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Mechanistic Studies of the RNA Chaperone Activities of the DEAD-box
RNA Helicase CYT-19
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Supervisor: Rick Russell

Structured RNAs are pervasive in biology, spanning a functional repertoire that
includes messengers, regulators of gene expression and catalysts of translation and
splicing. From the relatively simple tRNAs and riboswitches to the highly structured
ribosomal RNAs, the ability of RNAs to function is dependent on well-defined secondary
and tertiary structures. However, studies of RNA folding in vitro have revealed an
extreme propensity to form alternative structures, which can be long-lived and interfere
with function. In the cell, a diverse array of RNA binding proteins and RNA chaperones
guide RNAs towards the correct structure and disrupt misfolded intermediates. Among
these proteins, DEAD-box protein family stands out as one of the largest groups, with its
members ubiquitously involved in RNA metabolism across all domains of life. DEAD-
box proteins can function as both specific and general RNA chaperones by disrupting
RNA structures in an ATP-dependent manner. Here I describe my work studying the
general RNA chaperone mechanism of the Neurospora crassa protein CYT-19, a model
DEAD-box protein and a biological RNA chaperone that is required for efficient folding
of self-splicing group I intron RNAs in vivo. After an introduction to DEAD-box proteins
and their mechanisms as RNA remodelers (Chapter 1), I will first describe studies of

group I intron unfolding by CYT-19, focusing on the effects of RNA tertiary structure
vii



stability on CYT-19 activity and targeting to RNA substrates (Chapter 2). I will then
describe the characterization of ATP-dependent mechanisms during CYT-19-mediated
refolding of the misfolded group I intron (Chapter 3). In Chapter 4, I will present small-
angle X-ray scattering (SAXS) studies of structural features of DEAD-box proteins that
allow them to efficiently interact with large structured RNA substrates. Finally, I will
turn to studies of DEAD-box protein involvement during early steps of RNA compaction
and folding, using SAXS and activity-based approaches (Chapter 5). I will conclude with
a general discussion of superfamily 2 RNA helicases, which include DEAD-box and
related proteins, and their functions and mechanisms as remodelers of structured RNAs

and RNPs.
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Chapter 1 has been adapted from and contains figures reproduced from the following
reviews, which were co-written with Rick Russell and Alan Lambowitz:

Jarmoskaite, 1. and Russell, R. (2011) DEAD-box proteins as RNA helicases and
chaperones. Wiley Interdisciplinary Reviews RNA 2(1): 135-52.

Russell, R., Jarmoskaite, ., and Lambowitz, A. M. (2013) Toward a molecular
understanding of RNA remodeling by DEAD-box proteins. RNA Biology 10(1): 44-55.

Chapter 1: DEAD-box proteins as RNA helicases and chaperones

INTRODUCTION

DEAD-box proteins are the largest family within the superfamily 2 (SF2)
helicases and play important roles in RNA metabolism in all three domains of life. They
perform a diverse set of functions in an even more diverse set of cellular processes,
including assembly and function of the ribosome and spliceosome, translation initiation,
nuclear export of mRNA, folding of self-splicing RNA introns, and others (1, 2) (Figure
1.1 and see Chapter 6). DEAD-box proteins share with other SF2 proteins a helicase core
that is composed of two RecA-like domains and contain a common set of sequence
motifs, including the eponymous D-E-A-D sequence in motif II (Figure 1.2) (3). Since
their discovery 25 years ago(4), the central defining biochemical activity of DEAD-box
proteins has been their ability to bind and hydrolyze ATP in a cycle that is stimulated by
binding to single-stranded or double-stranded RNA (ssRNA or dsRNA). Subsequent
work has shown that the energetic communication implied by the stimulation of ATPase
activity by RNA binding forms a common set of properties that is shared by DEAD-box
proteins despite their diverse activities. Progression through the ATPase cycle leads to
changes in RNA affinity, allowing DEAD-box proteins to bind and release RNA in a
regulated manner. This regulated binding can then be used by different DEAD-box
proteins to separate the strands of short duplex regions of RNA, to promote

