide:bisacrylamide ratio) gel with 50 mM Tris-Acetate (pH 7.5) and 12 mM Mg-
Acetate. For the comparison of cleavable and non-cleavable material the ribozyme was
annealed in 50 mM Na-Acetate, and 1| mM Na-EDTA to prevent cleavage prior to
electrophoresis. Non-denaturing gels were run at 20 V/cm at 4°C for 14-16 h. For FRET
gels 1 uM fluorescently labeled strand RzA was annealed in the presence of 2-3 fold
excess of unlabeled RzB strand. For the radioactive gel in Fig. 1 RzB was 3’->°P
radiolabled using pCp and T4 RNA ligase and used in trace amount for visualization in
EMSA gels prepared with 10 nM labeled RzB and 500 nM unlabeled RzA. For
radioactive gels of fully transcribed ribozyme as in Fig. 3 both RzA and strand RzB were
5°-3?p-labeled using ATP and T4 polynucleotide kinase and used in trace amounts for
visualization in EMSA gels prepared with 6 uM of RzA and RzB. Non-denaturing FRET
gels were imaged using Fluorlmager SI fluorescence scanner and ImageQuant software
(Molecular Dynamics). A laser excites fluorescein at 488 nm, and the gels are scanned
for fluorescence emission using a photomultiplier tube with either a 530 nm band-pass
(for the donor fluorescein) or a 610 nm long-pass filter (for the acceptor
tetramethylrhodamine). With the readout of donor defined as green and that of acceptor
as red, the corresponding color images were superimposed using Photoshop 5.5 as
described previously (5). Radioactive gels were imaged with either Phosphorlmager
screens or autoradiography. Quantification of native radioactive gel distributions was
achieved by fitting to two Lorentzian distributions as described (6).

D-PAGE Refolding

Strands RzA and RzB were annealed at a concentration of 5.7 uM in annealing buffer
containing 50 mM Tris-HCI (pH 7.5), 50 mM Na-Acetate, and 5 mM Na-EDTA, with
trace amounts of 5°-**P radiolabeled strands RzA and RzB. The annealing solution was
heated to 70°C for 2 min before cooling to room temperature over 15 min. Annealed
samples were then subjected to EMSA and imaged through autoradiography. The
samples were eluted by diffusion into a volume approximately three times larger than the
excised band containing 50 mM Na-EDTA (pH 8.0). The sample was then precipitated
by adding 1/10th vol of 3 M Na-acetate (pH 6.5) and another 2.5 vol of 100% cold

ethanol followed by centrifugation. The dried samples were resuspended in buffer
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containing 50 mM Tris-Acetate (pH 7.5), 50 mM Na-Acetate, 1 mM Na-EDTA, 10%
(v/v) glycerol, and subjected to 20% (w/v) D-PAGE, in 8 M urea, 2 mM EDTA, and 89
mM Tris-Borate for 3 h at ~55°C and imaged by autoradiography. The four resulting
samples were eluted by diffusion into a volume of water approximately three times larger
than the excised band. The sample was then precipitated by adding 1/10th vol of 3 M
Na-acetate (pH 5.2) and another 2.5 volume of 100% cold ethanol, followed by
centrifugation. The samples were resuspended and annealed at 70 °C in 50 mM Tris-HCI
(pH 7.5), 50 mM Na-Acetate and 1 mM Na-EDTA. These samples were again subjected
to EMSA, then imaged and quantified using a Phosphorlmager Storm 840 with
ImageQuant software.

tr-FRET

Separated material was eluted from the EMSA gel through diffusion into a standard
buffer containing 12 mM MgCl, 50 mM Tris-HCI (pH 7.5) and then further exchanged
into the same standard buffer using Nap-10™ SephadexTM columns. A frequency-
doubled Nd:YVO4 laser (Spectra-Physics Millenia Xs-P, operated at 9.0 W) pumped a
frequency-doubled, mode-locked Ti:sapphire laser (Spectra-Physics Tsunami, operated at
1 W) that excited fluorescein at 490 nm with 2 ps width pulses, picked down to 4 MHz.
Isotropic emission was detected at 520 nm (10 nm band-pass interference filter) in 4,096
sampling channels, with a time increment of 12 ps/channel, up to >40,000 peak counts, as
previously described (30). Fluorescence decays were collected in the presence and
absence of the acceptor fluorophore. The effect of the acceptor on the decay of
fluorescein emission in the doubly labeled complex was then used to determine a distance
distribution between the two fluorophores as previously described (30). A Forster
distance of 55 A and an orientation factor k> = 2/3 were used to determine distances.
sm-FRET

For single molecule measurements of the unseparated ribozyme the RzA and RzB strands
were annealed at a concentration of 500 nM. The annealing buffer containing 50 mM
Tris-HC1 (pH 7.5) 100 mM NaCl, and 1% 2-mercaptoethanol. The annealing solution
was heated to 70°C for 2 min before cooling to room temperature over 15 min. Separated
material was eluted from the EMSA gel into a buffer containing 50 mM Tris-HCI1 (pH
7.5), and 12 mM MgCl,. Ribozyme samples were diluted to a concentration of ~25 pM
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and bound to a streptavidin-coated quartz slide utilizing the biotin-streptavidin interaction
as previously described (3,10,11). Fluorescence signals from donor and acceptor
fluorophores were measured with either 1-s time resolution for non-cleavable EMSA
separated ribozyme or 100 ms for cleavable multi-turnover ribozyme, using a total
internal reflection fluorescence microscope as described (3,10,11). Single molecule
measurements for non-cleavable ribozyme were carried out in 50 mM Tris-HCI (pH 7.5),
12 mM MgCl,, at 22°C, whereas multiple-turnover measurements of the cleavable
ribozyme were carried out in 12 mM, 100 mM, or 500 mM MgCl, with an excess
concentration of 1 nM substrate (the 500 mM MgCl, measurements are shown in Figure
2.1c). An oxygen scavenger system (10% glucose, 2% p-mercaptoethanol, 750 pg/ml
glucose oxidase, and 90 mg/ml catalase) was used to slow down fluorophore
photobleaching. Dwell times for the docked and undocked states were analyzed and fit as
described previously (2, 7, 8). For the multiple-turnover measurements with cleavable
ribozyme 660 dwell times in the docked state, and 682 dwell times in the undocked state
from 123 smFRET time trajectories measured at 500 mM MgCl, were used for the fits.
We note that increasing ionic strength has previously been shown to accelerate docking
while having essentially no impact on undocking kinetics (7), thus increasing the number
of events observed for each molecule. The rate constants and corresponding amplitudes
for docking and undocking of the non-cleavable ribozyme used for the EMSA separation
were determined by performing a global fit on all three normalized data sets (T, B, and
unseparated), holding the rate constants constant across all data sets and allowing all
other parameters to vary independently throughout the fit. A total of 829 dwell times in
the docked state and 831 dwell times in the undocked state from 295 single-molecule
FRET time trajectories were used in the global fit. In contrast to previous work, we
observe two docking rate constants, however the two docking rates appear to be
independent of the undocking rates and only differ by approximately one order of
magnitude (or less in the case of the non-cleavable sample). We therefore determined
the time-window corrected fraction of ribozymes undocking with each of the undocking
rate constants separately for each of the docking rates, as described previously (2), and
used the weighted average of those results to determine the final fractions given in Figure

2.4d, Figure 2.1c, and Figure 2.3. Please note that, after time window correction, the
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molecule fractions are no longer identical to the amplitudes from the exponential fits due
to the statistical underrepresentation of slow events, as previously described (2).
Footprinting

Tb’" mediated footprinting (31) was used to partially degrade ribozyme samples
separated by EMSA. *’P-labeled ribozyme was separated by the EMSA and located using
autoradiography. The material was cut out of the gel and eluted with the addition of
buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM Na-EDTA, 50 mM NaCl in a
volume approximately three times larger than the excised band. The buffer was then
exchanged for 50 mM Tris-HCI1 (pH 7.5), 50 mM NaCl, using a Nap-10"™" Sephadex™
column. Samples were concentrated using Centricon centrifugal filters at 4°C. This
preparation does not result in the redistribution of either T or B species as judged by
EMSA. The radiolabeled RNA (~150,000 cpm) was next incubated with RNase or Tb**
to achieve partial degradation. Tb** footprinting was carried out by adding 0.1, 1 and 5
mM Tb*" to the RNA samples and incubating at 25 °C for 1 h. The reaction was
quenched with 50 mM EDTA in 20% (v/v) formamide, and immediately analyzed by
20% (w/v) D-PAGE, in 8 M urea, 2 mM EDTA, and 89 mM Tris-Borate, alongside T1
and alkaline ladders. The results from the reactions with 5 mM Tb*" were used for IT
analysis (31). For RNase V1 footprinting, the ribozyme was prepared as in Tb>"
footprinting but incubated instead with RNase V1 at room temperature for 15 min. Mg
was added to the V1 reaction along with the RNase to a final concentration of 100 uM. A
range of RNase concentrations were used to determine optimal concentration for partial
degradation. Footprinting gels were quantified using a Phosphorlmager Storm 840 with
ImageQuant software. The concentration of material was determined by boxing with
ImageQuant. In order to normalize cleavage values and account for differences in

background cleavage I1 values were determined using the equation as described (10):

band intensity at nucleotide x

Z band intensity at nucleotide i
= i SmM[Tb3+]

band intensity at nucleotide x

Z band intensity at nucleotide i
i OmM([Tb3+]
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where x is the analyzed nucleotide position and 0 mM [Tb>*] is a control reaction
incubated in the same manner as the Tb®" containing reaction, except without the addition
of Tb*". The ratio between II values of individual nucleotides in the T and B species was
determined for comparison. Final IT ratios are the result of at least two independent
footprinting reactions. II value ratios >2 or < 0.5 are considered to indicate a significant
difference between the two species.

Mass Spectrometry

For mass spectrometry a construct in which helix four is truncated was annealed at a
concentration of ~100 pM and separated by EMSA. Separated RNA was located using
UV shadowing and eluted from the gel into a buffer containing 10 mM Na-EDTA, 50
mM Tris-HCI (pH 7.5). The RNA was then concentrated using Centricon Plus-20™ and
further separated for 3 h using 20% (w/v) D-PAGE, in 8 M urea, 2 mM EDTA, and 89
mM Tris-Borate. The samples were again imaged through UV-shadowing and eluted into
50 mM Tris HCI (pH 7.5), 1 mM Na-EDTA. The RNA was desalted three times and
concentrated >100-fold using Centricon Plus-20™ devices according to the

3™ filters

manufacturer’s instructions, followed by further desalting using Centricon YM-
according to the manufacturer’s instructions. If significant salt adduction was still
observed in mass spectra, additional desalting was performed by ethanol precipitation
(once or twice; protocol modified from (32)). For this purpose the RNA was dissolved in
water and 1/3 vol of 10 M ammonium acetate (pH 8) and another 2.5 vol of 100% cold
ethanol (stored at -80 °C until right before use) was added. The mixture was vortexed for
a few seconds and stored at -80°C for 3 h followed by centrifugation at 12,500 rpm for 15
min. The supernatant was decanted and 400 pL cold 70% (v/v) ethanol was added to the
precipitate, followed by another incubation at -80°C for 2 h. Centrifugation was once
again performed at 12,500 rpm for 15 min, the supernatant was decanted, and the
precipitate was dried down and re-suspended in 50 mM ammonium acetate with 25%
(v/v) methanol. Desalting of the ribozyme does not result in redistribution of the B
species as determined by EMSA. Reduction of salt adduction is essential since the

presence of multiple salt adducts complicates spectra and spreads the total signal over

multiple peaks, thereby significantly reducing signal-to-noise ratios.
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Samples were electrosprayed at 50 pL/h through an external Apollo II ion source
equipped with dual ion funnels in negative ion mode and analyzed by an actively shielded
7 T quadrupole-Fourier transform ion cyclotron resonance mass spectrometer (Bruker
Daltonics, Billerica, MA) as described previously (33,34). All mass spectra were
acquired with XMASS (version 6.1, Bruker Daltonics) in broadband mode from m/z 500
to m/z 2,500 with 512 k data points and summed over 32 or 64 scans. Data processing
with one zero fill but no apodization was performed with the MIDAS analysis software
(35) prior to fast Fourier transformation. Due to the high molecular weight of the RNAs,
average rather than monoisotopic mass was used for spectral interpretation. Mass-to-
charge (m/z) values for each observed charge state were calculated from a weighted
average of all observed isotopic peaks. Masses were calculated from a weighted average
of all charge states. Spectra were externally calibrated using a calibration standard
(G2421A; Agilent Technologies, Palo Alto, CA) and a two-term frequency-to-mass
calibration equation (36).

DNA-Assisted Strand Displacement

Following EMSA separation, the ribozyme was eluted from the EMSA gel into a buffer
containing 50 mM Tris-HCI (pH 7.5), and 12 mM MgCl,. The separated material was
then incubated for 2 h at 37°C with >10 fold excess of a DNA oligonucleotide fully
complementary to one of the RNA strands. Strand invasion by the DNA oligonucleotide
results in base pairing between the DNA and the complementary RNA strand (RzA or
RzB depending on the DNA oligonucleotide used), efficiently separating the two
ribozyme stands. This process results in one of the stands being incorporated into a fully
base-paired DNA-RNA hybrid, while the other strand is converted into single-stranded
form. Excess DNA oligonucleotide was then degraded by incubating with DNase RQ1
for 1 h. Finally, the ribozyme was reformed by replacing the RNA strand sequestered in
the DNA-RNA hybrid with fresh strand.

Thermal Denaturation

A volume of 300 pl of annealed ribozyme at 1 uM concentration in standard buffer
containing 50 mM Tris-HCI (pH 7.5), and 12 mM MgCl, was degassed followed by
thermal denaturation. The sample was heated at 0.2°C/s from 35-99°C and UV
absorbance at 260 nm was monitored using Beckman DU-640B UV-Vis
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spectrophotometer. ~ Melting temperatures were determined from two separate
measurements by fitting the first derivative of the melting curves to two Gaussian

distributions.

2.2 Results

Both synthetic and transcribed hairpin ribozymes harbor multiple, catalytically active
molecular species

To examine the persistent folding heterogeneity of the hairpin ribozyme, we explored an
ensemble electrophoretic mobility shift assay (EMSA) to isolate molecular sub-
populations based on their average hydrodynamic radii. During EMSA a catalytically
inactivated two-way junction (2WJ) construct (Figure 2.1a) migrates in two bands of
distinct interdomain docking equilibria (Figure 2.1d). This heterogeneous mobility is
observed over a wide range of annealing protocols (Figure 2.2), in the presence or
absence of a domain terminal fluorophore pair, and independent of whether catalysis is
blocked by a synthetic 2’-O-methyl modification of the cleavage site A-1 or a ribozyme
G8A mutation in fully in vitro transcribed material (Figures 2.1d, 2.2, 2.4a, 2.5c). The
corresponding cleavable 2WJ ribozyme cleaves to 77% completion with biphasic rate
constants of 0.08 min™' and 0.01 min™ (Figure 2.1b), which have been linked to more and
less stably docking sub-populations, respectively (3,11). During EMSA the cleavable
2WIJ ribozyme cleaves to >60% completion (Figure 2.1d), thereby demonstrating native
folding during EMSA and necessitating inactivating modifications for the preservation,
isolation and further characterization of the two bands. Additionally, we examined
smFRET trajectories of a trans-cleaving t-2WJ construct where the substrate strand is
separated from the remainder of the RzB strand, such that the products generated upon
backbone cleavage rapidly dissociate, giving rise to a distinct FRET signal of the
substrate-free ribozyme after catalysis (Figure 2.1c). We find that smFRET trajectories of
these t-2W1J ribozymes with distinct undocking behaviors repeatedly show transitions to
the self-cleaved, intermediate FRET state (Figure 2.1c). We therefore infer that: (i)
Multiple, catalytically active molecular species exist within both synthetic and
transcribed hairpin ribozyme preparations (source independence), and (ii) our

catalytically inactivating modifications allow us to separate molecular sub-populations

57



FRET
(~8 nm)

(b)

Fraction Cleaved

=35 =
30-]= il = H4
z H4 =
3)" ‘
FRET 5’-biotin
5'-biotin (~3 nm)
Undocked Docked
(Inactive) (Active)
(c) Undocked D_o_cl:e_d ______ Protilu_cE }Se_le_a§ed
! release :w :
cleav 2] ) + product * | .
L Gy B
ligate = I v '
............... ' S e e
- - Crrrry
. ‘ ______ 0.3sT0%)]
\l ! | ISR et W Product Released
‘ i B I - Wiundocked
0.0 . . : .
0.03s" (10% Docked

Product Released
Undocked

Product Released
Undocked

Time (s)

600

58

1.0

0.8

0.6

0.4

0.2

0.0

L . y
o
- 7’/‘lk = 0.08min™ 1
o ___ obst o
- ’,/’ 3
¢
0 40 80 120 160 1480 1520 1560
Time (min)
(d) =
= =
) [ o
= 2 £  z
@ 9 3 9 9
NN A NN
¥EEH DS
x O (L) O O <
Top (T)4+—>
Bottom (B)4—» ' - "

RzB— >.

Productg—9 . -




Figure 2.1: Heterogeneity in folding and function of the hairpin ribozyme. (a) Secondary
structure of the 2WJ hairpin ribozyme, composed of the RzA and RzB strands. The
docked and undocked conformations of the ribozyme are shown with canonical and non-
canonical base pairs indicated by solid and dashed lines, respectively. Nucleotides
forming interdomain hydrogen bonds are shown in gray, the cleavage site is indicated by
an open arrow. The ribozyme was labeled either with a domain terminal donor(D)-
acceptor(A) fluorophore pair and a 5’-biotin, and/or with a 5°- or 3’-end **P label. (b)
Single-turnover cleavage time course of the 3’-*°P labeled ribozyme with a domain
terminal donor-acceptor fluorophore pair and a 5’-biotin, as monitored by D-PAGE, was
used to determine the indicated cleavage rate constants for the two phases of the reaction
(12mM MgClI2, pH 7.5, 25C). The contribution of each phase is shown as a dashed line.
(c¢) Heterogeneous undocking kinetics of the catalytically active, trans-cleaving (no
Linker), t-2WJ hairpin ribozyme under multiple-turnover conditions. The docked,
undocked and product released states are indicated by red, green, and blue dashed lines,
respectively. Three single molecule time trajectories demonstrating catalytic proficiency
of distinct sub-populations (undocking rate constants and the fraction of molecules
undocking with this rate constant are given in the upper right corner of each trajectory;
see also Figure 2.3). (d) EMSA separation of the 3°->*P labeled ribozyme using a non-
cleavable (2’-O-methyl) or cleavable (2°’-OH) synthetic RzB strand, and inactive
(transcribed with A8) or active (synthetic with fluorophores and G8) RzA strand, with
and without an 8 h preincubation in native buffer. Two bands, termed T and B, are
observed for ribozyme containing non-cleavable RzB (45% B) or inactive RzA (66% B).
Cleavable ribozyme shows cleavage and subsequent product release for ~60% of the
material during electrophoresis (with <10% B band remaining). Preincubation of the
ribozyme results in additional cleavage (>70%), consistent with the final cleavage extent
in solution.
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Figure 2.2: Multiple annealing conditions resulting in similar EMSA distributions. In the
presence of monovalents alone (50 mM NaCl) or in the presence of divalents (12 mM
MgCl,) **P-labeled ribozyme (fully synthetic 2°-O-methyl construct used for mass spec
analysis) was subjected to the following annealing protocols: (1) 25°C for 20 min; (2)
70°C 2 min, 25°C 20 min; (3) 90°C 2 min, 25°C 20 min; (4) 90°C 2 min, 70°C 2 min,
65°C 2 min, 25°C 20 min; (5) 90°C 2 min, 25°C 10 min repeated 3 times, then 70°C 2
min, 25°C 10 min repeated 2 times; (6) 90°C 2 min, 55°C 30 min, 25°C 20 min. The
distribution between T and B species was then analyzed by EMSA.
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Figure 2.3: Folding heterogeneity in the catalytically active trans-cleaving t-2W1J hairpin
ribozyme. Cumulative number of dwell times (N) shorter than time t in the (a) undocked
and (b) docked states, and (c¢) in the substrate-free state (after product release and before
renewed substrate binding) are plotted for the t-2W1J ribozyme under multiple-turnover
conditions at high ionic strength (500 mM MgCl,). Solid red lines indicate the (multi-
Jexponential fits used to determine the docking (a), undocking (b), and substrate binding
rate constants (c) with their time-window corrected fractions reported in the table insets.
(d and e) Examples of smFRET trajectories displaying distinct undocking behaviors in
the presence of 12 mM and 100 mM MgCl,, respectively.
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for further study that reproduce the heterogeneous behavior of the catalytically active

ribozyme.

EMSA allows for isolation of molecular species that can be further characterized by

ensemble and single molecule FRET

To further examine the underlying molecular sub-populations, we eluted the top (T) and
bottom (B) bands of donor-acceptor (fluorescein-tetramethylrhodamine) labeled hairpin
ribozyme separately from the EMSA gel (Figure 2.4a). The isolated T and B species were
subjected to time-resolved FRET (trFRET) analysis in native buffer to probe their
ensemble-averaged donor-acceptor distance distributions. This analysis shows that both
species access the docked conformation, but to different extents (Figure 2.4b): The more
slowly migrating T species is dominated by the extended undocked fold, whereas the
faster migrating B species is governed by the more compact docked fold (Figure 2.4b).
These findings reveal a surprising longevity of the observed folding heterogeneity,
throughout the isolation process.

Next, we employed smFRET using doubly (Cy3 and Cy5) labeled, EMSA
purified ribozyme species, which demonstrates that the T species is enriched in the more
rapidly undocking ribozyme sub-populations, while the B species is enriched in the more
slowly undocking sub-populations (Figure 2.4¢). Quantification of the relative ribozyme
fractions with distinct (un)docking rate constants in the T and B species confirms this
qualitative assessment (Figure 2.4d). Notably, smFRET resolves several molecular sub-
populations in both EMSA species, highlighting the enhanced resolution of the single
molecule approach; complementarily, ensemble EMSA allows us to physically isolate

and individually characterize two kinetically distinct, enriched ribozyme species.
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Figure 2.4. FRET characterization of EMSA separated ribozyme. (a¢) EMSA-based
separation of fluorophore labeled ribozyme showing differences in gel mobility and
FRET (pseudo-color, green donor, red acceptor). RNA from the boxed areas was isolated
as T and B species for further analysis. (b) Probability distribution of inter-fluorophore
distance in the T and B species as derived by trFRET analysis, with fraction of docked
material indicated. (¢) Exemplary time trajectories characteristic of the sub-populations
that are most enriched in the isolated T and B species. (d) The T and B species exhibit
significantly different undocking kinetics in single molecule dwell-time analyses. The
normalized fraction of dwell times (N) shorter than time (t) in the undocked (top) and
docked states (bottom) are plotted for the isolated T (green) and B (red) species as well as
the unseparated ribozyme (black). Solid gray lines indicate the multi-exponential global
fits used to determine the (un)docking rate constants; the time-window corrected fraction
of molecules (un)docking with the given rate constant is indicated in the table insets.

63



The observed molecular heterogeneity remains associated with the separated composite

RNA strands of each EMSA species

To further characterize the thermodynamic stability of the hairpin ribozyme’s molecular
sub-populations, we isolated T and B species from in vitro transcribed ribozyme by
EMSA and then physically separated the two composite strands (RzA and RzB, Figure
2.1a) by denaturing polyacrylamide gel electrophoresis (D-PAGE, which melts all four
helices of the ribozyme), followed by ethanol precipitation and re-suspension in native
buffer (Figure 2.5a and b). The RzA and RzB strands from the T and B species were then
recombined in all four possible permutations, heat annealed, and analyzed by EMSA
(Figure 2.5¢). We find that this refolding protocol results in the expected redistribution of
the annealed T-RzA/T-RzB ribozyme. Strikingly, no significant redistribution of the
annealed B-RzA/B-RzB ribozyme occurs, which continues to form the dominantly
docked B species. Additionally, the mixed (heterologous) T-RzA/B-RzB and B-RzA/T-
RzB ribozymes redistribute only partially. These observations suggest that, after folding
into the stably docked B species, both the RzA and RzB strands retain a tendency to form
the more active B species throughout an isolation procedure that subjects them to harshly
denaturing conditions (including >2 h in 8 M urea at ~55 °C during D-PAGE). In the
presence of an excess of either fresh RzA or RzB, redistribution of both the isolated T
and B species can be achieved, via either heating (>50°C for 2 min) (Figure 2.6) or DNA-
mediated strand removal using synthetic donor-acceptor labeled ribozyme (Figure 2.7).
Interconversion in the presence of excess RzA or RzB is likely trivial in nature as it
allows one of the two strands in the ribozyme to be replaced, however it does provide
further evidence that both strands contribute to the persistent heterogeneity. Conversion
of T to B species via heating alone can be achieved in the absence of excess RzA or RzB,
but we do not observe conversion of B to T, consistent with our D-PAGE refolding assay
(data not shown). Additionally, we observe retention of folding heterogeneity following
incubation at 37 °C for 4.5 h in a DNA mediated interconversion assay (Figure 2.7),
addition of a large molar excess of EDTA followed by exchange into Mg”*"-free buffer in
preparing material for footprinting, and after extensive desalting required for mass
spectrometric analysis, as judged by EMSA. Furthermore, we observe that the sub-

populations of the catalytically active trans-cleaving t-2W1J ribozyme retain distinct
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Figure 2.5: Extraordinary stability of molecular sub-populations of the hairpin ribozyme.
Following EMSA separation (a) of fully in vitro transcribed ribozyme into two bands, the
T and B species were further separated by D-PAGE (b) into their composite RzA and
RzB strands. The four samples T-RzA, T-RzB, B-RzA, and B-RzB were then annealed in
all four possible combinations to refold the ribozyme, and analyzed by EMSA (c). An
image of the second EMSA gel is shown with the fraction of T and B species for each
lane indicated to the right of the respective band.
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Figure 2.6: Redistribution of the fluorescein and tetramethylrhodamine doubly labeled T
and B species through heat-assisted RNA strand replacement. (a, b) Redistribution of the
T and B species in a background of either excess RzA (lane XS-A) or RzB (all other
lanes except for control lane) as monitored by EMSA. Isolated T species (a) or B species
(b) was heated to the indicated temperature for 2 min and then cooled to allow for
reannealing with the excess RzA (or RzB) strand. An analytical EMSA gel was then run
at 4°C and its fluorescence detected using a Fluorlmager SI fluorescence scanner as
described above. (¢, d) Redistribution of the T and B species in the presence of excess
RzB as monitored by tr-FRET. Both species are shifted to similar distance distributions
after heating to 95°C and then cooling back down to 25°C. The unheated controls (25°C,
in color) are shown for reference. (e) Heating temperature dependence of the apparent
docking equilibrium constant Kgokapp = fraction(docked)/fraction(undocked) derived
from tr-FRET measurements similar to those described in panels ¢ and d. Two Gaussian
distance distributions were fit to the tr-FRET data to determine the fractions of docked
(smaller distance) and undocked conformation (larger distance) after heating the T
(triangles) and B species (squares) in the presence of excess RzB to the indicated
temperature. (f) UV-detected melting curve of unseparated hairpin ribozyme with
apparent melting temperatures indicated. The UV-detected melting transitions, indicative
of loss of secondary structure, coincide with interconversion of the T and B species in the
presence of excess RzB (panel e), consistent with the notion that interconversion occurs
via strand replacement.
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Top (T)
Bottom (B)

Figure 2.7: Redistribution of the isolated fluorescein and tetramethylrhodamin doubly
labeled T and B species as achieved through DNA-assisted strand displacement. DNA
oligonucleotides fully complementary to either RzA (lanes with D(A)) or RzB (lanes with
D(B)) were used to disrupt the ribozyme’s secondary structure by base pairing with their
complement through strand invasion. This process results in the complementary RNA
strand fully incorporating into a DNA-RNA hybrid, whereas the other RNA strand
becomes single-stranded. Addition of either fresh RzA or RzB strand, as indicated for
the corresponding lanes, was then used to reanneal the ribozyme and the result analyzed.
The EMSA and FluorIlmager analysis shows that partial redistribution between the T and
B species occurs under these conditions, but only in the presence of fresh RzA or RzB
strand. Lanes T and B contain the isolated T and B species, respectively, and the Control
lane shows the unseparated hairpin ribozyme.
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undocking kinetics following product dissociation, which disrupts all inter-strand
contacts in domain A (Figure 2.1c¢). Such a pronounced robustness of the observed
molecular heterogeneity (“molecular memory” (3)) is consistent with retention of the
molecular sub-populations over a wide range of ionic conditions (Figure 2.3) (10) and
upon introduction of various modifications into the ribozyme (11). It is also in agreement
with observations of persistent molecular heterogeneity in both less (14) and more
complex tertiary folded RNAs (7,8,13).

Footprinting reveals subtle structural differences between the EMSA species

The stability of RNA helices, and the propensity to form alternate base pairing patterns,
has previously been invoked as the source of the rugged folding pathways characteristic
of RNA (6-8). To probe for even subtle secondary structure differences between the T
and B species at single nucleotide resolution, we employed Tb*" (24) and RNase V1
footprinting (37) to monitor single- and double-stranded RNA segments, respectively. To
avoid trivial differences in footprinting pattern due to their distinct docking equilibria, we
compared the T and B species side-by-side at low ionic strength, i.e., in the absence of
docking (10), where heterogeneity is conserved. The Tb*" and RNase V1 footprinting
patterns are both strikingly similar for the T and B species, suggesting identical
secondary structures (Figure 2.8). This finding is consistent with the paradoxical
observation of extensive native structure within a deeply misfolded and partially active
conformer of the Tetrahymena group I intron ribozyme, which was proposed to represent
a topological isomer of the native state (7,8). For the hairpin ribozyme, however, the
presence of topological isomers is inconsistent with our refolding assays, which
demonstrate that the persistence of folding heterogeneity is not a consequence of strand
entanglement. The most significant, albeit subtle footprinting difference between the
hairpin ribozyme’s T and B species we find at nucleotide C25 in loop B, which is
involved in the critical G+1:C25 docking contact (10,11) (Figure 2.1a). The B species is
slightly more sensitive to Tb>-mediated scission at C25 than the T species (Figure 2.8),
suggesting a possible structural basis for the different folding behaviors of the T and B

species: a local, persistent perturbation in the loop B structure (23).
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Figure 2.8 Footprinting reveals identical secondary structure in EMSA separated
ribozyme. Profiles of the Tb*"-mediated cleavage patterns of **P radiolabeled strand RzA
(a) and strand RzB (). The high degree of similarity between the T (top) and B (bottom)
species indicates a shared secondary structure and suggests that the two species do not
arise from gross misfolding of the ribozyme. Ratio of I1 values, which represent averaged
and normalized fractions of cleavage relative to background, are given for strands RzA
(c) and RzB (d). Values less than 0.5 (gray line) indicate two-fold greater sensitivity to
Tb>* (circles) or RNase V1 (squares) induced cleavage in the B species. Values greater
than 2 (gray line) indicate a two-fold greater sensitivity in the T species.
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High-resolution mass spectrometry provides no evidence for chemical modification of the

RNA

The difficulty to convert the more stably docking B species into the T species raises the
possibility that the observed molecular heterogeneity originates from a chemical
modification, such as retention of a protection group from chemical synthesis that favors
the most stably docked sub-population(s). The fact that we observe T and B species in
both chemically synthesized (Figures 2.1d, 2.4a, 2.6a, and 2.7) and in vitro transcribed
(Figures 2.1d and 2.5) ribozyme preparations, provides evidence against some of these
artifactual origins of molecular heterogeneity. To directly probe for even subtle chemical
heterogeneity, we subjected the isolated RzA and RzB strands from both the T and B
species to high-resolution electrospray ionization (ESI) hybrid quadrupole-Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometry (33). For all four RNA
samples, we observe the masses predicted from their complete RNA sequence, with less
than 1 Da error, providing strong evidence against the notion that a stable adduct or
chemical modification causes the observed persistent molecular heterogeneity (Figure
2.9). No additional peaks are observed in the B species, and low abundance peaks
observed in the T species are of insufficient abundance and mass to account for the
observed heterogeneity (see below). We cannot rule out, however, that the RNA is
modified in a mass-neutral fashion, or that an RNA adduct forms that is stable under all
solution conditions but dissociates in the gas phase of our mass spectrometry analysis.
Low abundance peaks in the T-RzA and T-RzB samples of Figure 2.9, marked
“$”, “¥”, and “&”, represent material that may have been present during EMSA, although
backbone cleavage could also occur during the ionization process of mass spectrometry,
or more generally at some point following elution from the final denaturing gel. In the T-
RzA sample, the low abundance peaks marked “$” and “¥” represent material that is
missing adenosine monophosphate on the 5'-end of the RzA strand. Even if this chemical
heterogeneity was present during EMSA, the 5'-nucleotide of RzA is at the end of helix 1
and thus remote from the docking loops A and B and the helical junction (Figure 2.1a). In
fact, in EMSA and single molecule experiments using fluorophore labeled ribozyme the
donor fluorophore is present at this position, therefore in these experiments

heterogeneous FRET-detected EMSA mobility can only be observed for ribozyme
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Figure 2.9: FT-ICR mass spec analysis of EMSA separated ribozyme. Negative mode
ESI FT-ICR mass spectra show peaks generated from intact molecular ions of both RzA
and RzB at different charge states as indicated, as well as additional peaks with relatively
low abundance. The insets show zoomed in spectra of the 8- charge state for the RzA
strand and the 9- charge state for the RzB strand. The experimental average masses are
given above the spectra and the predicted masses are indicated in parentheses. Minor
peaks ¥ and $ represent the 8- and 7- charge states, respectively, of a fragment resulting
from loss of a single adenosine monophosphate from the 5'-end of T-RzA; minor peak &
represents the 8- charge state of a fragment resulting from loss of a single uridine from
the 3’-end of T-RzB; minor peaks % and # represent the 8- and 7- charge states,
respectively, of the 5’-fragment resulting from backbone cleavage between C-2 and A-1.
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containing the full length RzA. In addition, the “$” and “¥” peaks constitute only ~5% of
the total signal, so are highly unlikely to induce the observed molecular heterogeneity.

In the T-RzB sample, the low abundance peak marked “&” represents uridine loss
from the 3'-end of RzB, also at the end of helix 1. The abundance of this peak also
constitutes only ~5% of the total signal. If we assume similar ionization efficiencies
between the full length and the one-nucleotide (one-nucleoside) shorter species “$”, “¥”,
and “&”, which is expected due to their very similar size and composition, then the
maximum fraction of shorter ribozymes within the T species (either in the RzA or RzB
strand) that our mass spectrometry is consistent with is 10%. If chemical modifications
were the cause for the appearance of the T species, our mass spectrometry analysis would
leave 90% of the chemical modifications of the T species unaccounted for. While it is
possible that there are additional modifications of sufficiently low abundance that have a
large cumulative effect but escape detection by mass spectrometry, we do not favor this
interpretation based on the body of contradicting evidence described in the discussion
section and throughout the results section.

The two minor peaks labeled “%” and “#” (Figure 2.9) represent the 8- and 7-
charge states, respectively, of a significantly smaller RNA fragment than the main peak
(smaller by 3,097 Da, i.e., 10 nucleotides). It is the 5’-fragment of backbone cleavage
between C-2 and A-1 that must have occurred at some point after EMSA and elution
from the final denaturing gel, which otherwise would easily have resolved such a large
mass difference. It therefore cannot be responsible for the EMSA mobility differences.
The size of the peak appears to represent a larger fraction of the signal than the other
minor peaks (although still less than 1/3 of the total signal), however, the significantly
smaller mass of this species likely leads to a higher ionization efficiency and thus over-

representation in the overall signal.

Therefore, all additional peaks in the T-RzA and T-RzB samples are of low
abundance and are the result of RNA that is only slightly degraded (minus one
nucleotide) at its very end (peaks “$”, “¥”, “&”) or is a degradation product of such small
mass (peaks “#”, “%?”) that it must have been generated after EMSA and subsequent D-
PAGE. We conclude that our mass spectrometry data are not consistent with the notion

that chemical heterogeneity is responsible for the hairpin ribozyme’s molecular
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heterogeneity. We also note that no signs of covalent modification were observed in a
previous tandem mass spectrometry analysis of enzymatically digested hairpin ribozyme
(38), and that molecular heterogeneity is observed independently of the buffers used for
gel electrophoresis and biochemical assays (data not shown). Interestingly, the higher
average charge state distributions observed in our ESI mass spectrometry for B-RzA and
B-RzB relative to their T species counterparts is consistent with more stably folded
conformations of the B species strands (39), although they could also be due to variations

in concentration and desalting efficiency.