rearrangements of complex, structured RNAs, to remodel RNA-protein (RNP)
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complexes, or even to form a highly stable complex on ssRNA. Some DEAD-box
proteins are tuned to operate in the context of specific RNA or RNP substrates and even
to promote specific rearrangements, whereas others function more broadly, interacting
productively with a range of substrates. This chapter first outlines the basic properties of
DEAD-box proteins as RNA strand separators or helicases and describes how the
fundamental mechanistic feature, ATP-dependent cycling of RNA affinity, allows the
proteins to perform this function. Then, it reviews the work that probes how DEAD-box
proteins use their RNA helicase activity to promote RNA structural rearrangements and

folding events, focusing on self-splicing introns as a model.

THE DISTINCTIVE RNA HELICASE ACTIVITIES OF DEAD-BOX PROTEINS

Despite extensive structure and sequence homology, DEAD-box proteins show
important mechanistic differences from conventional helicases. They act efficiently on
short RNA helices or RNA-DNA heteroduplexes, and this basic activity is certain to
underlie many of their functions. The properties of unwinding differ in fundamental ways
from other helicases, both in terms of the features required of the substrates and the

mechanisms of unwinding.

Declining efficiency with increasing helical length and stability

The general mechanism that conventional helicases use to separate the strands of
a duplex is to bind at the end of the helix and use energy from cycles of ATP binding and
hydrolysis to move, or translocate, directionally along one of the strands (5, 6). Most SF1
and SF2 helicases translocate in the 3" to 5” direction. By gripping tightly to one of the
strands as they translocate, helicases cause the other strand to be displaced. With each
cycle, there is a finite probability that the helicase will dissociate from the strand
prematurely, before completely unwinding the helix. The probability of continuing

2



onward rather than dissociating defines the processivity, with a more highly processive
helicase being more likely to continue translocating. Therefore, a common means of
evaluating the processivity of a helicase is to examine how the fraction of successful
unwinding events decreases as the helix length increases.

When evaluated in this way, the DEAD-box proteins that have been tested are
poor helicases. Helicase processivity is commonly measured in the hundreds or thousands
of base pairs, but the DEAD-box proteins become ineffective when the helix length rises
above 10-15 base pairs, and above 20-25 base pairs unwinding is often not detected at all
(7-10). Further, unlike most helicases, the efficiency of strand separation for DEAD-box
proteins is strongly dependent on the stability of the helix, not just its length. This
behavior was first demonstrated for mammalian elF4A, a small DEAD-box protein
involved in translation initiation. It was observed that eI[F4A can readily unwind certain
short duplexes but is much less efficient for duplexes that are rich in G-C pairs and
calculated to be more stable (11, 12). An analogous correlation has been suggested for at
least one other DEAD-box protein (13).

While the apparent lack of processivity makes DEAD-box proteins rather
inefficient in comparison to other helicases, it is important to note that the helical
elements within structured RNAs are rarely longer than 10 base pairs. Thus, processivity
may not be required in proteins that function by rearranging structured RNAs. In fact,
duplexes that are unwound efficiently are so short that a single protein monomer could
bind along most of the length of the duplex, raising the possibility that strand separation
by DEAD-box proteins does not involve any translocation at all. This would indeed
represent a substantially different mechanism from conventional helicases (11, 13-17).

Notably, ancillary domains that are known to be involved in processive translocation in



other SF2 and SF1 helicases are absent from DEAD-box proteins, providing structural

insight into the apparent lack of translocation in DEAD-box proteins (18).

Enhancement of unwinding by RNA extensions or appendages

Besides processivity, a second general feature of conventional helicases is that
most have a strong preference for helices that include a single-stranded extension (6). The
role of the extension is to provide an initial site of interaction, from which the helicase
can begin to translocate into the helix. Because most helicases translocate from 3" to 57,
they require that the extension include a free 3" end (Figure 1.34).