2.3 Discussion

We show here that molecular heterogeneity is intrinsic to at least the hairpin ribozyme
and common to both major routes for the in vitro preparation of RNA, chemical synthesis
and in vitro transcription. We demonstrate that multiple folding sub-populations of a
functional RNA are unexpectedly resistant to repartitioning following unfolding
(denaturation). Furthermore, our mass spectrometry data indicate that the heterogeneity is

encoded in the RNA fold and is not a result of chemical modification.

Additional, circumstantial evidence against chemical sources of molecular heterogeneity

Our EMSA analysis indicates that, if present, chemical modifications that destabilize the
docked state to form the T species would need to occur either during or prior to chemical
or enzymatic synthesis. This idea is rationalized as follows: If destabilizing chemical
damage arose subsequent to synthesis, then we would expect to observe an accumulating
conversion of B to T species following isolation of the T and B species. However,
exposure of the B species to conditions identical to our handling prior to EMSA
(including D-PAGE, and ethanol precipitation) does not result in (additive) conversion to
T species, so that post-synthesis chemical damage cannot explain the observed
heterogeneity. Furthermore, our re-folding assays are inconsistent with the presence of
any form of destabilizing chemical damage that favors formation of the T species as the
source of the EMSA heterogeneity. Our D-PAGE based refolding assays demonstrate that
strands B-RzA and B-RzB are both fully competent to reform the B species (Figure 2.5),
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so if chemical damage led to formation of the T species, then B-RzA and B-RzB have to
be presumed undamaged (or at least not damaged in a way that destabilizes docking). We
further infer that we would be able to interpret the fractions of T species observed in the
heterologous mixtures of T-RzA+B-RzB and B-RzA+T-RzB as the fractions of damaged
T-RzA and T-RzB strands, respectively. However, the sum of the fractions of top band
observed for T-RzA+B-RzB and B-RzA+T-RzB is only 53% (17%+t36%), far less than
the 100% necessary to fully explain the T species in terms of chemical damage. From this
argument follows that, if we assumed chemical damage to be responsible for the observed
molecular heterogeneity, then our refolding assays would suggest that these chemical
modifications be present in the B species and therefore fortuitously stabilize the docked
(catalytically active) state. This possibility that chemical damage favors the
predominantly docked and catalytically most active B species seems unlikely since nearly
all chemical modifications of the hairpin ribozyme tested in previous studies significantly

destabilize the docked state (11,22).

Potential role of S-turns in highly stable, functional RNA structures

Taking all of our observations together, the energy barrier to interconversion of the
hairpin ribozyme’s conformational isomers appears to approach or even exceed the
barrier to backbone scission. The so-called ergodic hypothesis implies that each
functional molecule, given enough time and energy, faithfully reproduces the full range
of conformational and functional behaviors observed in a snapshot of the ensemble
(40,41). Our observations underscore that the notion of ergodic behavior, which is
generally used as a basis to interpret ensemble-averaged data, cannot be safely assumed
even for RNAs as simple as the 2WJ hairpin ribozyme. While there may still exist
untested conditions under which the conformations do exchange, it appears unlikely that
such conditions would be compatible with RNA chemical stability since all attempts at
interconversion under conditions that are extreme and yet compatible with chemical
stability provide no significant signs of conversion of the B to the T species, unless one
of the composite RNA strands is exchanged for fresh material. (Please note that
conversion of the T to the B species does appear to occur, Figure 2.5) Our experiments

therefore suggest that a given functional hairpin ribozyme molecule in solution at
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standard pressure will undergo spontaneous degradation before it can sample all major
populations present in a snapshot of the ensemble.

A plausible explanation for our observations is the retention of alternative, non-
native, intra-strand structures that arise along the unfolding pathway of the T and B
species and are resistant to unfolding under harshly denaturing conditions. While
alternative explanations, including mass neutral chemical modifications such as the
isomerization of the backbone to a 2°,5’-phosphodiester, cannot not be entirely ruled out,
we do not favor such an interpretation based on the presence of T and B species in both
synthetic and in vitro transcribed ribozymes. A strikingly similar phenomenon was
observed in studies of the Sarcin-Ricin loop (SRL) where multiple populations in native
gels cannot be interconverted, following even multiple cycles of heating to 90 °C (42).
The highly persistent heterogeneity in the SRL was unexpected for this small (23-
nucleotide) stem loop structure, and as with the hairpin ribozyme the heterogeneity is
independent of how the RNA is synthesized. Interestingly, the SRL and loop B of the
hairpin ribozyme share sequence homology and an S-turn structural motif, which changes
shape in the hairpin ribozyme upon interdomain docking (Figure 2.10). The S-turn thus

arises as a possible source of the deeply dividing energy barriers in both RNAs.

One function, multiple folds

The capacity of RNA to adopt multiple non-exchanging functional conformations
suggests that, in addition to the paradigm of one-fold-one-function (6), superior fitness of
a specific RNA sequence may be achieved by its capability to adopt multiple folds that
converge on a single function. Recent cross-linking experiments support the presence of
multiple functional folds of the hairpin ribozyme (27). Cross-linking in the presence of
cobalt-hexamine indicates the presence of U+2-G36 base stacking that is compatible with
catalytic activity, but inconsistent with high-resolution x-ray crystal structures solved in
the presence of cobalt hexamine (28). The crystal structures and cross-linking data
appear to reveal at least two significantly different conformations compatible with
catalytic activity, consistent with our single-molecule FRET analysis of the catalytically
active ribozyme (Figure 2.1¢). Conformational differences around G36 could account for

our footprinting data at C25, which is positioned in reasonable proximity to G36 across
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(a)
Sarcin-Ricin Loop Undocked Domain B Docked Domain B
Hairpin Ribozyme Hairpin Ribozyme
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H4 Loop B H3 Linker H2 LoopA H1
HPRzB UUUGGCGUGGUACAUUACCUGGUACCCCCUCGCAGUCCUAUUU
SRL CCUGCUCAGUACGAGAGGAACCGCAGG

S-turn Tetra-loop

Figure 2.10: Structural and sequence homology between the sarcin-ricin loop (SRL) and
loop B of the hairpin ribozyme. (a) Cartoon representations of the crystal structure of the
SRL (PDB ID 1Q9A), the undocked solution structure of the isolated domain B (PDB ID
1B36), and the crystal structure of domain B after docking with domain A (PDB ID
20UE). Structural elements are color coded as follows; helices are green, the GAGA
tetra-loop is red, and the S-turn in the SRL and the corresponding nucleotides 39-42 in
loop B are blue; in the undocked domain B structure these nucleotides compose the S-
turn. The S-turn observed in the docked structure is formed by an alternative sequence
(nucleotides 37-40). (b) Alignment of the sequence of the RzB strand used in this study
with the SRL sequence from previous EMSA assays (42). The S-turns of the undocked
domain B and SRL are aligned and color coded as in panel a for comparison, whereas the
S-turn sequence in the docked domain B is underlined.
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loop B. Our EMSA refolding experiments now show that the multiple functional
conformations of the hairpin ribozyme are separated by unexpectedly high energy
barriers.

Our experiments, in conjunction with the widespread observation of multiphasic
and incomplete reaction kinetics of functional RNAs in ensemble-averaged experiments,
as well as a growing body of evidence for heterogeneous single molecule behavior,
suggest that deeply furrowed free energy landscapes may be an inescapable feature of

RNA in biology and biotechnology.
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Chapter 3

Molecular Dynamics Suggest Multifunctionality of an Adenine Imino Group
in Acid-base Catalysis of the Hairpin Ribozyme*®

3.1 Introduction

Over two decades of investigations into RNA catalysis have revealed numerous structural
and dynamic properties of RNA that give rise to site-specific phosphoryl transfer. For
example, the first ribozymes to be discovered, RNase P (1) and the self-splicing group I
introns (2), utilize specifically bound metal ions as cofactors in their catalytic
mechanisms (3), a strategy also used by protein-based RNases (4,5). Positioning of
organic cofactors by the g/mS ribozyme (6,7), and the group I intron, are an additional
means of specifying the reactive phosphate. In analogy, early hypotheses proposed that
the small self-cleaving ribozymes use specifically bound divalent metal ions as the
necessary base and acid catalysts. Subsequently it was recognized that the catalytic
competence of several small self-cleaving RNAs (the hairpin, hammerhead, and Varkud
satellite ribozymes) in a wide range of ionic conditions, including in the presence of
monovalent ions alone, supports the notion that nucleobase functional groups directly
support reaction chemistry (8). These naturally occurring ribozymes are now generally
considered to rely at least partially on nucleobase facilitated proton transfer to carry out
their cleavage and ligation function.

High-resolution crystal structures exist for the HDV (9,10), hammerhead (11,12),
glmS (13,14), and hairpin ribozymes (15-21). Based on these structures only the hairpin
ribozyme’s active site is unambiguously devoid of stably bound metal ions that could

potentially participate in catalysis with the possible exception of electrostatic stabilization

¢ Adapted from Ditzler MA, Sponer J, Walter NG. Molecular Dynamics Suggest
Multifunctionality of an Adenine Imino Group in Acid-base Catalysis of the Hairpin
Ribozyme. RNA (in press)
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which could influence chemistry from outside the active site. Furthermore, the hairpin
ribozyme is highly active in cobalt(IIl) hexammine, which can only form chemically inert
outer-sphere complexes, while in contrast the HDV ribozyme is competitively inhibited
by it (9,22). This limited potential for a catalytic role of metal ions makes the hairpin
ribozyme especially useful in probing the direct role of nucleobases in RNA catalysis. In
addition, its small size has allowed a wide range of modifications and base substitutions
to be incorporated, facilitating investigations into structure, function and dynamics (23-
31). Despite intense study, much remains unclear about the chemical mechanism and the
structural dynamics of the catalytically competent global conformation. Here we present
the results of ~300 ns of explicit solvent molecular dynamics (MD) simulations on the
hairpin ribozyme in which we examine the active site geometry together with the role of
both nucleobases and structural water molecules in facilitating RNA catalysis.

MD simulation is a computational method describing the dynamics of solvated
nucleic acids using classical empirical potential force fields. The outcome of simulations
is determined by the quality of the force field, by the affordable simulation timescale and
by the starting structures. Therefore, MD simulations are a tool primarily suitable to
provide complementary analyses of known RNA structures, including testing the effects
of base substitutions, modifications, protonation and deprotonation on structural
dynamics and hydration. Although such a classical simulation does not allow bond
breaking and creating, it can evaluate possible catalytic mechanisms by assessment of the
conformational dynamics observed in the simulation (32-38). This was our goal here.

Biochemical and structural data have implicated G8 and A38 as participants in the
catalysis of cleavage and ligation. The conserved guanine G8 in loop A is positioned near
the active site and mutation or deletion at this site impairs activity 100- to 1000-fold
without significantly disrupting the ribozyme’s global structure (27,30). The position of
G8 near the reactive 2°-OH in crystal structures suggests the possibility that an
unprotonated N1 acts as a general base (16,18,19,30,39). By contrast, exogenous
nucleobase rescue experiments suggest that the roles of G8 in catalysis lie in charge
stabilization of the transition state and/or alignment of the reactive groups (27,29,40,41).

Our MD simulations are consistent with the latter model as they provide evidence that G8
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facilitates catalysis through stabilizing both the developing charge on the scissile
phosphate and the strained backbone conformations adopted along the reaction pathway.
Recent crystallographic studies of a transition state analog of the hairpin ribozyme
have suggested that localized water molecules also play a role in transition state charge
stabilization (16), which is also supported by our MD simulations. Transition-state analog
crystal structures place N1 of the invariant A38 close to the 5'-oxygen leaving group of
the cleavage site, implicating A38 as the general acid (15,18,20,21). Abasic substitution
of A38 impairs catalysis >10,000-fold and exogenous nucleobase rescue experiments
indicate that the protonation state of A38(N1) plays a direct role in chemistry (23,25). It
has also been suggested that the catalytic roles of A38 are to align reactive groups and to
stabilize negative charge in the transition state (23,25). Our MD simulations offer support
for multiple roles of A38 as the general acid, in aligning reactive groups, and in
stabilizing negative charge. Contrary to the prevailing opinion, however, our results also
implicate A38 as the general base in the cleavage reaction, leading us to consider a
previously undescribed type of proton transfer mechanism for RNA involving a single
nucleobase as bifunctional general base and acid catalyst, in analogy to protein enzymes
such as serine-carboxyl peptidases, and similar to roles proposed for glucose-amine-6-

phosphate in the glmS ribozyme mechanism.

3.2 Materials and Methods

Initial MD structures, water and ion placement

Table 1 summarizes all 15 (10-40 ns long) simulations performed for this study.
Simulations of the C39 ribozyme were started from the 2.05-A resolution crystal
structure of the junctionless ligated hairpin ribozyme (PDB ID 20UE). For Simulations
C39-1 and C39-2 five inter-domain water molecules were placed based on their
crystallographic coordinates, a third simulation (C39-3) was initiated without these core
water molecules. Eight simulations of the U39 sequence were started from the 2.65-A
resolution crystal structure of the same ribozyme (2D2K), using either the U37
sequestered (U39-S) or U37 exposed (U39-E) conformation. Half of the U39 simulations

were run with a single Mg®" placed based on the coordinates of a crystallographically
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resolved cobalt(IIl) hexammine binding site (Table 1) (17). Another half of the U39
simulations (encompassing half of the Mg containing simulations) were initiated with
five inter-domain water molecules, placed by superimposing the C39 structure (for which
inter-domain waters could be clearly resolved) on the U39 structure. A G8A mutant
ribozyme was simulated based on the corresponding 2.4-A resolution crystal structure
(1ZFV), with inter-domain water molecules placed by superimposing the C39 structure
onto the G8A structure. An additional three simulations were performed in which A38
was protonated at atom NI starting from either the junctionless C39 crystal structure
(20UE) or the G8A structure (1ZFV), and all three used the crystallographically placed
inter-domain water molecules. The LEAP module from the AMBER-8 software package
was used to place additional bulk water molecules and a charge neutralizing number (55-
57) of Na" ions at points of favorable electrostatic surface potential.

MD equilibration and simulation

All MD simulations were carried out by using the AMBER-8 software package with the
parm99 Cornell et al. force field (42-44). The initial structures were solvated in a
rectangular periodic box of TIP3P water molecules extending (at least) 10 A from the
RNA surface. The Sander module of AMBER-8 was used for the equilibration and
production simulations based on our standard protocols (45-49). The particle mesh Ewald
method (50) was applied with a heuristic pair list update, using a 2.0-A non-bonded pair
list buffer and a 9.0-A cutoff. A charge grid spacing of close to 1 A and a cubic
interpolation scheme were used. The production runs were carried out at 300 K with
constant-pressure boundary conditions using the Berendsen temperature coupling
algorithm (51) with a time constant of 1.0 ps. SHAKE (52) was applied with a tolerance
of 10® to constrain bonds involving hydrogens. Parameters for the protonated form of
A38 were obtained by applying the RESP (53) fitting method to the quantum
mechanically (BLY/6-31G*) derived electrostatic potential. The charges on the backbone
atoms were held constant with those present in the parm99 force field, and atom types

were adjusted as necessary to maintain consistency with the parm99 force field (Figure.

3.1).
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Figure 3.1: Force field parameters for adenosine protonated at N1. The atom types and
partial charges are indicated on the atoms, whereas nonstandard equilibrium angles and
distances are boxed.
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MD analysis

Production trajectories were analyzed using the ptraj modules of the AMBER-8 package
to obtain inter-atomic distances, angles, pseudorotation angles, and ion density maps. To
obtain a detailed inventory of all direct interdomain RNA-RNA hydrogen bonds, the ptraj
module of AMBER-8 was used to track the number of hydrogen bonds formed after 9.9
to 10 ns of simulation time. Fractional hydrogen bonds were calculated from the fraction
of time that the heavy-atom distances of these hydrogen bonds were <3.1A and that the
X-H...Y angle was within 60° of linearity. List density plots of distances were generated
from the appropriate ptraj output using Matlab. Backbone torsion angle analysis was
carried out using Molprobity (54). The average backbone suiteness was determined from
all complete suites, including triaged suites. Snapshots averaged over 100 ps of MD
simulation time were rendered using Pymol (DeLano Scientific LLC).

Electrophoretic mobility shift assay (EMSA)

The hairpin ribozyme sequences used were Strand RzA (5’-AAA UAG AGA AAC GAA
CCA GAG AAA CAC ACG CCA AA-3’) with the underlined residue at position 8
mutated from a G to an A to prevent cleavage during electrophoresis, and Strand RzB
(5’-AU AUA UUU GGC GUG GUA YAU UAC CUG GUA CCC CCU CGC AGU
CCU AUU U-3’) with the underlined pyrimidine representing either a U in the wild-type
sequence or a C in the gain-of-function mutant. RNA was generated in vitro from single-
stranded DNA templates containing a double-stranded T7 promoter as described (55).
Strand RzA was 5°-*°P labeled using y->"P-ATP and T4 polynucleotide kinase. The two
composite strands were annealed in buffer (50 mM Tris-Acetate, pH 7.5, 50 mM Na-
Acetate) by heating to 70°C for 2 min followed by cooling to 25°C, 10% (v/v) glycerol
were added, and the sample loaded onto a non-denaturing 10% (w/v) polyacrylamide
(19:1 acrylamide:bisacrylamide ratio) gel containing 50 mM Tris-Acetate, pH 7.5, 12
mM Mg-Acetate. Gels were run at 20 V/cm and 4°C for 15 h, and radioactive bands
visualized using autoradiography with phosphorscreens and quantified using a

Phosphorlmager Storm 840 with ImageQuant software (Molecular Dynamics).

86



"SU Q| pUE §'6 Usamlaq spoyls|\ pUe sjelslel Ul paquosap se paleinojen Alojusaul puogq UsBSIpAHS

"UOIE|NWIS 8y} J0} paule}al pue a1oo onk|elen auyy ul panjosal Ajjesiljdeibojjelsiio seinos|jow Jajem Jo isqlin,

uelen siy} Jo sAesse sbeaes|o jejuswiiadxe Joud ul paniasqo Alanoe onAjeles SAiE[SN.

+HBEY
68°0L 0c g +BN 9§ - 'v89O "D6EN NdZI +HBEV 8Y
gL'LL o< S +BN LG - V89 ‘06EN AdZL 8v
199 ol 0 2B | ".eN §§ + pesodxs /N Aedc F3-6EN
re'clL ol 0 B L “BN &g + paisisenbas Jgn AMeac FS-6€N
696 ovl 0 BN /S + pssodxs /gN MZazc £3-6eN
BS.L 0c 0 +BN LG o palsjsanbas Jen Medc £S-6EN
88 9¢l g BN | BN §§ + pesodxs LN AMedc ¢3-6EN
8996 ol g BN | ".BeN 5§ + paisjsanbas 2gn prrdars cS-6EN
990l 14 g BN S + pesodxs Zgn MZazc L3-6eN
AV Gc S +BN LG + peisisenbes Jgn prrdars LS-6EN
Gool 02 g +BN 96 ++ +HBEV "D6EN 3noc Z-+HBEv
LEL1 02 g BN 96 ++ +HBEV "D6EN (su¥) 1-6€D b-+HBEV
L56 0c 0 +BN LG ++ J6EN 3Inoe £-6£0
eo'LL of g +EN LS ++ o6eNn 3Inoe ¢-6ED
LETL o< S BN LG ++ Q6EN Elpler L-6ED
28U oL Jsyespuog-H  (su) ybus (SiSiEpA [e1shin SUQ| CAIADY "dxg  sopsusloeleyn  alnionais Buiuels  uongnwig

Apnisjuaiing ay} Joj pawiorad suonenwis g L I98vL

87



3.3 Results

Overview of our simulations

We performed 15 charge neutralized MD simulations of the hairpin ribozyme for a
combined total of ~300 ns using explicit solvent, either with or without five
crystallographically resolved inter-domain water molecules and either with or without a
single Mg®" ion in a well resolved metal binding site, all based on the 2.05-2.65 A
resolution crystal structures of junctionless forms of the hairpin ribozyme in complex
with a non-cleavable substrate analog (Table 1). We simulated three different sequences
based on the available crystal structures for each variant; the native sequence containing a
U39 (PDB ID 2D2K), a G8A mutant (in the following termed AS8) that inhibits cleavage
(1ZFV), and a U39C mutant (in the following termed C39) that increases activity (56,57)
(20UE) (Figure 3.2A). We also performed three simulations in which an active site
adenosine was protonated at the N1 position (in the following termed A38H+) based on
recent evidence for catalytic relevance of the ionized form (23,25). Where present, a
catalytically inactivating 2’-O-methyl modification of A-1 at the cleavage site was

replaced with the natural 2°-OH.

MD simulations properly predict backbone conformations as defined by their suiteness
and provide indirect evidence for protonation of A38 in crystal structures

Given the large number of torsion angles in the RNA backbone, a particular challenge of
MD simulations is to correctly predict backbone conformations over extended simulation
times (33). To evaluate the validity of our simulations, screen for potential force field
artifacts, and rapidly identify regions of interest we therefore applied the recently
developed program Suitename (54,58) to the backbone torsion angles in all our
simulations. Overall, we observe that the conformity of the experimentally derived
crystal structures with empirically inferred low-energy conformations is largely
maintained in their corresponding simulations (Figures 3.2B and 3.3). Generally,
backbone conformations that fall outside the empirically identified low energy
conformations during the simulation also do so in the starting crystal structure, and

therefore do not appear to arise from limitations of the parm99 Cornell et al. force field.
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Figure 3.2: Backbone conformational dynamics and global stability observed in MD
simulations agree well with experimental data. (A) Secondary structure schematic of the
minimal hairpin ribozyme used in our simulations. The cleavage site between A-1 and
G+1 is indicated by a red arrow. Important inter-domain hydrogen bond interactions are
indicated in blue (ribose zipper), purple (U42 binding pocket), and orange (G+1 binding
pocket). (B) Analysis of a highly contorted region of the backbone using the software
Suitename (58), whereby regions of the backbone that fall within one of the inferred low
energy conformations are identified by their corresponding two character codes and
outliers are identified by “!!”. Crystal structures and corresponding simulations are
aligned to compare backbone conformations. Two regions of the backbone that are likely
more accurately represented in the simulations than the corresponding crystal structures
are highlighted in yellow. Backbone conformations of simulations were determined using
coordinates averaged over the last 10 ns of each simulation. The degree of conformity of
the entire backbone to conformations experimentally observed for RNA in general is
indicated by the average suiteness given in parentheses. Suiteness can range from 0 to 1,
where 1 signifies that all suites are exactly equal to the mean dihedral values associated
with their respective conformation. (C) Histograms of the number of C39 (black) and
U39 (gray) simulations with a given number of inter-domain hydrogen bonds observed
between 9.9 and 10 ns into the simulation. (D) Snapshots of the U42 binding pocket and
part of the ribose zipper from the end of three simulations as indicated (averaged from
19.9 to 20 ns) with key hydrogen bonds indicated by dashed red tubes. (E) Density plots
of the inter-atomic distances involved in key inter-domain hydrogen bonds (color-coded
as in panel A) as tracked over the first 20 ns of each simulation. Distances are color-
coded as indicated in the legend, i.e., red indicates atoms within hydrogen bonding
distance. (F) Experimental EMSA analysis of a two-way junction form of the hairpin
ribozyme indicates greater abundance of predominantly docked (D) relative to
predominantly undocked (U) conformers for the C39 gain-of-function mutant compared
to the U39 wild-type.
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Figure 3.3: Backbone analysis of the entire backbone. (A) Secondary structure schematic
of the minimal hairpin ribozyme used in our simulations. (B) Analysis of the complete
domain A using the software Suitename (54,58). Regions of the backbone that fall within
one of the inferred low energy conformations are identified by their corresponding two
character codes; outliers are identified by !!. Crystal structures and corresponding
simulations are aligned to compare backbone conformations. (C) Analysis of the
complete domain B using Suitename.
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In fact, we observe that some regions of the backbone are more accurately represented in
the simulations. For example, the suite following U37 consistently shifts from 1g in the
U39 crystal structure, usually observed as part of GNRA tetra loops, to the more
conserved 20 suite observed in the higher resolution C39 crystal structures (highlighted in
Figure 3.2B). This result is consistent with regularization of the RNA backbone in the
course of previous simulations of the HDV ribozyme (45). In general, backbone
conformations in the hairpin ribozyme depart from empirically identified low energy
structures more significantly in the U39 simulations than in the C39 containing
simulations (Figure 3.2B), potentially indicating increased dynamics of the U39
containing ribozyme.

Simulations in which N1 of A38 [A38(N1)] is not protonated diverge from the
crystallographic backbone conformations more significantly than simulations in which
N1 is protonated (Figure 3.2 and 3.4), providing indirect evidence that A38(N1)
(unperturbed solution pK, = 3.5 (59)) may be protonated in the crystal (pH = 6.0). The
observed similarities between simulations of the G8A mutant in which A38 is protonated
and the corresponding crystal structure, such as in overall backbone conformation and
2°0-P’-5’0 in-line attack angle (IAA) of the scissile phosphate (simulation average =
107°; crystal = 112 °), are consistent with protonation of A38(N1) in the G8A crystal also.
Taken together, our results support previous biochemical (25), structural (15,18), and

computational evidence (60) for a functionally relevant shift in the pK, of A38.

MD simulations correctly predict enhanced docking stability of the C39 gain-of-function
mutant

We have previously observed that MD simulations are effective at predicting the stability
of the active docked state of the hairpin ribozyme. To assess stability, we used hydrogen
bond inventories that add up all fractional hydrogen bonds as derived from the fraction of
time that the heavy-atom distances of these hydrogen bonds are <3.1 A and that the X-H-
--Y angle is within 60° of linearity. When taken at 10 ns after equilibration such hydrogen
bond inventories were found to correlate linearly with the experimentally observed
decreased stability of mutants, yielding a reasonable AAG of 2.4 kcal/mol per hydrogen

bond lost during the simulation (49). Hydrogen bond inventories of our current

92



simulations predict that the inactive A8/C39 double mutant (termed A8, Table 1) should
form a docked state equal in stability to the C39 gain-of-function mutant, consistent with
previous electrophoretic mobility shift assays (EMSA) (30). Additionally, our hydrogen
bond inventories suggest that the U39 sequence is less stably docked than the C39
mutants due to a loss of, on average, ~2 hydrogen bonds (Figure 3.2C). To pinpoint this
observation more specifically, we monitored the integrity of the U42 binding pocket,
ribose zipper, and the G+1 binding pocket, three interactions known to be essential to
docking stability (Figures 3.2D, 3.2E, and 3.4) (31). The U39 wild-type sequence exhibits
a relative loss of hydrogen bonding interactions particularly in the U42 binding pocket
and the ribose zipper, which involves the 2°-OH functional groups of A10, G11, A24, and
C25 (Figures 3.2D, 3.2E, 3.4, and Table 1). These observations suggest that the C39
gain-of-function mutant increases activity indirectly by stabilizing the catalytically active
docked state through tertiary contacts distal from C39, attesting to a significant long-
range effect of the mutation.

To further test the validity of our MD simulations, we sought to experimentally
assess the relative stabilities of the U39 wild-type and C39 gain-of-function mutant by
subjecting a common two-way junction form of the ribozyme to EMSA. We find that the
C39 mutant is characterized by two bands of distinct mobility, whereas the U39 ribozyme
lacks the more rapidly migrating band (Figure 3.2E). It has been previously shown that
mutations that disturb global stability result in loss of the more rapidly migrating band
that contains a predominantly docked and thus compact species (30,61,62). Our EMSA
results therefore suggest that indeed the U39 wild-type is less stably docked than the C39

gain-of-function mutant, as also predicted by our simulations.

MD simulations corroborate an experimentally observed conformational heterogeneity in
the U39 wild-type ribozyme

Crystal structures of the U39 wild-type ribozyme reveal two distinct conformations
(termed “U37-sequestered” and “U37-exposed”) at position 37 within the S-turn of loop
B (17) (Figure 3.2A). We performed MD on both conformations of the U39 ribozyme
(Table 1) and based on hydrogen bond inventories do not observe any clear differences in

stability between the two conformations (Table 1). Remarkably, after 19 ns of one of our
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Figure 3.4: . Inter-atomic distances involved in the key inter-domain hydrogen bonds of
Figures 3.2C and 3.2E, tracked for all of our simulations. Distances are color coded as
indicated in Figure E. (A) Inter-domain distance for all simulations with C39 and (B) all
simulations with U39. Simulations in which the ribose zipper is disrupted are indicated
by blue boxes.
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Figure 3.5: The U37 conformation transitions from the sequestered to the exposed
conformation 19 ns into simulation U39-S1 (red), whereas simulation U39-E1 begins and
stays in the exposed conformation (black). The U37 conformation is monitored by
tracking the inter-atomic distance between O2 of U37 and C1° of G+1.
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four U37-sequestered simulations the ribozyme undergoes a conformational change in
which U37 moves away from the G+1 binding pocket and adopts a conformation similar
to the U37-exposed conformation; extending this simulation for an additional 5 ns
following this conformational change did not result in a return to the U37-sequestered
conformation (Figure 3.5). By contrast, in over 100 ns of U39 simulations, the U37-
exposed conformation is never observed to adopt the U37-sequestered conformation, nor
is the U37-exposed conformation observed in any of our C39 simulations. These results
provide evidence, within the framework of a necessarily limited set of simulations, that
the U39 wild-type sequence can transition from the U37-sequestered to the U37-exposed
conformation within a single docking event, whereas the C39 mutation suppresses this
conformational change, consistent with the observed crystallographic heterogeneity of the
U39 wild-type and its absence in the C39 gain-of-function mutant (17). It has been
speculated that the enhanced conformational stability of the adjacent S-turn leads to, at
least in part, the higher metal ion binding affinity and catalytic activity of the C39 mutant
(17). Our data support this notion and further implicate increased docking stability as a

source of catalytic enhancement of the C39 mutant.

MD simulations properly predict crystallographically resolved water molecules that are
part of an extended inter-domain hydrogen bonding network

Consistent with previous X-ray crystallography (16,17) and MD studies (49), we observe
long residency water molecules in an inter-domain cavity near the catalytic core (Figure
3.6). The two most stable structural water molecules are observed at the active site with
residency times longer than can be characterized by our typically 20 ns simulations, while
an additional set of 3-5 water molecules is present and remains relatively mobile within
the inter-domain cavity, but only slowly exchanges with bulk solvent (Figure 3.6). All of
these water molecules are an integral part of an extensive inter-domain hydrogen bonding
network (Figure 3.6A), and notably are most stable in simulations of the C39 sequence
that experimentally is most active and yields the crystal structures of highest resolution in
which water is clearly identified (16). The behavior of explicit water in our simulations is

therefore generally consistent with the crystal structures and previous MD simulations,
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Figure 3.6: Long residency inter-domain waters are an integral part of the inter-domain
hydrogen bonding network. (A) The positions of inter-domain waters typical of our
simulations are shown. (B) Inter-domain waters were identified 10 ns into the simulation
and inter-atomic distances of hydrogen bonding partners were tracked over the entire
length of three representative simulations. Distances are color coded as in Figure 1E. (C)
The crystal structure of the non-cleavable ribozyme-substrate analog complex (Pre, gray)
(20UE) as well as snapshots from two simulations (C39-1 and A38H+-1, color) overlaid
with a vanadate TSA crystal structure (green) (2P7E). In the TSA crystal structure, a
crystallographically resolved active-site water molecule in the precursor structure (W52)
is displaced by the non-bridging pro-S oxygen, while flanking waters (W3 and W5)
remain in nearly identical positions. In contrast, during simulations in which A38 is
unprotonated (such as C39-1) the 2°-OH of A-1 takes the place of W52, while flanking
waters remain in nearly identical positions. Similarly to the TSA structure, during
simulations in which A38 is protonated (such as A38H+-1) the non-bridging pro-S
oxygen takes the place of W52, while flanking waters remain in nearly identical
positions.
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providing collective evidence for an essential structural and potentially catalytic role for
long residency water molecules in the hairpin ribozyme catalytic core.

More specifically, water molecules W3 and W5 in our simulations occupy nearly
identical positions to water molecules resolved in crystal structures of vanadate transition
state analog and non-cleavable ribozyme-substrate analog complex (2P7E and 20UE)
(Figure 3.6C). The stable binding of W5 bridging A9 and G+1 throughout our
simulations regardless of protonation state of A38 and the resulting stable hydrogen bond
donated to the pro-R non-bridging oxygen upon protonation of A38 support the notion of
a role of structural water molecules in stabilizing the developing negative charge of the
scissile phosphate in the transition state (16). In contrast, W52 is present in the non-
cleavable ribozyme-substrate analog complex, but absent in the vanadate transition state
analog and, accordingly, is lost during our simulations (Figure 3.6C). In our simulations
the site occupied by W52 is instead occupied by A-1(2’OH) when A38 in unprotonated,
and by the pro-R non-bridging oxygen in the protonated A38H+ simulations. The fact
that the same water molecule (W52) is also experimentally observed to be also replaced
by the same pro-R non-bridging oxygen in crystal structures of both vanadate and 2°,5’-
phosphodiester transition state analogs (TSA’s) (2P7E and 2P7F) links A38 protonation
to the ability to access the transition state geometry.

To test the impact of initial water placement on our MD simulations we
performed five simulations in which the crystallographic water molecules were removed
and all water was placed using the LEAP module of AMBER-8; these simulations began
without any inter-cavity water (Table 1). During the course of each simulation water
moved into the inter-domain cavity. Differences between simulations were most
pronounced at early time points with behavior converging as the simulations progressed,
thus reflecting a longer equilibration period as observed previously (49). Accordingly, we
noted a tendency for a sugar pucker flip at A-1 (discussed in detail below) to occur more

slowly when experimentally resolved waters were excluded from the starting structure.

MD simulations reproduce experimentally observed metal ion binding sites
Generally, we observe good agreement between the available experimental data and the

behavior of metal ions in our MD simulations, as previously noted (49). For example, we
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find the highest Na" ion density at two sites with in the E-loop (E1 and E2) of loop B,
along the major groove of domain A (M), and in some simulations at the S-turn (S) in
domain B (Figure 3.7A). The Na' density in the E-loop corresponds to two
crystallographically observed calcium binding sites in the four-way junction crystal
structures (Figure 3.7B) (30) and, consequently, is strongly competed during our MD
simulations upon placement of a Mg”" ion into the E-loop (Figure 3.7C). Notably, site E2
is only observed when the TAA is favorable and is lost upon formation of the hydrogen
bond from A-1(2°0OH) to A38(N1) discussed below. When present, monovalent ion
density observed at the S-turn (Figure 3.7A) corresponds to a high-affinity metal binding
site identified through footprinting (63). In our A8 simulations (Table 1) we observe
additional high Na" density in close proximity to the non-bridging oxygens of the scissile
phosphate (Figure 3.9A).

Most of our simulations were carried out in charge-neutralizing monovalent
cations alone due to the limitations in the parameters used for divalent ions (33) and the
catalytic proficiency of the hairpin ribozyme in monovalents alone (49). In four of our
simulations we placed a single Mg®" ion at a well-characterized multivalent outer-sphere
metal ion binding site within the E-loop motif of Loop B (Figure 3.7C) (17), and again
charge-neutralized with Na" ions (Table 1). We do not observe significant differences in
either global stability or active site architecture upon inclusion of this Mg, consistent
with observations from previous simulations (49). We only note that the outer-sphere
bound Mg?" ion quickly loses a water molecule of its inner coordination sphere and then
directly chelates the RNA at U41 (Figure 3.7C), consistent with the known bias towards
inner-shell binding of Mg®" ions in RNA simulations due to force field approximations

(64).