In this regard as well, DEAD-box proteins behave quite differently from most
other SF1 and SF2 helicases. First, some DEAD-box proteins are as efficient at
separating the strands of a blunt-ended helix as the same helix with an extension, as first
demonstrated for el[F4A (12). The equivalent activity on a blunt-ended duplex suggests
that e[F4A can initiate unwinding by contacting a double-stranded region, most simply
suggesting that unwinding could begin internally, within a duplex. Such a mechanism
would be very unlikely to succeed for long duplexes, even for a processive helicase,
because initiating unwinding from an internal region of the duplex would leave intact the
region of the duplex that was not in the preferred direction of translocation. Nevertheless,
this could be a viable strategy for short duplexes. The protein could generate local strand
separation within the helix, and any base pairs that remained intact at one or both ends of
the helix could dissociate spontaneously (12). Indeed, it was demonstrated directly that
the Saccharomyces cerevisiae proteins Dedl and Mss116 can initiate an unwinding
reaction by interacting with an internal region of an RNA duplex (19).

Second, many DEAD-box proteins are enhanced for unwinding by extensions, but

unlike the behavior of conventional helicases, the extension can be beneficial for
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unwinding regardless of its polarity (Figure 1.3B) (8-10, 14, 19-21). This non-polar
activation argues strongly against a mechanism that requires directional translocation.
Although a mechanism involving random, bi-directional translocation would not be ruled
out, further data suggest that the extension is not used as a starting point for translocation
at all, but rather as an additional handle to maintain an interaction with the duplex. Thus,
the Neurospora crassa protein CYT-19, which functions in folding of mitochondrial
group I and group II introns (see RNA chaperone functions of DEAD-box proteins
below), is activated by double-stranded extensions at least as well as single-stranded
ones, and extensions composed of DNA are as activating as RNA extensions (Figure
1.3C) (22). DNA extensions also activate Dedl, and this activation is preserved even if
the extension is not covalently linked to the duplex but is instead held in proximity
through linkages to streptavidin (Figure 1.3D) (23). Finally, activation of CYT-19 is even
greater when the helix is attached to a highly structured group I intron RNA (22).
Together, these observations lead to a model in which the role of the extension, whether
it be single-stranded, double-stranded, or higher-order RNA structure, is to provide a site
of interaction that can localize the DEAD-box protein in position to disrupt nearby RNA

structure.

Targeting DEAD-box proteins to certain RNAs or RNPs

Many DEAD-box proteins have specialized functions that require them to act on
specific RNAs or RNPs. In analogy with the DEAD-box proteins described above that
bind to helix extensions with low or no specificity, DEAD-box proteins that function
specifically are thought to be directed by forming additional interactions with their

targets. These interactions can be formed in two general ways, either through specific



surfaces within the helicase core or by ancillary domains adjacent to the helicase core
(Figure 1.4).

One of the best-understood examples of DEAD-box protein targeting to a specific
RNA is the E. coli protein DbpA (YxIN in Bacillus subtilis), which functions in
biogenesis of the large ribosomal subunit and uses a C-terminal ancillary domain to
recognize a specific hairpin within the 23S rRNA (Figure 1.44) (24-27). The small C-
terminal domain adopts the fold of an RNA recognition motif (RRM) (28). The
connections between the domains are flexible, suggesting that a specific interaction of the
C-terminal domain with its target helix would allow the helicase core to be localized and
yet still be sufficiently flexible to interact with multiple target sites nearby on the
assembling ribosomal subunit (26, 29). The Thermus thermophilus protein Hera also
binds structured RNAs through an RRM-like domain, but in a less specific way (30-32).
Analogously, CYT-19, Mss116 and other DEAD-box proteins such as Dedl and SrmB
possess a basic ‘tail’ region at the C-terminus that interacts with structured RNAs with no
apparent specificity (16, 33, 34) (see Chapter 5) (Figure 1.4B). Another means of non-
specific targeting may be multimerization, which could allow additional interactions to be
formed by the helicase core of an interacting subunit (Figure 1.4C) (19). A dimerization
domain 1s present in Hera and may contribute to binding of several different structured
RNAs or interactions with large RNA substrates (30, 35-37).