A 2’-OH substitution at the cleavage site restores an active site architecture perturbed in
2’-O-methylated crystal structures

The starting coordinates for our MD simulations were derived from high-resolution
crystal structures of the minimal hairpin ribozyme in complex with a non-cleavable
substrate analog, solved with a cleavage blocking 2’-O-methyl substitution in place of the

nucleophilic 2’-OH of residue A-1 (16,17). For our simulations we reverted back to the
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Figure 3.7: Monovalent ion behavior shows agreement with experimentally determined
metal ion binding sites. (A) Regions of high Na" density observed in our simulations are
shown in green. High density is observed in the major grove MA and in the E-loop at site
El in domain B in all of our simulations. High density is observed at site E2 only when
the TAA is favorable. The crystallographically observed cobalt(Ill) hexammine binding
site (blue) (20UE) and an ion binding site observed through solution footprinting (red)
(63) are indicated for comparison. High density at site S is only occasionally observed in
our simulations. (B) Sites E1 and E2 in the E-loop are overlaid with the corresponding
calcium binding sites (yellow sticks) and the crystallogaphically resolved calcium ions
(transparent yellow spheres)) from the four-way junction hairpin ribozyme precursor
crystal structure (1M5K) (18). (C) The region of high Mg2+ density is shown in magenta,
high sodium density is not observed at this site when Mg”" is present. The Mg”*" binding
site is overlaid with the corresponding cobalt(IIl) hexammine binding site (red) and the
crystallographically resolved cobalt(III) hexamine (orange) from the crystal structure of
the junctionless non-cleavable ribozyme-substrate analog complex (20UE).
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native 2°-OH, allowing us to test for any impact that the 2’-O-methyl substitution may
have on active site architecture. In all but one of our simulations, we observe a flip in the
A-1 sugar pucker from the 2'-endo/3'-exo of the ribozyme-substrate analog complex to a
2'-exo/3'-endo conformation (Figure 3.8A), usually within the first few nanoseconds of
the simulation and consistent with our previous observations (49). An analysis of a total
of 16 MD simulations (including four previously reported simulations (49)) yields a
single-exponentially distributed rate constant for this irreversible conformational change
of kgip = 0.3 x 10° s (Figure 3.8B). The change in sugar pucker is accommodated by a
slight reorientation of the whole nucleotide and frequently results in a hydrogen bond
from the A-1(2°-OH) to A38(NI1) (Figure 3.8A). The formation of this additional,
partially occupied (Figure 3.9B and 3.10), inter-domain hydrogen bond is consistent with
the increased stability of the cleavable ribozyme-substrate complex (containing A-1(2’-
OH)) relative to the non-cleavable ribozyme-substrate analog complex (containing A-
1(2°-O-methyl)) as observed by single-molecule FRET (1.8 kcal/mol) (65). This
hydrogen bond is precluded from forming in the crystal structure due to the presence of
the 2°-O-methyl modification, which cannot donate a hydrogen bond and is not easily
accommodated sterically by the active site when the A-1 sugar adopts the MD simulated
2'-ex0/3'-endo conformation.

Notably, four high-resolution precursor crystal structures containing the native 2°-
OH together with inactivating mutations exist (16), none of which exhibit the 2'-endo/3'-
exo sugar pucker observed in the ribozyme-substrate analog crystal structures. Two of
these four structures adopt the 2'-exo/3'-endo conformation observed in our simulations
while the other two are assigned an unusual planar sugar ring (possibly representing an
average of 2’-endo and 3’-endo sugar puckers), thus further supporting our proposal that
a 2’-O-methyl modification of A-1 distorts the backbone geometry in the catalytic core
by suppressing the favorable 2'-exo/3'-endo sugar pucker of A-1.
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Figure 3.8: Replacement of the inactivating A-1(2°-O-methyl) modification with the
native A-1(2’0OH) results in a local, functionally relevant conformational change. (A)
Active site geometry of a C39 gain-of-function mutant simulation (color) overlaid with
the non-cleavable ribozyme-substrate analog complex crystal structure (PDB ID 20UE,
gray) illustrates a change in sugar pucker of A-1 that results in a hydrogen bond from A-
1(2°0OH) to A38(N1) and hydrogen bonds from G8 to the non-bridging pro-R oxygen (red
dashed tubes). (B) The number of simulations that change sugar pucker after a given time
(open circles) is well fit with a single-exponential (line).
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The simulated active site conformation rationalizes the experimentally observed higher
importance of A38 compared to G8 in catalysis
The prevailing conformational change in our simulations toward a 2'-exo/3'-endo A-1
sugar pucker moves the 2’-OH away from G8, thus eliminating the intra-domain G8(N1)
to A-1(2°0) hydrogen bond observed in the crystal structures (Figures 3.8A, 3.9A, and
3.11A). This finding contradicts proposals that G8 either acts as a general base, or plays a
direct role in the positioning and pK, suppression of the 2’-OH of A-1 for catalysis
(16,18,19,30). Instead, the observed new hydrogen bond from A-1(2’-OH) to A38(N1)
supports the notions that A38 plays the role of general base and that hydrogen bonds
from A38(N6) and A10(N6) to the A-1(2°-OH) provide an alternative means of pK,
suppression of the 2°-OH. This emphasis of A38 over G8 is consistent with the
significantly larger catalytic rate decrease (>10,000-fold) measured upon mutation or
deletion of A38 compared to that observed upon mutation or deletion of G8 (only 100- to
1,000-fold) (23,25,27,30), as well as the particularly critical role observed for the
Watson-Crick face of A38 in shaping cleavage site architecture (20,21).

In simulations with a charge neutral (unprotonated) A38(N1) we find that the 2’-
OH of A-1 is the most common hydrogen bond donor to A38(N1), implicating A38 as a
general base in the cleavage reaction. We note, however, that this hydrogen bond is
observed only when the TAA of 2°0-P’-5’0 is quite unfavorable (< 130° or even lower,
Figure 3.9 and 3.10), far removed from the 180° thought to be optimal for nucleophilic
substitution (66,67), or the 162° predicted in the transition state for model reactions of
RNA backbone cleavage (68). A conformational change would thus be needed upon
deprotonation of A-1(2°-OH) for cleavage to proceed, a notion that we address below. In
addition to the prevalent hydrogen bond to A38(N1), we find that A-1(2’-OH)
alternatively donates a hydrogen to the non-bridging pro-R oxygen, or to a long residency
inter-domain water bridging the A-1(2°’-OH) and A38(N1) (Figure 3.9 and 3.10). These
two additional hydrogen bond acceptors have also been proposed to play a role in
catalysis based on earlier simulations (49,69,70).

Coincident with the change in A-1 sugar pucker, G8(N1) moves within hydrogen
bonding distance of the non-bridging phosphate oxygens, specifically the pro-R oxygen,

thus supporting the previous proposal that G8 stabilizes the increased negative charge on
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Figure 3.9: Active site dynamics provide insight into plausible roles of the functionally
critical active site nucleobases G8 and A38. (A) Snapshots of the active site from the end
of the three indicated simulations as indicated (averaged from 19.9 to 20 ns) in which N1
of A38 is unprotonated. Key hydrogen bonds are indicated by red dash tubes. (B) In-line
attack angle and key inter-atomic distances over the course of each simulation, with
distances and angles color-coded as indicated in the legend. Close proximity of A-
1(2’OH) and A38(N1) is frequently observed for ribozymes known to be catalytically
active (C39 and U39) and is correlated with an unfavorable in-line attack angle.
Hydrogen bonds observed in TSA crystal structures (2P7E, 2P7F and 1M50, indicated in
green) are generally not observed in these simulations.
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Figure 3.10: In-line attack angle and important inter-atomic distances are tracked over
the course of all additional simulations not shown in Figure 3.9; distances and angles are
color-coded as in Figure 3.9. Hydrogen bonding partners observed in TSA crystal
structures are indicated in green, but generally not observed to form in these simulations.
Simulations in which the A-1(2°0OH) to A38(N1) hydrogen bond is observed are
indicated by yellow boxes.
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the scissile phosphate in the transition state (27,29,40). The 5’-oxygen leaving group is
hydrogen bond acceptor to several transiently bound water molecules from bulk solvent

that could potentially serve as specific acid catalysts in the cleavage reaction.

Protonation of A38 drives the active site toward the expected transition-state geometry
The significant biochemical and structural evidence for a shift in the pK, of A38 in the
context of the docked ribozyme (15,18,23,25) prompted us to carry out simulations in
which N1 of A38 is protonated (A38H+), complementing our simulations with the charge
neutral (unprotonated) A38 (Table 1). In striking contrast to the charge neutral A38
simulations, A38(N1H") now primarily donates a hydrogen bond to the 5’-oxygen of
G+1, the cleavage reaction’s leaving group (and, to an extent, to the 3’-oxygen, Figure
3.11), placing A38 in a position to serve as the general acid during catalysis.
Furthermore, we observe that proximity of A38(N1) and G+1(5’0) frequently coincides
with a favorable (> 130°) IAA (Figure 3.11). G8 moves again within hydrogen bonding
distance of the non-bridging scissile phosphate oxygens, but now we observe alternating
proximity to both the pro-S and the pro-R oxygens, with proximity to the pro-S oxygen
strongly correlated with the ribozyme adopting a favorable IAA. These observations
further support a primary role of G8 in stabilizing the negative charge of the scissile
phosphate, rather than as a general base catalyst. Additionally, the non-bridging pro-R
oxygen is the most common hydrogen bond acceptor of the A-1(2’-OH), consistent with
the idea that it may be a suitable general base catalyst (69,70).

The hydrogen bond from A38(N1H") to G+1(5°0) leaving group of the cleavage
site as well as adoption of favorable in-line attack angles coincide with a rotation of the
scissile phosphate, thus maximizing the number of intramolecular hydrogen bonds to the
non-bridging oxygens, as expected for transition state stabilization. In particular, the
scissile phosphate rotates away from the precursor structure resulting in the pro-R oxygen
accepting alternating hydrogen bonds from the exocyclic amines of A9 and A38, A-
1(2°0OH), and the highly stable specifically bound water molecule W5, while the pro-S
oxygen accepts a bifurcated hydrogen bond from N1 and N3 of G8 (Figures 3.6C and
3.11). Taken together, this dynamic conformation results in a hydrogen bonding network

very similar to that observed in crystal structures of transition state analogs (TSAs)
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Figure 3.11: Protonation of A38(N1) results in a conformational rearrangement around
the active site that establishes structural features predicted to be present within the
transition state. (A) Snapshots of the active site from three simulations (averaged either
from 9.9 to 10 ns for A38H+-1 or from 19.9 to 20 ns for A38H+-2 and ASA38H+) in
which N1 of A38 is protonated. Key hydrogen bonds are indicated by red dash tubes. (B)
In-line attack angle and important inter-atomic distances are tracked over the course of
the simulation, with distances and angles color-coded as in Fgure 4. Proximity of the
cleavage site G+1(5°0) and A38(N1) is frequently observed in all three simulations. A
favorable IAA coincides with rotation of the non-bridging oxygens such that of G8(N1)
loses its hydrogen bonding with the pro-R non-bridging oxygen in favor of a hydrogen
bond with the pro-S non-bridging oxygen, as illustrated in the A38H+-1 snapshot of
panel A. Hydrogen bonding partners observed in TSA crystal structures (2P7E, 2P7F and
IMS50, indicated in green) are more frequently observed in these simulations.
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(Figures 3.6C and 3.11) (15,18). While this TSA-like conformation is observed ~20% of
the time in A38H+ simulations, it is not present in any of our simulations with a neutral
A38, further supporting the catalytic relevance of the molecular dynamics observed in

our A38H+ simulations.

Active site nucleobases stabilize strained backbone conformations

Not surprisingly, examination of the backbone conformations in our simulations and the
starting crystal structures reveals that the cleavage site does not conform to any of the
established RNA backbone conformational families (Figure 3.3) (58). Specifically the
epsilon (C4’-C3°-O-P) dihedral is significantly smaller than that typically observed
experimentally (58). In our MD simulations a decreased epsilon angle correlates with an
increased [IAA (Figure 3.12A), and inspection of multiple hairpin ribozyme crystal
structures reveals the same correlation in experimental data (Figure 3.12). In order to
determine how general this trend is in backbone cleavage, we evaluated all naturally
occurring self-cleaving ribozymes for which high resolution crystal structures are
available (hairpin, hammerhead, HDV, and g/mS ribozymes) and find the same trend in
all four ribozymes (Figure 3.12A). The general trend of lower epsilon angles
accompanying the high TAA angles required for catalysis suggests that distortion of this
dihedral plays an important role in defining the cleavage site in self-cleaving RNA.
Importantly, protonation of A38 results in a broader range of epsilon values at the
cleavage site during our simulations (Figure 3.12B), resulting in sampling of both lower
epsilon and higher TAA angles than when A38 is not protonated (Figure 3.12A).
Regardless of A38 protonation state the distributions of epsilon angles at the cleavage site
favor smaller values than all other regions of the backbone, consistent with the
distribution range of epsilon angles that is experimentally observed at the cleavage site of

self-cleaving RNAs (Figure 3.12B).
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Figure 3.12: The cleavage site dynamics of the RNA backbone of our simulations share
conformational features common among the small self-cleaving RNAs. (A) Cleavage site
dihedral angle epsilon as a function of the IAA for all crystal structures with <3.1 A
resolution of the hairpin ribozyme, the glmS ribozyme bound to glucose amine 6-
phosphate, the HDV ribozyme, and the full-length hammerhead ribozyme (open circles).
Epsilon as a function of TAA is also shown for the A38H+ simulations (red dots) as well
as the C39-1 and C39-2 simulations (blue dots). The A38H+ simulations sample a wider
range of values in these plots; notably, the region of both lowest epsilon and highest IAA
(red arrow) is more frequently sampled in the A38H+ simulations. (B) Probability
densities of the cleavage site (A-1) epsilon angles as well as all backbone epsilon angles
in our simulations (left axis and lines) and cleavage site (A-1) epsilon distributions
among the available ribozyme crystal structures (right axis and open boxes). The epsilon
angles at the cleavage site during our simulations and in the crystal structures both favor
low values relative to the distribution observed in our simulations for all epsilon angles in
the entire backbone. Moreover, simulations in which A38 is protonated (red line) favor
even lower epsilon values than simulations where A38 is unprotonated (blue line).
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3.4 Discussion

A number of catalytic mechanisms have been proposed for the hairpin ribozyme.
Cleavage is generally thought to proceed through a mechanism analogous to that carried
out by RNase A where two histidine residues of near-neutral pK, act as separate base and
acid catalysts and a protonated lysine residue neutralizes the increased negative charge of
the scissile transition state phosphate (40,41,71,72). While the solution pK,’s of RNA
functional groups are far from neutrality, there is substantial evidence for pK, up-shifting
in the context of the strong, long-range, negative electrostatic field of structured RNA
(15,25,60,73,74). Biochemical and computational approaches have suggested that in the
catalytically active hairpin ribozyme the pK,’s of one or all of the adenosines A10
(60,75), A22 (60), and A38 (15,18,25,60) are significantly perturbed toward neutrality .
Our MD simulations indicate that A38 is positioned to concomitantly fulfill multiple
catalytic functions potentially including general base catalysis (when unprotonated),
transition state stabilization, and general acid catalysis (once protonated), consistent with
the extraordinarily detrimental impact its replacement with an abasic site has on catalytic
activity (25).

MD simulations are generally known to have significant limitations in the
attainable sampling (i.e., short simulated time spans) and underlying force fields (33),
however, they uniquely reveal detailed dynamics at an atomistic level that allow one to
test and derive structure-based mechanistic hypotheses. Overall, we find surprisingly
good agreement between the available experimental data and our multiple, independent,
explicit-solvent MD simulations of the hairpin ribozyme (Table 1), suggesting that the
AMBER-8 (parm99 Cornell et al.) force field performs well in such an application. In
particular, the backbone conformations generally remain consistent with those observed
in the underlying crystal structures or make them more canonical; the C39 gain-of
function mutant is correctly predicted to dock more stably and to show less
conformational heterogeneity than the U39 wild-type (Figure 3.2); and our simulations
reproduce the binding sites of crystallographically resolved water molecules and cations

(Figures 3.6 and 3.7). We therefore focus our discussion on aspects of our MD

111



simulations that provide unexpected insights into structural dynamics and catalysis of the
hairpin ribozyme.

Crystallographically observed atomic distances have been used to propose that
A38 and G8 function as the general acid and general base catalysts, respectively, in
hairpin ribozyme catalysis (15-19,21,39). However, our simulations reveal relevant local
distortions introduced into the crystal structures by the presence of a catalysis blocking
2’-O-methyl modification, and suggest alternative roles for these nucleobases in
backbone cleavage. Most strikingly, the stable A-1(O2’H) to A38(N1) hydrogen bond,
masked in crystal structures with A-1(2’-O-methyl) modification but stably observed in
our MD simulations (Figure 3.8), opens the possibility that A38 acts as the general base.
If instead G8 were the general base, as proposed previously (19,30,39,76,77), the
catalytically relevant form of G8 would need to be deprotonated at position N1 (or be in a
rare enol tautomeric form). However, exogenous nucleobase rescue experiments suggest
that it is the N1 protonated (charge-neutral) state that activates catalysis (27,29).
Furthermore, based on comparison of crystal structures of the U39C and G8A mutants it
has been suggested that the role of G8 is to facilitate a favorable IAA by donating a
hydrogen bond from G8(N1) and/or G8(N2) to A-1(02’), and to lower the pK, of the 2’-
OH (16). However, this hydrogen bond is lost in our simulations and we observe a
hydrogen bond with the non-bridging oxygens instead. This is consistent with the
observation that activity of a ribozyme with an abasic substitution at position 8 is rescued
by a cationic exogenous nucleobase (27). In addition, deprotonation of G8(N1) seems
unlikely considering the pocket of deep negative electrostatic potential at the catalytic
center of the ribozyme, whereas participation of the G8 tautomer is inconsistent with
QM/MM simulations (69). Overall, our data support a catalytic role of G8 in facilitating
the reactive conformation through its interaction with the non-bridging oxygens and in
stabilizing negative charge in the transition state, but not in general base catalysis. This
leaves A38 as a prime suspect to remove the proton of A-1(O2°H). The exocyclic amines
of A10 and A38 donate hydrogen bonds to the 2’-OH in our simulations which, similar to
the role previously proposed for G8, should help lower the pK, of the 2’-OH.

Alternatively, recent QM/MM simulations implicate the non-bridging scissile

phosphate oxygens as reasonable general base candidates in hairpin ribozyme self-
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cleavage (69,70,77). The frequent hydrogen bonds between the A-1(2°0OH) and the non-
bridging oxygens observed in our MD simulations are consistent with such a role
(Figures 3.9 and 3.11). Active site nucleobases such as G8, A9, A10, or A38 are in a
position to potentially participate indirectly in catalysis by promoting proton transfer to
these non-bridging oxygens (Figures 3.9 and 3.11).

The proximity of A38(N1) and G+1(05’) in several crystal structures of reaction
precursor, TSA, and cleaved forms lend strong support to the proposal that A38 acts as
general acid in the cleavage reaction (15-19,21), and our simulations further emphasize
the stability of this juxtaposition within hydrogen bonding distance, despite
rearrangement of the A-1 sugar pucker. Biochemical evidence also suggests that A38
plays a vital role in stabilizing the catalytically productive active site architecture in a
way that is dependent upon the protonation state of N1 (23,25). Strikingly, our
simulations begin with coordinates from an inactivated precursor but, over the course of
simulations in which A38(N1) is protonated, undergo significant local structural changes
in the active site to adopt characteristics exhibited by the experimentally determined
TSAs (Figures. 3.6C and 3.11) (15,18). In contrast, in simulations with an unprotonated
A38(N1) a similar transition of the non-bridging oxygen to a TSA-like conformation is
not observed (Figure 3.9 and 3.10). Moreover, in simulations with the inactivating G8A
mutation the transition is far less pronounced regardless of the A38 protonation state
(Figures 3.9 and 3.11).

Taken together, our observations support a vital structural role of A38 protonation
in stabilizing the catalytic geometry and provide further support for A38 as the general
acid catalyst. The structural importance of A38 may explain why previous QM/MM
calculations that imposed constraints on the hairpin ribozyme’s active site geometry that
were external to the standard force field unexpectedly predicted a similar free energy
barrier to catalysis regardless of the protonation state of A38 (69), despite strong
experimental evidence to the contrary (23,25). Our results indicate that maintenance of a
favorable TAA requires protonation of A38 so that the protonation state of A38 is
expected to significantly impact the overall energy barrier to catalysis in a way that can
only be fully assessed if the dynamic ground state structure is kept unrestrained. The

greater consistency between the conformations in our A38H+ simulations and the crystal
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structures further suggests that the protonated A38H" is the predominant ionization state
at the crystallographic pH of 6.0, consistent with the notion that its pK, is perturbed from
its solution value of 3.5. It should be noted, however, that the ribozyme is most active at
even higher pH (with a pK, ., for cleavage of 6.1 that varies among mutants with the
identity of the functional group in the position that A38(N1) occupies in the wild-type
(25)); our simulations therefore may not reflect on the predominant protonation state at
optimal cleavage conditions.

Our MD simulations depict the unprotonated A38(N1) as receiving a hydrogen
bond from A-1(O2’H) (Figure 3.8A, 3.9 and 3.10), whereas the protonated A38(N1H")
donates a hydrogen bond to the 5’-oxygen (Figure 3,11). A recent TSA crystal structure
containing a 2’°,5’-linkage at the cleavage site exhibits an apparently bifurcated hydrogen
bond between N1 of A38 and both the 2°- and 5’-oxygens of the cleavage site (15),
supporting the mechanistic relevance of our observations of both hydrogen bonds in MD
simulations. Several mechanisms are consistent with these observations (Figure 3.13).
First, as previously proposed A38 may serve as the general acid, with a second functional
group such as A9, A10 or the non-bridging oxygens acting as general base (Figure
3.13A). In the context of this mechanism, the A-1(2’OH) to A38(N1) hydrogen bond and
associated poor IAA may be attributed to an unproductive ground state, wherein a
perturbed pK, allows A38 to accept a solvent proton and subsequently aid adoption of the
catalytically active conformation. Second, we propose a mechanism in which A38 acts
bifunctionally as both general base and acid by shuttling a proton directly from A-
1(0O2°H) to G+1(05’) (Figure 3.13B). Such a mechanism is analogous to the role of, for
example, an active site Glu in the first step of the reaction carried out by serine-carboxyl
peptidases (Figure 3.13C) (78,79). Here, the A-1(2°0OH) to A38(N1) hydrogen bond
would be essential to the mechanism; following transfer of the proton from A-1(2’OH) to
A38(N1) the protonated A38H+ again promotes formation of the active geometry. This
mechanism requires a certain degree of conformational flexibility in that proton exchange
between 2’-OH and A38(N1) must be followed by a rapid transition of the deprotonated
2’-oxyanion to a position more favorable to in-line attack, as well as by a ~0.4 A motion
of the now protonated A38(N1H") toward the 5’-oxygen (Figure 8B). We can infer that
such dynamics are indeed possible as we observe that the protonated A38(N1H")
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Figure 3.13: Plausible mechanisms for the reversible cleavage/ligation by the hairpin
ribozyme consistent with the active site dynamics observed during MD. (A) Mechanism
in which protonation of A38 is required to drive the active site toward the catalytic
geometry and the protonated A38H+ acts as the general acid, while A9, A10, a water, or
a non-bridging oxygen could serve as the base in the cleavage reaction. (B) Mechanism
in which A38 acts as both general base and acid by shuttling a proton (grey sphere)
directly from the 2°-OH of A-1 to the 5’-oxygen of G+1 for the cleavage reaction. In
both mechanisms G8, A10, A38 and water 5 stabilize the negative charge accumulated in
the transition state. (C) Mechanism proposed for the protein-based serine-carboxyl
peptidase kumamolisin-As (78,79), analogous to the mechanism in panel B. A glutamate
side chain with acidic solution pK, (4.3) acts as both general base and acid by shuttling a
proton directly from the serine nucleophile with solution pK, of (~13) to the leaving
group during formation of the acylated enzyme.
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occasionally approaches the 2’-OH, while the unprotonated A38(N1) makes rapid
excursions toward the 5’-oxygen on a picosecond time scale (Figures 3.9B and 3.11B),
however we do not formally attempt to simulate the actual 2’-oxyanion, but rather
maintain the 2’OH at all times. Consistent with a bifunctional A38 base-acid mechanism,
the asymmetric pH activity profile observed particularly in studies involving the more
structurally stable, native four-way junction form of the hairpin ribozyme suggests the
presence of a single titratable group (25). In contrast, proton inventories are consistent
with two protons in flight during the transition state as indicated in the first mechanism,
however, the inventory data are sufficiently ambiguous that a one-proton mechanism
cannot be discounted (30). In addition, the interpretation of proton inventories is
complicated by the fact that changes in hydrogen bonding alone can give rise to the
underlying kinetic solvent isotope effects (80).

In conclusion, our results further support the importance of nucleobase functional
groups in ribozyme catalysis, and the utility of MD simulations in exploring their impact
in atomistic detail. Most significantly, our simulations expose the significant structural
consequences of the protonation state of the active site A38 nucleobase, providing a
detailed rationalization for previous mechanistic proposals based on experimental data of
the hairpin ribozyme. Finally, our simulations reveal that in addition to transition state
stabilization and general acid catalysis A38 should be considered a plausible candidate

for general base catalysis.
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Chapter 4

A Splicing Funnel: The Spliceosome Constrains Broad Conformational Dynamics
of Single Pre-mRNA Molecules®

4.1 Introduction

Spliceosome assembly on pre-mRNA substrates in the yeast Saccharomyces cerevisiae
has been studied for over 20 years (1,2), yet little is known about the kinetic and
structural details of this complex multistep process. A clear description of the process by
which the spliceosome removes introns from pre-mRNA is critical to understanding
eukaryotic gene regulation. In mammals, a large fraction of protein coding genes are
interrupted by non-coding intervening sequences (introns) with an average of eight
introns in human protein coding genes (3). In yeast only ~4% of protein coding genes
contain introns, however, these transcripts are highly expressed and carefully regulated
(4). In order to ensure proper cellular function, introns must be precisely spliced out of
pre-mRNAs by the spliceosome, a macromolecular complex composed of five small
nuclear ribonuclear proteins (snRNPs) and numerous additional proteins (1,2). The
spliccosome assembles on each pre-mRNA and carries out two sequential
transesterification reactions removing the intron. Sequence homology in introns exists
only in short stretches at the sites of transesterification (4). While there is some evidence
for functionally significant conserved structural elements (5,6), the introns encountered
by the spliceosome are highly variable in length and sequence (4). By contrast, the small

nuclear RNAs (snRNAs) that comprise the RNA components of the spliceosome are

d Adapted from, Blanco M, Ditzler MA, Fuller F, Aravamudhan P, Guthrie C, Abelson J,
Walter NG. A Splicing Funnel: The Spliceosome Constrains Broad Conformational
Dynamics of Single Pre-mRNA Molecules. (in preparation) The identification and initial
characterization of the UBC4 intron was done by John Abelson. smFRET measurements
and analysis were preformed by Mark Ditzler and Mario Blanco. Preparation of labeled
substrate was done by John Abelson and Marion Blanco.
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highly conserved across diverse eukaryotic species. How the spliceosome then reliably
directs its diverse substrates through two consecutive sequence specific transesterification
reactions is ill-understood, but essential to understanding gene regulation. Failure of the
spliceosome to appropriately remove introns can have potentially catastrophic
consequences for the cell and is known to be associated with multiple diseases (7).

It is generally understood that splicing in vitro proceeds in an ordered assembly,
commencing with the ATP independent formation of a commitment complex with the
association of the Ul snRNP, BBP, Mud2, and a small number of additional proteins
with the pre-mRNA (8-10). In ATP dependent steps the pre-spliceosome is formed by
the binding of U2 snRNP to the branch site (11) followed by complete assembly of the
spliceosome by association of the U4/U6-U5 triple snRNP with the pre-mRNA. The
branch point (BP) mutant used in this work is known to interfere with spliceosome
assembly and blocks pre-mRNA splicing prior to the first chemical step (12). For wild
type (WT) substrates Ul and U4 are released from the spliceosome and the remaining
snRNPs undergo further ATP and helicase dependent conformational changes before the
first transesterification reaction, which results in a 3’ lariat intermediate and linear 5’
exon (13,14). Further rearrangement of the spliceosomal components then takes place
before the second transesterfication at the 3' splice site joining the two exons together
(15). The 3’ splice site (3’SS) mutant used in this work is capable of carrying out the first
chemical step of splicing but blocks splicing prior to the second chemical step (12).
Following the second step of splicing the spliceosome dissociates form the lariat intron
and the mature mRNA. However, the role of transiently associated factors is unclear and
the possibility of alternative in vitro assembly pathways remains open (1,16). Further
adding to the overall complexity of spliceosome activity, recent work has demonstrated
that both chemical steps in splicing are reversible (17). Though the general outline of the
assembly pathway has been extensively studied using bulk biochemical assays, nearly
nothing is known about the kinetics of each step in the pathway.

Pre-mRNA substrates must be repeatedly repositioned and base pairing
interactions with spliceosomal snRNAs are continuously formed and remodeled
throughout splicing. The dynamic integration of the substrate into the spliceosome and

progression through two chemical transformations suggests that spliceosome assembly
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and activity will be reflected in changes in global conformation and dynamics of the pre-
mRNA. To track in real-time the conformational states through which the spliceosome
takes a pre-mRNA without the need to isolate or synchronize reaction intermediates, we
here have developed a spliceosome assembly assay based on single molecule
fluorescence resonance energy transfer (smFRET). We identified the UBC4 intron as a
small, efficiently in-vitro spliced substrate and attached a donor-acceptor smFRET pair to
the 5’- and 3’-exons. We observe spliceosome assembly in yeast whole cell extract at the
single molecule level, monitoring pre-mRNA conformational dynamics over extended
time periods by tracking the FRET signal from surface immobilized pre-mRNA
substrates, on a PEG functionalized quartz surface. Previous single molecule studies of
pre-mRNAs in yeast cell extract suggests that splicing can proceed with a substrate
immobilized on a PEG functionalized surface, and that splicing proceeds with similar
efficiency as standard assays with pre-mRNAs in solution (18). In order to evaluate the
complex set of conformational transitions of the pre-mRNA substrate during spliceosome

assembly, we used the QuB software package (http://www.qub.buffalo.edu) to identify

the genuine discrete FRET states embedded in the noise inherent to single molecule
detection. QuB was originally developed to evaluate electrophysiology data and has
more recently been successfully applied to smFRET data from the ribosome (19). We
analyzed trajectories of mutant and WT pre-mRNA substrates in splicing buffer and cell
extract, and observe clear differences in the conformational dynamics between WT, 3°SS
mutant and BP mutant sequences. We observe that the spliceosome encounters a pre-
mRNA substrate that is characterized by an inherently broad and dynamic ensemble of
conformations. We find that spliceosome assembly ultimately restricts this expansive
conformational space sampled by the pre-mRNA following an initially complex mixture
of ATP dependent conformational transitions. Finally, our work provides an initial

framework for the quantitative evaluation of individual steps in spliceosome assembly.

4.2 Materials and Methods
Synthesis and Activity of Pre-mRNA UBC4 Substrates
Two fractions of the final pre-mRNA substrate (76 nucleotides of the 5’ segment and the

59 nucleotides of the 3’ segment), each containing a single 5-amino-allyl-uridine, were
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synthesized and deprotected by Dharmacon. The 5 and 3’ fractions were reacted with
Cy5 and Cy3 N-hydroxysuccinimidyl ester, respectively. The labeled RNA strands
were then ligated using T7 RNA ligase and an appropriate DNA splint as described (20).
The ligation results in a shortened (135 nucleotide, or nt) version of the UBC4 pre-
mRNA with intact 95 nt intron and 20 nt 5 and 3’ exons of the wild-type sequence
GAACUAAGUGAUCUAGAAAGGUAUGUCUAAAGUUAUGGCCACGUUUCAAA
UGCGUGCUUUUUUUUUAAAACUUAUGCUCUUAUUUACUAACAAAAUCAAC
AUGCUAUUGAACUAGAGAUCCACCUACUUCAUGUU. The intron sequence is
shown in red and in the 3’ splice site (3°SS) mutant, the bold underlined guanine was
replaced with a cytosine, whereas in the branch point (BP) mutant the italicized
underlined adenosine is replaced by a cytosine. The splicing activity of this fluorescently
labeled UBC4 pre-mRNA was determined using standard in vitro assays. Pre-mRNA
was incubated in 40% yeast whole cell extract containing 8 mM Hepes-K™ (pH 7.0),
2mM MgCl,, 0.08 mM EDTA, 60mM K(PO,4), 20mM KCl, 8% (v/v) glycerol, 3%(w/v)
PEG, 0.5mM DTT supplemented with 2mM ATP, and the products were resolved via
denaturing PAGE.

Preparation of Yeast Cell Extract

Spicing active whole cell extract was prepared as described previously from BJ2168
yeast cells (21). Cells were grown in 8 to 16 liters of YPD medium to an OD600 of 3.5 -
4.0. The cells were then harvested, washed and pelleted. Cell pellets were resuspended
and disrupted by grinding with a mortar grinder (RM100, Retsch), according to (21). The
frozen powder was thawed rapidly at room temperature and centrifuged, the supernatant
was then centrifuged again and then dialyzed for 3 h against 20 mM Hepes-K ", pH 7.0,
0.2 mM EDTA, 0.5mM DTT, 50mM KCI, 20% (v/v) glycerol. 40% (v/v) cell extract
was used in all single molecule studies. ATP depletion was achieved by adding ImM
glucose to the cell extract and incubating at room temperature prior to each experiment.
The U6 depletion was based on a previously described method (9,22) wherein pre-
incubation of the extract with a DNA oligonucleotide complementary to U6, 2 mM ATP
and 120 units of RNase H (TAKARA) results in the degradation of all endogenous U6.
Single-molecule FRET
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Slides were prepared using a protocol modified from previous published methods
(23,24). Quartz microscope slides were reacted with aminopropyltriethoxysilane
(APTES) in acetone for 30 min to generate an amino functionalized surface, which was
reacted overnight with a 10:1 mixture of succinimidyl ester functionalized O-methyl-PEG
and biotin-PEG to PEGylate the surface. Sulfo-disuccinaimidlytartarate (sulfo-DST) was
reacted for 30 min with the remaining unreacted amines, thus ensuring the surface does
not carry a positive charge. Slide coverslips undergo a similar procedure. The slides are
then rinsed, dried and a single flow channel per slide is assembled. A stock solution of
0.2 mg/ml streptavidin in buffer (50mM NaCl, 50mM Tris-HCI pH 7.5) was added to the
channel and incubated for 10 min at room temperature.

The doubly labeled pre-mRNA was heat annealed to a 2’-O-methyl-RNA capture
(tether) strand complementary to the 17 3’ terminal nucleotides of the 3’ exon by
incubating at 70°C for 2 min and cooling to room temperature for 10 min. The capture
strand carries a 5’ biotin, which binds to the streptavidin on the surface of the slide to
immobilize the pre-mRNA. Following tether annealing, the hybrid was diluted to a
concentration of ~50 pM in splicing buffer and flowed into the slide. Using a prism-
based total internal reflection fluorescence (TIRF) microscope as described(25) data were
collected from single molecules in splicing buffer 8 mM Hepes-K* (pH 7.0), 2mM
MgCl,, 0.08 mM EDTA, 60mM K(PO,4), 20mM KCIl, 8% (v/v) glycerol, 3%(w/v) PEG,
0.5mM DTT, 40% (v/v) cell extract depleted of ATP and 40% (v/v) cell extract
supplemented with 2mM ATP, both in splicing buffer. An oxygen scavenger system
composed of Protocatechuate Dioxygenase (PCD) and protocatechuate (PCA) was added
to splicing buffer and cell extracts to limit photobleaching (18), Trolox was also added to
the solution to limit fluorophore blinking (26). The Cy3 donor was exited using a 532 nm
laser and emission by the Cy3 and Cy5 fluorophores was recorded at 100 ms time
resolution using an intensified CCD camera (Princeton Instruments, I-Pentamax). A
FRET value was then calculated by dividing the intensity of acceptor emission by the
total emission from both donor and acceptor.

Molecules with anti-correlated donor-acceptor signal were analyzed with QuB
software (available at http://www.qub.buffalo.edu/soft.php). In order to evaluate noise in

the data and determine the underlying FRET states, the entire data set for each condition
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was analyzed by the iterative application of the Viterbi and Baum-Welch algorithms to
generate idealized trajectories. The number of states assumed in the idealization was
varied from 5 to 11 and the corresponding fits were evaluated using the Bayesian
information criterion (BIC). The number of states that resulted in the best BIC score was
used in our analysis. In the data analysis a transition rate optimization was not applied,
which would result in a prohibitively high computational cost for these data sets. It is
also likely that transitions in these trajectories may not be determined by a single rate
constant, and although degenerate FRET states could be incorporated into the model, this
would result in even greater computational cost. However, as an additional means of
ensuring that the FRET transitions determined from the idealized trajectories reflect true
conformational changes the Viterbi and Baum-Welch optimization was applied to the
signal from the donor emission, acceptor emission, and the FRET ratio (FRET =
Lacceptor/(Idonortlaceeptor)) independently, and only FRET transitions that had appropriate
corresponding transitions in the donor and acceptor channels were used in our analysis.
Additionally FRET transitions with a step size smaller than 0.1 were not included in our
analysis. The transition plots were created using MATLAB. Histograms of FRET states

were created using Origin 7.0.