Several DEAD-box proteins are localized to their substrates through specific
protein-protein interactions (Figure 1.4D). elF4A, which is thought to disrupt 5" UTR
structures during translation initiation, is targeted to the 5 UTR through interactions with
elF4G, a central component of the mRNA cap-binding complex (38, 39). elF4G forms
extensive contacts with the helicase domains of elF4A and in addition to a role in

localization can modulate the ATPase and unwinding activities (38-41) (see ATPase
6



cycle kinetics below). The C-terminal RecA-like domain (domain 2) of elF4A can further
bind the translation initiation factors elF4H and elF4B (39). eIF4H was shown by single-
molecule fluorescence to tether elF4A to hairpin structures, allowing the DEAD-box
protein to perform repeated cycles of unwinding without dissociating (42). Another well-
characterized example of protein-mediated localization of a DEAD-box protein is Dbp5
(DDX19 in humans), which functions in nuclear export of mRNAs and is localized to the
nuclear pore through interactions with the nucleoporin Nup159 (NUP214 in humans) (43)
and also forms interactions with Glel (44). Both of these proteins also regulate the
ATPase cycle of Dbp5 (see below). Protein-protein interactions are also important for the
localization and function of the exon-junction complex (EJC) component elF4Alll,
which forms extensive contacts with other EJC proteins and can also interact with the
nonsense-mediated decay protein UPF3b and the splicing factor CWC22 (45-48).
Interestingly, the same region in domain 2 of the DEAD-box core is contacted by elF4G,
UPF3b, CWC22, Glel and at least one other protein (49). Overall, these results suggest
that specific interactions between the helicase core and protein components of RNPs are a

common mechanism for localization of DEAD-box proteins.

Tethered strand separation without translocation

In combination, the biochemical properties described above suggest a model for
RNA unwinding by DEAD-box proteins that is quite different from the mechanism of
conventional helicases. A tethering interaction holds the DEAD-box helicase core in
proximity to targeted RNA duplexes, allowing the core to generate local separation of the
strands. Different DEAD-box proteins could use this basic mechanism to promote RNA
remodeling, protein displacement, or to facilitate disruption of RNA tertiary contacts, as

the critical event is simply the tight, regulated binding of RNA. A critical distinction of



this mechanism relative to conventional helicases, which may also be localized via
interactions with other proteins, is that for the non-processive actions of DEAD-box
proteins, the tethering interaction could remain intact through the entire process. Thus, a
DEAD-box protein could remain positioned to disrupt the same structure repeatedly or to
facilitate additional structure disruptions of intermediates that form after the initial

disruption of structure.

COUPLING ATP BINDING AND HYDROLYSIS TO RNA STRAND SEPARATION

The helicase core of DEAD-box proteins consists of two RecA-like domains that
include a series of conserved motifs, lining the protein surfaces that bind RNA and an
adenosine nucleotide. Crystallography, fluorescence and SAXS studies have shown that
the two domains are very flexible relative to each other in the absence of bound ligands,
adopting highly extended, or ‘open’, conformations in several DEAD-box proteins (34,
50-53). In striking contrast, the domains become packed together, or ‘closed’, in
structures with bound RNA and ATP analog, as shown in Figure 1.2 (34, 44, 45, 47, 48,
52, 54-57). This movement is also supported by solution studies in which conformational
changes were detected by sensitivity to protease (58). The domain closure is thought to
underlie the cooperative binding of ssSRNA and ATP (see below), and intimate energetic
communication between the bound RNA and nucleotide leads to changes from
cooperativity to anti-cooperativity during the ATPase cycle. The sections below describe
the molecular basis for RNA and nucleotide binding by DEAD-box proteins and describe
the current understanding of how energy from ATP binding and hydrolysis is transduced

to the RNA binding site to promote strand separation.