4.3 Results

Identification and functional characterization of a pre-mRNA substrate

We sought to identify a small intron efficiently spliced in vitro using a splicing specific
mircroarray (27,28). We identified multiple candidates and tested the UBC4 intron to
find that relatively efficient splicing is maintained upon truncation of the exons,
ultimately resulting in a 135 nt pre-mRNA substrate (Figure 4.1A). We sought to place
the fluorophores as close to the 5’ and 3’ splice sites as possible for maximum sensitivity
in detecting distance changes between the exons without interfering with activity. The
substrate used in this work has a donor (Cy3) 7 nt 5* of the 5’ splice site and (Cy5) 4 nt 3’
of the 3’ splice site (Figure 4.1B). Introduction of 3°’SS and BP mutations have the
expected effect (12) of blocking splicing prior to the second and first steps of splicing,
respectively (Figure 4.1A). Additionally, incubation of the wt pre-mRNA with U6
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depleted extracts results in no detectable splicing (not shown). In our smFRET assays the
labeled pre-mRNA was immobilized through hybridization to a short 2’-O-methyl
capture RNA (Figure 4.1C) bound via biotin to a streptavidin coated and PEG
functionalized quartz surface. The Cy3 donor was exited using a 532 nm laser and
emission by the Cy3 and CyS5 fluorophores was recorded to determine FRET efficiency
(Figure 4.1D). An enzymatic oxygen scavenger system (OSS) was used to limit
photobleaching and Trolox was added to the solution in order to suppress fluorophore
blinking. In vitro splicing showed that the labeled pre-mRNA is splicing active in the
presence of capture RNA, OSS and Trolox yielding ~20% lariat intron for the 3’ss

mutant and ~10% lariat and ~10% mature mRNA (not shown).

Identification of underlying conformational states and dynamics

The Férster radius of Cy3-Cy5 FRET pair is ~54 A so that smFRET can effectively
monitor small changes in inter-fluorophore distances from ~20-100 A. Cryo-EM of
snRNPs and spliceosomal complexes range in size from 200-300 A (29,30), however
footprinting indicates proximity of the two exons throughout splicing (31,32). Our
smFRET trajectories monitor the dynamic positioning of the two exons within the
spliceosomal complex. Consistent with the complex conformational rearrangements
required for splicing, our SmFRET experiments yield FRET trajectories with multiple
discrete FRET states, as identified with combined Viterbi and Baum-Welch algorithms
and Bayesian Information Criterion (BIC) using QuB software, transition rate constants
were not explicitly optimized in this analysis. We also took advantage of the fact that
donor and acceptor fluorescence are independently measured to identify real
conformational transitions by fitting donor, acceptor, and FRET signal independently. A
FRET transition is regarded as verified when it corresponds to anti-correlated signal
changes in donor and acceptor. Alternatively, we carried out a preliminary analysis of
individual trajectories in which we explicitly optimized the rates of FRET transitions as
in previous single-molecule FRET analysis (19,33), from which we could also verify the
presence of sequence and ATP dependent changes. However, the large number of FRET
states and trajectories in our data sets and the apparent kinetic heterogeneity ultimately

resulted in high computational cost and a low level of confidence in the resulting model.
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Figure 4.1: Activity of the fluorophore labeled UBC4 derived intron in vitro. (A)
Splicing activity of the truncated and (Cy3-CyS5) labeled UBC4 derived intron using
standard in vitro splicing assays followed by denaturing PAGE and imaged via Cy5
fluorescence. (B) Splicing of the truncated and (Cy3-Cy5) labeled UBC4 intron with Cy3
and CyS5 at multiple positions within the exon. The substrate used in this work with Cy3
7nt from the 5’SS and Cy5 4nt from the 3’SS splices. (C) Schematic representation of
the smFRET setup showing the relative orientation of the pre-mRNA, the tether and the
functionalized surface. (D) Example of a single molecule FRET trajectory. Donor
emission intensity is shown in green and acceptor in red. The FRET ratio is shown in
black and the idealization is shown in blue.
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The spliceosome encounters a dynamic pre-mRNA substrate

All three pre-mRNAs exhibit significant global dynamics with fluctuations between high
and low FRET states in splicing buffer alone, in the absence of extract. The distribution
of FRET states however is not identical between the pre-mRNAs, as the WT and BP
mutant favor high FRET states relative to the 3’SS mutant, which spends more time in
low FRET states (Figure 4.2 A). The difference in overall FRET distribution corresponds
well with the ensemble of secondary structures predicted by the Vienna software package
(Figure 4.2B). This software (available at http://rna.tbi.univie.ac.at/) calculates the
partition function of secondary structures and predicts a distribution of compact
structures for the WT and BP. By contrast, a distribution that favors less compact folding
is predicted for the 3°’SS mutant, which is clearly reflected in the observed distribution of
FRET states (Figure 4.2A). Relating the predicted partition function with donor-acceptor
distances using a previously established coarse grained model (5) to generate a
distribution of predicted inter-fluorophore distances further underscores the general
agreement of our smFRET data with the predicted structural diversity of the three pre-
mRNAs (Figure 4.2B).

Transitions between the various FRET states are observed for all three sequences
and the transition kinetics span a range of time scales (Figure 4.2C). The total number of
transitions is large but several of the transitions are observed in >70% of all molecules
indicating common kinetic behavior among most molecules of the same sequence. The
pattern of FRET transitions varies in a way that corresponds with the differences in
overall FRET distribution discussed above. Notably, the WT and BP pre-mRNAs share
features distinct from the 3°SS. In particular, the WT and BP pre-mRNAs exhibit many

transitions between high FRET states with a similar pattern of kinetics.

ATP-independent dynamics are dependent on substrate sequence

Spliceosomal components are known to interact with pre-mRNA in the absence of ATP.
Ul, BBP and Mud2 can be crosslinked to pre-mRNA in cell extracts depleted of ATP
(10,34). The addition of cell extract depleted of ATP results in a shift away from the
FRET distributions observed in buffer (Figures 4.2A and 4.3A). Lower FRET values are

favored in all three pre-mRNAs, however, the effect is most pronounced for the WT, as

131



Wildtype 3’'SS BP
015 ) ) ' ) { o415t ' ' ) ) { oa1sf
2
= 010 | L 0.10 | 1 0.10 |
8
©
o
<
o 0.05 0.05 { o055}
0.00 : : : : 0.00 : : : : 0.00 : : : :
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0
FRET FRET FRET
B
2
E
©
2
<
o
50 40 30 20 10 O ’ 30 20 10 ’ 50 40 30 20 10 O
Predicted Predicted Predicted
Fluorophore Seperation Fluorophore Seperation Fluorophore Seperation
C 1.0 o o O 7 1.0 o O » 1.0 (@) @ © 7
o0 O ’ © .70 o o 0O O s
=08 o 00 0,7 0.8f 5 .51 08 o o 2( 0,7
o © , 00O s © 0 o0
E 0.6 s = 0.6 o o 7 o 0.6
7 6 06 7
T ,” © 0 s 0 .7
O O Y @ G = S
iE 0.4 S @/: ® o 68 0.4 8 & // o © 0.4 //
6,70 ~ 7 o " o
0.2 s‘0w© o o 0.2y © ,7 6 0.2 A
.7 0 o o 5 R © © o o
o’ ° o’ o.“0. 0 oo
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Initial FRET Initial FRET Initial FRET
Average Dwell Times: [l 0.0-0.5s 05-1.0s I 10-50s Il >50s

Figure 4.2: Conformational dynamics intrinsic to WT and mutant pre-mRNA substrates.
Structure elements and dynamics help distinguish the three pre-mRNA substrates. (A)
The probability distribution of FRET states for the three sequences are shown. The three
mutants have distinct FRET distributions. (B) The distribution of predicted inter-
fluorophore distances based on secondary structure analysis is show for each pre-mRNA
sequence, along with the predicted lowest free energy secondary structure (inset). This
correlates with the experimental FRET state distributions shown in Fig.4.2A (C)
Transitions observed in the three different sequences are plotted. Each transition is
indicated by a circle or set of concentric circles. The number of concentric circles for a
given transition correlates with the fraction of trajectories in which that transition is
observed. Transitions present in 10-30% of molecules are represented by a single circle,
those in 30-50% by two concentric circles, 50-70% by three, 70%-90% by four and those
present in >90% are represented by five. The transitions are also color coded with
respect to the average dwell time that precedes each type of transition as indicated in the
figure.
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the 3°SS already favors low FRET in buffer and the BP mutant maintains a bias toward
higher FRET in the presence of cell extract. The range of FRET transitions observed for
the WT becomes more constrained upon addition of extract while the 3’SS and BP
mutants samples a wide range of rapid FRET transitions (Figure 4.3B). It is important to
note that we do not observe any significant variations in quenching/blinking or
photobleaching of the fluorophores between the three pre-mRNAs in cell extract. All
sequences show limited quenching/blinking and photobleaching with both phenomena
exhibiting a rate constant of ~0.01s™, therefore suggesting that smFRET differences
between the WT and mutant pre-mRNAs relate to the differences expected for their
interaction with the assembling spliceosome.

We also examined the effect of depleting U6 from cell extracts on the dynamics
of the WT RNA. U6 depletion is achieved by incubation with a complementary DNA
strand, RNase H, and ATP to make U6 accessible to DNA-induced degradation by RNase
H (35). We then depleted the U6 depleted extracts of ATP prior to addition to the
immobilized WT pre-mRNA and observed smFRET states distinct from those observed
in the U6 containing extracts (compare Figures 4.4A and 4.3A). This impact on FRET
distribution due to the absence of U6 snRNA suggests an ATP independent association of
U6 with the pre-mRNA. Still, in both U6 containing and depleted extracts the highest

FRET states are diminished upon addition of extract.

ATP dependent changes in FRET distribution require an active branch site and U6
snRNA

The addition of ATP to splicing active cell extract leads to a time dependent change in
the FRET distributions of the WT and 3’SS mutant pre-mRNAs, in contrast to the BP
mutant (Figure 4.3A). The identity and prevalence of FRET transitions evolves
differently over time for each pre-mRNA. The BP mutant does not undergo time
dependent changes in overall FRET distributions and at early time points following the
addition of ATP the pattern of FRET transitions remains essentially unchanged (Figure
43B and C), consistent with this mutant’s known interference with spliceosome
assembly (12). Specifically, two sets of rapid symmetric transitions between 0.3 and 0.5

FRET, and between 0.5 and 0.7 FRET are common to >90% of all molecules both before
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Figure 4.3: ATP dependent conformational dynamics of the WT and mutant pre-mRNA
in extract. (A) The probability distribution of FRET states for the three sequences are
shown. Overlaid for each sequence are the distributions observed in the absence of ATP,
within 15min of the addition of ATP, and following >1hr incubation in ATP. ATP
dependence is observed for the WT and 3’SS mutant, but not the BP mutant. Transitions
observed for the three pre-mRNA sequences in (B) ATP depleted extract (C) within
15min of the addition of ATP supplemented extract, and (D) following >1hr incubation
in the presence of ATP supplemented extract are plotted as in Figure 4.2.
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and within 15 min following the addition of ATP. While little change is apparent in the
overall FRET distribution of the WT pre-mRNA, the pattern of transitions changes
dramatically at early time points, in striking contrast to observations on the BP mutant.
For the 3’SS mutant, changes are observed in the pattern of FRET transitions, although
they are less dramatic than those observed for the WT as may be expected for a partially
splicing impaired mutant.

After 1 h in ATP supplemented cell extract, even the BP mutant begins to display
limited ATP dependent behavior. The overall distributions for both BP and WT in U6
depleted extract continue to exhibit unchanged FRET distributions (Figures 4.3A and
4.4A), however the number and identity of transitions sampled by the BP mutant is
slightly diminished and there are no longer any transitions common to >90% of all
molecules, suggesting a less homogenous population. Following an hour-long incubation
with ATP, the number of highly populated transitions common to >70% of all molecules
increase from one to two transitions in spite of the slower kinetics, suggesting the
development of a more homogenous population of molecules over time (see Discussion).
In addition, the overall number of transitions observed for the WT is dramatically
reduced relative to early ATP time points. For the 3’SS mutant the number of FRET
transitions is also dramatically reduced, however unlike the WT, the population of
molecules appears to become less homogenous (although it is worth noting that at least
one transition is still present in >50% of the molecules) (Figure 4.4D). Again, we do not
observe sequence dependent effects on quenching/blinking or photobleaching of the
fluorophores in our cell extracts nor do we observe ATP dependent effects, although the
photobleaching rate does increase about two fold at time points >1 h, which could have
the effect of slightly reducing the apparent homogeneity of substrate dynamics by
diminishing the observation time. Finally, we note that early experiments carried out in
extracts without an oxygen scavenger system revealed that at least for the WT pre-mRNA
the photobleaching rate of Cy5 is decreased upon addition of ATP (data not shown).

Control smFRET experiments in which a mature mRNA containing only the two
exons was immobilized and incubated in the presence of cell extract exhibits a steady
high FRET signal (Figure 4.4B). Notably, the observed steady high FRET results in a
FRET distribution distinct from that observed for WT pre-mRNA incubated in ATP
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Figure 4.4: Additional FRET distributions. (A) The FRET distribution observed for the
WT pre-mRNA in the presence of U6 depleted extract that is also depleted of ATP and
U6 deplete extract after incubation in ATP supplemented extract for >1hr.  (B) The
FRET distribution observed for the intron-less control mature mRNA in ATP
supplemented extract.
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supplemented extract for >1 h. This finding suggests that only a fraction of the total WT
pre-mRNA undergoes both steps of splicing, consistent with the ~10% of WT pre-mRNA

observed to do so in standard ensemble splicing assays (Figure 4.1A).

4.4 Discussion

Here we have applied smFRET to evaluate the complex conformational dynamics
inherent to intron removal by the spliceosome. Our data reveal the presence of a
complex set of global conformational transitions in the small UBC4 intron related to
fluctuations in exon proximity, highlighting the necessity for single molecule approaches
to study spliceosome assembly. We find that overall following an initially broad
distribution of conformational states a pre-mRNA is eventually specifically funneled into
a defined segment of conformational space during spliceosome assembly. Our work
provides the foundation for isolating specific functional transitions and associated
kinetics of single-molecules in the UBC4 system in the future, which will be necessary
for generating a comprehensive dynamic model of pre-mRNA splicing.

Our smFRET measurements in splicing buffer alone demonstrate the dependence
of intron structure on its conserved branch point and 3’ splice site sequences. We also
observe a large degree of conformational flexibility in the WT, 3’SS and BP mutant pre-
mRNAs. Heterogeneous structure and dynamics is a common feature of RNA sequences
(36), and therefore likely characterizes most intron sequences in the absence of the
spliceosomal machinery. In addition, one may expect to observe an increase in the
variety of FRET transitions exhibited by the WT pre-mRNA after 1 h incubation with
ATP, which is expected to result in a mixture of pre-mRNA, lariat intron, and mature
mRNA (Figure 4.1). However, there is some evidence that spliceosomal components can
maintain similar global conformations throughout splicing (31), which is strongly
supported by our observation of significant reduction (funneling) of the global dynamics
in our smFRET assays with WT upon extended incubation with splicing active extract.

The initial shift in FRET distribution of the WT substrate upon extract addition is
consistent with ATP independent binding of Ul snRNP to the 5 splice site and the

notion that branch point binding protein (BBP) and/or other proteins associating with the
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branch point abrogate the frequent approaches of the two exons observed in buffer alone
(32,34). The higher FRET values observed for the WT pre-mRNA in the U6 depleted
cell extracts suggests that there is also an ATP independent association of additional
spliceosomal components that contributes to the lower FRET distribution in the presence
of U6 snRNA. Association between Ul and all four additional snRNPs in the
spliceosome is known to occur in extracts even in the absence of substrate or ATP (16).
ATP independent steps are less pronounced for the 3’SS mutant due to the intron
structure that already keeps the exons apart, however, the exact transitions present in
buffer are altered by the addition of extract. The difference in FRET distribution and
transitions between WT and 3’SS is perhaps unexpected as the 3’SS is not directly
involved in ATP independent assembly steps. However, if the 3’ splice site is free of
spliceosomal components as expected, then the variation in sequence between WT and
3’SS mutant could easily result in a different distribution of structures intrinsic to the
RNA as is the case in buffer. For the BP mutant high FRET values in extract is
consistent with exon proximity, which may be due to the BBP’s diminished affinity for
the mutant BP sequence (37), although BBP association with the BP mutant is not
entirely eliminated in extracts (34). The modest change in FRET with the BP mutant pre-
mRNA can be attributed to binding of Ul snRNA and additional spliceosomal
components (potentially even all four additional snRNPs, see following (16)) to the
unaltered 5’ splice site.

The observation that U6 depleted extract still results in a small change in FRET
distribution relative to buffer is consistent with the ability of the depleted extract to form
a complex very early in the spliceosome assembly pathway (35). What is perhaps
surprising is the fact that in the absence of ATP the FRET distribution observed for the
WT pre-mRNA in U6 depleted extract is significantly different from that observed in U6
containing extracts. While it is possible that this reflects an indirect effect on assembly of
U1 and BBP on the pre-mRNA it is also consistent with the proposal that the spliceosome
is pre-assembled into a penta-snRNP containing all five spliceosomal snRNPs (16). In
this non-canonical view of assembly U6 would disrupt the penta-snRNP, ultimately

impacting all steps of assembly.
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We observe clear ATP dependent changes in the dynamics of the substrates which
are most pronounced for the fully splicing active WT. The significant increase in the
number of states upon initial addition of ATP is consistent with the sequential assembly
and conformational rearrangements of the spliceosome during splicing. It is also
important to note that the early time point measurements represent the only data set
acquired immediately following a perturbation to the system i.e. the addition of ATP
supplemented extract. It is highly significant that the BP mutant, which is known from
ensemble glycerol gradient shift assays to block the formation of any large complexes in
the presence of ATP supplemented extract (12), exhibits such similar conformational
dynamics following this perturbation. Importantly, for all three pre-mRNAs the overall
FRET distributions are essentially unchanged immediately following the addition of ATP
and therefore the pronounced changes in the FRET transitions exhibited by the WT
sequence are masked in the ensemble. This observation clearly demonstrates the need for
a single-molecule approach.