Molecular basis for RNA and ATP recognition by DEAD-box proteins

Important insights into the mechanism of RNA strand separation by DEAD-box
proteins came from a series of crystal structures of the helicase core domains bound to
one or both substrates. Early structures of DEAD-box proteins bound to ssRNA and ATP
analogs revealed that the conserved motifs of the helicase core line the interface between
the two domains, shaping the binding sites for the RNA and adenosine nucleotide (Figure
1.2) (44, 45, 47, 48, 54-56, 59). ATP is contacted primarily by conserved amino acids in
domain 1 and can be bound by isolated domain 1 (60-64). The specificity for adenine is
provided by Q motif, which contacts the adenine base through a conserved glutamine
residue, while the side chain of a phenylalanine stacks with the base (65, 66). Motif I
contains a P-loop, which is found in many nucleotide-binding proteins and interacts with
the triphosphate moiety. Amino acids from the D-E-A-D sequence within motif II also
form contacts with the phosphates. Upon domain closure, motif VI within domain 2
interacts with the triphosphate, while motif Va contacts the ribose moiety. Mutations in
motifs I, II, and VI weaken or abolish nucleotide binding and hydrolysis (67-75). Motif
III, located between the RNA and ATP binding sites, participates in positioning of the -
phosphate and has recently been implicated in coordinating the other conserved motifs
for formation of a high-affinity RNA-binding site in the ATP-bound state and for
hydrolysis of ATP (76).

Structural basis for dsRNA recognition was recently established by the
Lambowitz lab (64). Domain 2 of Mss116 can bind dsRNA with the same affinity as the
full-length helicase core, suggesting that it mediates initial dSRNA binding (64). Crystal
structures of domain 2 bound to double-stranded nucleic acid substrates revealed a pocket
for A-form helices, with conserved amino acids from motifs [V, IVa, V and Va forming

extensive contacts with the phosphate groups of one of the RNA strands. The second
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strand is only contacted by the C-terminal extension (CTE), which is present in a subset
of fungal DEAD-box proteins, including Mss116 and CYT-19. The specificity for A-
form helices provides an explanation for why DEAD-box proteins can unwind dsRNA
and RNA/DNA hybrid helices, but not DNA helices, while lack of contacts with the RNA
bases is consistent with non-sequence specific binding (64).

Crystal structures of ternary complexes with bound ssRNA and nucleotide,
representing the post-unwinding state, have provided important insights into the
mechanism of RNA strand separation by DEAD-box proteins. The ssRNA lies along a
basic crevice that extends across both domains and contains contributions from both
domain 2 motifs IV, IVa, V and Vb (forming essentially identical interactions as those
observed with isolated domain 2 above) and domain 1 motifs Ia, Ib and Ic (44, 45, 47, 48,
54-56, 59, 64). These contacts are exclusively to the sugar-phosphate backbone of the
RNA, including several interactions with 2"OH groups. In all available structures that
include bound ssRNA, a domain 1 helix that contains motif Ic imposes a sharp bend in
the RNA backbone, and in Mss116 structures a second bend is introduced by the C-
terminal extension of domain 2 (55). In addition to deformation of the backbone of the
bound strand, the second strand is sterically excluded from the RNA binding cleft.
Together, these observations suggest that during ATP- and dsRNA-dependent domain
closure, domain 1 collides with the RNA helix, resulting in displacement of one strand
and tightened binding of the other strand. This structure-based model is consistent with
local, non-processive unwinding and predicts that binding of a single ATP molecule
should be sufficient for unwinding of a short helix — a prediction that has indeed been

experimentally validated (see below).
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Cooperative binding of RNA and adenosine nucleotide