After the initial sampling of a broad range of FRET states, the two catalytically
competent pre-mRNA sequences (WT and 3’SS) are funneled into a smaller subset of
transitions upon long >1hr incubation in ATP supplemented extracts. The increase in the
number of transitions present in >70% of all trajectories for the WT sequence after >1 h
incubation in ATP, suggests that either the population of molecules is becoming more
homogenous over time or more rapidly samples the available conformational space. The
fact that the transition kinetics concomitantly become slower speaks against the second
interpretation as does the observation of slightly faster photobleaching after >1 h
incubation with ATP which reduces the observation time. Unlike the WT, the >1 h
transition plot of the 3’SS mutant reveals no transitions common to >70% of the
trajectories, which may indicate that the population becomes less homogenous over time
or be a reflection of slower transition kinetics and faster photobleaching. It is therefore
not readily apparent whether the BP mutant or 3’SS mutant becomes more or less
homogenous over time, but relative comparison of the mutants after a 1-h incubation in
ATP containing cell extract strongly suggests that the WT sequence is the most strongly

directed towards homogeneity by prolonged exposure to splicing competent extract.
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In addition to conformational dynamics of the pre-mRNA, the dynamics of
fluorescence intensity and irreversible bleaching can be informative of spliceosome
assembly. The ATP dependent increase of Cy5 lifetimes in the absence of OSS is
suggestive of an ATP dependent change in the local environment of the CyS5 attached to
the 3° exon. This ATP dependence is consistent with the observation that ATP
independent assembly does not occur at the 3’ splice site, but subsequent ATP dependent
assembly of the spliceosome brings the 5° splice site closer to the large RNP assembly
which could then influence the local environment of the fluorophore.

It is difficult to directly assess progression of the immobilized pre-mRNAs
through the two chemical steps. The mature mRNA exhibits a FRET distribution distinct
from the FRET distribution observed for the WT after incubation in ATP supplemented
extracts over an extended period of time, consistent with the general observation that only
a fraction of any given pre-mRNA is spliced during in vitro splicing assays (~10%
mature mRNA). In addition, while yeast splicing does not result in the formation of an
exon junction complex as observed in mammals, the splicing process may result in a final
association with RNA binding proteins that are distinct from those that assemble directly
on a mature splicing product. It has recently been demonstrated that truncation of the 3’
exon inhibits spliceosome disassembly by blocking the binding of the helicase Prp22
(38). Therefore, it is possible that our 2’-O-methyl RNA tether, which is hybridized to
most of the 3’exon, blocks the binding of Prp22 and therefore disrupts spliceosome
disassembly. In this case fully spliced material would likely have a FRET signature
distinct from the control and may even revert due to the recently demonstrated
reversibility of splicing upon blockage of disassembly (17). Furthermore, if Prp22 were
to bind to the duplex, its prossessive helicase activity may unwind the tether-pre-mRNA
duplex, ultimately resulting in a loss of TIRFM-based signal indistinguishable from
photobleaching.  Additionally, the observation of ATP dependent survival of the
fluorophores in cell extract without OSS raises the possibility that specific steps in
splicing may become spectroscopically silent, although we do not observe this ATP
dependence in the presence of OSS. Previous studies of surface immobilized pre-mRNA
under smFRET conditions established catalytic activity by observing a loss of

fluorescence from the substrate, which could instead reflect a catalytically inhibited
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assembly of spliceosomal components that either quenches the fluorophore or increases
its susceptibility to photo-bleaching. = While further work will be required to
unambiguously establish catalytic activity under single-molecule conditions, the work
presented here does establish the assembly of a relatively homogenous spliceosomal
complex from splicing competent extract on surface immobilized WT pre-mRNA, which
is distinct from the ATP dependent trends observed for BP and 3°SS mutants and in U6

depleted extracts.
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Chapter 5

Conclusions and Outlook

The experimental techniques described in this thesis monitor the conformational
dynamics of RNA from picoseconds to hours and evaluate conformational dynamics
from atomic detail in a ~20 kilodalton all-RNA system, in which all aspects of the system
are defined, to following the global dynamics of a pre-mRNA in a multi-megadalton
complex for which even the number and identity of the components remains unclear.
Common to these approaches is the observation that any perturbation introduced into an
RNA system must be evaluated in terms of its simultaneous impact on structure,
dynamics, and chemistry. MD of the hairpin ribozyme demonstrates that protonation of
A38 (proposed to be a general acid in the reaction) significantly impacts the structure of
the active site in addition to its potential role in directly protonating the 5’0 leaving
group. In investigating the conformational heterogeneity of the hairpin ribozyme the
presence of multiple active conformations challenges the widely accepted view of “one-
function, one-fold” and tremendously complicates the interpretation of ensemble data. In
evaluating splicing of single pre-mRNA molecules, mutations introduced at the branch
point and 3’ splice site known to interfere with chemistry at these sites were found to also
have a major unanticipated impact on the dynamically exchanging structures exhibited by
the pre-mRNAs in the absence of the spliceosome.

Our smFRET investigation into the dynamics of the hairpin ribozyme reveals
surprisingly persistent molecular heterogeneity. Though we have implicated the S-turn as
a potential motif responsible for this phenomenon, a precise structural description is still
frustratingly absent. The footprinting analysis presented in this thesis provides some
hints about the structural origin, and additional footprinting may be illuminating. The
footprinting presented here was carried out under semi-native conditions in monovalent

salt with no denaturants, however, our experiments imply that some structural feature
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must persist even at elevated temperatures and in the presence of denaturants. It may
therefore be possible to directly probe the retained structure by footprinting under these
conditions, in the presence of urea and at high temperature. Additionally, high resolution
NMR studies of the ribozmye in both the native docked form and under denaturing
conditions could be used to detect and describe the folding heterogeneity in atomic detail.
Furthermore, given the similar observation of persistent heterogeneity in the SRL (1), it
would be informative to characterize this motif by using both biochemical footprinting
and NMR spectroscopy under denaturing conditions.

One possible explanation for the molecular heterogeneity observed in the hairpin
ribozyme is the presence of mass neutral chemical modifications such as backbone bond
isomerisation from the native 3°-5° linkage to a 2’-5’ linkage. There are several reasons
why we do not favor this interpretation, most significantly the fact that the EMSA
heterogeneity, which is strongly correlated with the smFRET heterogeneity, is observed
for RNA produced through both chemical synthesis and in vifro transcription.
Additionally, it has previously been shown with the native four-way junction version of
the hairpin that two different types of chemical synthesis (tBDMS and ACE protected)
both exhibit molecular heterogeneity at the single molecule level (2). This source
independence for the hairpin ribozyme’s molecular heterogeneity is also observed in the
EMSA heterogeneity reported for the SRL (1). While the source independence of
molecular heterogeneity is reproducible between systems, it is possible that for either the
hairpin ribozyme, the SRL, or both, the RNA fold itself catalyzes bond isomerisation, in
which case source independence would be expected.

There is a relatively simple means of either verifying or ruling out this specific
modification. It has been shown that in the context of a DNA-RNA hybrid duplex 2’-5°
linkages are significantly more susceptible to alkaline induced backbone cleavage than
the native 3°-5° linkage (3), likely reflecting a more accessible in-line geometry for the
2’-5" compared to the protected 3’-5’ linkage within the context of a double helix,
allowing the 3°O nucleophile to more easily attach the phosphorus in the 2’-5 linkage.
We could therefore separate the two populations of **P labeled hairpin ribozyme using
our standard EMSA with one of the two strands labeled, and then add a DNA

oligonucleotide complementary to the labeled RNA strand in molar excess. Once the
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DNA oligonucleotide is annealed to one of the ribozyme strands, incubation at slightly
elevated pH overnight followed by high-resolution D-PAGE should clearly reveal the
presence of any 2°-5° bonds within the ribozyme.

The significant conformational dynamics imparted to RNA by its highly flexible
backbone has been suggested to be a liability in catalysis (4). However in the model we
derive from our MD simulations, in which we propose that A38 acts as both general acid
and base, this flexibility is absolutely essential to catalysis. A similar mechanistic
proposal exists for the g/mS ribozyme (5), and it will be interesting to see if the dual
utilization of functional groups emerges as a general theme in RNA catalysis, thereby
permitting RNA to utilize its intrinsic backbone flexibility in carrying out its biological
function. A clear limitation in MD to establishing a catalytic mechanism is that by
definition bonds cannot be broken or formed, and even in the best scenario one is simply
able to sample the ground state and infer possible mechanisms primarily based on
proximity. However, having generated a mechanistic hypothesis through a synergistic
analysis of MD, X-ray crystal structures, and kinetic data, QM/MM analysis can now be
applied to evaluate the chemical feasibility of these mechanisms. Starting from the
ground state conformations described in this thesis, our collaborator (Michal Otyepka) is
currently carrying out such an analysis. The results will inform future biochemical and
computational experiments. An iterative application of computational, structural, and
biochemical analyses will be necessary to ultimately unlock the elusive mechanisms of
RNA catalysis.

While there is currently no available high-resolution structure of the spliceosome,
its emergence would undoubtedly immediately result in MD simulations of the complex.
Structures of individual spliceosome components are currently available, however,
without detailed knowledge of the structural context of the assembled spliceosome the
overall utility of such simulations is unclear. However, it may be possible to take
advantage of the likely evolutionary relationship between the spliceosome and the group
II intron. High-resolution structures are now available for the group II intron and these
structures further strengthen the hypothesis that it is related to the spliceosome (6-8).

MD simulations of the group II intron could, in conjunction with the extensive
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biochemical data available for this system, be of considerable value in determining the
mechanism of splicing by both the group II intron and the spliceosome.

In our smFRET analysis of the spliceosome a number of important concerns about
the pre-mRNA construct used need to be addressed. While it is clear that splicing can
proceed in the presence of the 2°-O-methyl RNA tether it is equally clear that the impact
of this tether on spliceosome disassembly must be resolved in order to more meaningfully
interpret current and future smFRET data. Additionally, it is vital to establish whether or
not the tether is unwound at any point during splicing. Addressing these two issues
should be relatively straight forward. If the tether blocks disassembly following
incubation in ATP supplemented extracts, then the spliceosome-pre-mRNA complex
should be easily detected by ultracentrifugation on a glycerol gradient, as previously
demonstrated in experiments in which spliceosome disassembly was blocked by removal
of the 3’ exon (9). Furthermore, whether or not the pre-mRNA-tether duplex is unwound
at any point during splicing can also be addressed. Pre-annealing of the pre-mRNA with
unlabeled 2’-O-methyl RNA tether, followed by incubation in extracts with and without
ATP in the presence of an excess of **P labeled tether should reveal whether or not the
initial pre-mRNA-tether duplex is unwound. If the tether is unwound by the splicing
machinery, which contains many helicases, then in the ATP supplemented extracts the
labeled tether will form a duplex with the substrate upon unwinding of the initial
complex, while incorporation of the labeled tether would be absent from ATP depleted
extracts. The degree to which the labeled tether is able to form a complex with the
substrate could be detected by native PAGE. If either disassembly is blocked or the pre-
mRNA-tether duplex is unwound, the data collected so far would still be of considerable
value. It would, however, be necessary to establish an immobilization strategy that did
not inhibit spliceosome disassembly or result in loss of substrate from the surface; once
data are collected from such a substrate the comparison between the two data sets would
provide information on how spliceosome disassembly and premature substrate departure
from the surface bias the data presented in this thesis. For example, if spliceosome
disassembly is found to be stalled, then the dynamics in the data presented here may
provide a unique means of observing reverse splicing (10), and if the pre-mRNA-tether

duplex is unwound at a specific step in splicing, then we will be able to establish that all
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of the dynamics we observe in the current dataset occur before that point. It is possible to
avoid all potential problems that arise from hybridization of the 2’-O-methyl RNA tether
to the 3’exon by simply incorporating a biotin directly into the pre-mRNA either pre or
post synthesis. Both of these methods would increase the overall expense of the
synthesis, however, since only picomolar concentrations are necessary for smFRET
analysis the costs should not be prohibitive.

It is clear that single-molecule approaches reveal a surprising level of complexity
in the dynamics of pre-mRNA both in extract and buffer alone. Preliminary smFRET
data from another research group investigating splicing through smFRET on a different
yeast intron and using different labeling sites also reveals a wide range of FRET states for
the pre-mRNA in both extracts and buffer (Aaron Hoskins, personal communication).
Careful attention will need to be given to comparisons between different data sets derived
from different introns and extracts. It will be important to establish whether or not the
high variability in sequences and length of introns gives rise to a correspondingly wide
variety of conformational dynamics intrinsic to the RNA, which could greatly complicate
comparisons between multiple introns. However, secondary structure predictions do
suggest the possibility of conserved structures among introns (11). The analysis of
multiple introns in splicing buffer and extract will be useful in testing this hypothesis. In
fact, this hypothesis could be directly tested by introducing mutations distal from the sites
of transesterification and predicted to disrupt the conserved secondary structures,
followed by observing their effect on conformational dynamics and splicing. It is clear
that certain structural elements are incompatible with splicing, for example, the TPP
riboswitch that regulates splicing in Neurospora crassa in part sequesters the 5 splice
site (12). If intron structure is not conserved, however, as is the general consensus in the
field, then each intron can be expected to exhibit its own unique set of structural
transitions in buffer and quite possibly in extracts during spliceosome assembly. If this is
the case it may prove much more fruitful to examine splicing at the single molecule level
by labeling components of the spliceosome and not the substrate. The behavior of the
spliceosome itself may exhibit conformational dynamics that are far more reproducible
between different introns and even between species. To this end, our collaborators have

already synthesized a Cy3-CyS5 labeled U6 snRNA.
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We have only scratched the surface of kinetic information that must be
established for a comprehensive understanding of spliceosome activity. We have so far
only evaluated two mutant substrates. In order to understand splicing fully we must be
able to identify the FRET signatures of specific intermediates. To this end it should be
possible to take advantage of yeast extracts prepared from temperature sensitive mutant
strains.  In these strains a specific protein involved in a defined step of splicing is
mutated so that it can be specifically inactivated by slightly heating the cell extract.
Experiments can then be undertaken to observe spliceosome assembly up to the state that
requires the inactivated protein. Then the inactivated extract can be replaced with fully
active extract or supplemented with recombinant active protein and the continued
progression through splicing be observed. Finally, just as kinetic analysis of the
ribosome has benefited tremendously from the availability of small molecule inhibitors,
the use of small molecule inhibitors of splicing such as those recently described in the

human in vitro splicing system can be applied to smFRET studies of the spliceosome

(13).

A meaningful understanding of RNA dynamics requires context and general
themes must be widely demonstrated. It is therefore essential that these methods be
expanded to new RNA and RNP systems. Our experimental data for the hairpin
ribozyme suggest a connection between the persistent heterogeneity in the hairpin
ribozyme and the SRL. This behavior is certainly more widespread than what is reported
in the literature (Li Niu, Philip C. Bevilacqua, Steven Benner, personal communications),
and as a growing number of techniques are applied to an expanding pool of RNAs this
behavior will likely continue to be encountered. One certainly hopes that as these
examples are uncovered they will be reported and attempts to determine a structural
origin will be vigorously pursued, as was done here. As the number of high-resolution
RNA structures continues to grow MD simulations will be able to take advantage of both
the additional starting structures and an expanded database of structural information with
which simulated conformations can be judged and the quality of force-fields be
evaluated. While the complex kinetics apparent in initial smFRET analysis of eukaryotic
splicing seem daunting, this is probably largely due to the limited context. As data from

an increasing variety of substrates, fluorophore positions, and mutant extracts emerges
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over the coming years from multiple laboratories, clear trends are likely to emerge. The
initial quantitative analysis of smFRET is only able to provide fairly vague and
qualitative information at this time, however, striving for an increasingly detailed and
quantitative analysis and description of the data remains essential as we do not yet know

what data features will ultimately prove most illuminating.
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Appendix A:
A Single Molecule FRET Assay to Monitor the RNase P Reaction Pathway

The ribonucleoprotein complex Ribonuclease P (RNase P) universally catalyzes the 5’
maturation of precursor tRNA. The B. subtilis RNase P holoenzyme consists of a
catalytically-active RNA component and a small protein component that directly interacts
with the 5° leader of the pre-tRNA substrate and enhances metal affinity for catalysis (1).
Even for the simple one-RNA-one-protein bacterial system it has been difficult to clearly
identify the role of metal ions and the cationic protein component in the reaction
mechanism since folding, substrate binding and catalysis are all ion dependent.
Fluorescence titration and transient kinetics data indicate conformational rearrangements
occur within the enzyme-substrate complex. Several labeling sites have already been
explored with ensemble time-resolved FRET studies and can be used to guide
development of a single molecule FRET (smFRET) assay(2).

We have developed an RNaseP construct with Cy5 and Cy3 labelling sites
suitable for an smFRET assays (Figure 1A). In this construct the RNA component has a
27nt 3’ extension. Hybridization of a biotinylated complimentary DNA oligo tether
enables us to immobilized the construct a streptavidin coated, PEG functionalized quartz
surface the via the biotin streptavidn interaction. The DNA tether also carries an amino
functionality which we labelled with Cy5. We labelled the protein with Cy3 by using a
single E40C mutation, the wild type protein has no cystines, thus allowing site specific
labelling with the E40C mutation. We observe hybridization between the RNase P RNA
and the tether, and that hybridization efficiency increasing with concentration (Figure
1B). The smFRET construct is catalytically active with only slightly diminished active
(Figure 1 C).

In preliminary smFRET experiments carried out in the presence of calcium which
effectively blocks catalysis but not substrate binding, we observe detectable FRET form
only ~10% of molecules, and upon addition of 300nM (60 times solution Kp) pre-tRNA
substrate FRET is detected for only ~5% of RNase P enzymes. It is unclear if this change
results from substrate binding, future experiment in which the substrate concentration is

varied should help to answer this question.
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Figure 1: Three dimensional model of an smFRET RNase P construct based on model
structure of RNase P (3). A 3’ extension was introduced for immobilization
through hybridization to a DNA oligo tether. The tether is labeled with the FRET
acceptor (Cy5) and the RNase P protein is labeled with the donor (Cy3). Native
PAGE shows that the tether binds to the RNA in a concentration dependent
manner, and that slow cooling over several hours (S) results in degradation
products not seen for fast (F) cooling (~15min). (C) Single-turnover assay reveals
only slightly diminished activity in the smFRET construct.
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