At the heart of the ATP-dependent activities of DEAD-box proteins is a cycle of
RNA affinity changes that is tightly linked to the ATPase cycle. The effect of these
affinity changes is to generate strong, yet regulated binding to a strand of RNA,
displacing this segment from a partner strand and temporarily preventing it from forming
intramolecular or intermolecular contacts with other RNA segments or proteins
components. Indeed, cooperativity of binding to ssRNA and adenosine nucleotides has
been observed for many DEAD-box proteins. For e[F4A, cooperativity was demonstrated
by steady-state ATPase activity (77) and for E. coli DbpA and other DEAD-box proteins
— by binding assays using nucleotide analogs such as AMP-PNP (52, 71, 78-80). A
critical feature of the ATPase cycle is that the level of cooperativity changes dramatically
at different stages, regulating the affinity for RNA. In general, positive cooperativity is
associated with the presence of the y-phosphoryl group of the adenosine nucleotide
(Figure 1.5). Thus, in the presence of ATP or an ATP analog binding of RNA is typically
tightened. However, a limitation of ATP analogs is that they do not mimic all of the
binding properties of ATP, as most do not stimulate RNA unwinding (13, 17, 81), so it is
unclear whether the level of cooperativity is the same as with ATP. In contrast, ADP
binding is typically observed to give anti-cooperativity (77, 79) or energetically
independent binding of RNA (82).

Detailed, quantitative characterization of the energetic coupling between
nucleotide and RNA binding at each stage of the ATPase cycle was recently performed
for Mss116 (Figure 1.6) (83). Fluorescence approaches with a truncated protein construct
that includes the tandem RecA-like core domains and the CTE but lacks the C-tail and a
short N-terminal extension (NTE) showed that ATP binding increases the affinity for a
small double-stranded, hairpin RNA (2—7-fold). In contrast, RNA binding is negatively
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coupled with ADP binding (3-fold). Further experiments showed that RNA accelerates
hydrolysis of ATP and suppresses its resynthesis on the enzyme, such that there is a
dramatic shift of the equilibrium toward products. This knowledge allows calculation of
the affinity for RNA when the protein is bound to ADP and P; (denoted the ADP-P;
state), which indicates very tight RNA binding (140-500-fold tighter than with ATP).
The RNA affinity cycle that emerges has important parallels with that derived from the
same approaches for DbpA (82). For both proteins, the tightest binding of RNA occurs in
the ADP-P; state and is substantially weaker in the ATP and ADP-bound states. Unlike
Mss116, cooperativity with ATP and anti-cooperativity with ADP were not detected for
DbpA.

All current models link positive cooperativity to the closing of the two core
domains (36, 54). In the closed conformation, formed upon binding of RNA and ATP or
an ATP analog, both ligands form contacts with both domains, and thus the domain
closure is highly likely to be the main source of cooperativity (54). The increase in
cooperativity in the transition from the ATP to the ADP-P; state most likely reflects
rearrangements that occur upon ATP hydrolysis during or after core closure and affect
the affinity for the bound RNA. The key predictions from this model are that first, ligand
combinations that do not give cooperative binding should not give stable formation of the
correct closed conformation. Consistent with this prediction, ADP and RNA binding to
DbpA do not give a stable, closed conformation as viewed by FRET (52). Second, the
cooperativity of binding should be particularly sensitive to changes at the domain
interface. Indeed, mutations in motifs III and Va, both of which line the domain interface,
have been observed to reduce the cooperativity without substantially weakening binding

of the individual ligands (75, 76).
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ATPase cycle kinetics

A general picture of the ATPase kinetics of DEAD-box proteins has emerged
from extensive data sets for DbpA and Mss116 (Figure 1.6) (82, 83), along with previous
work on elF4A and the yeast protein Ded1, which functions in the nucleus and cytosol in
processes including RNA splicing and translation (84). While the absolute rate constants
will differ for different proteins and may depend on the specific RNA substrate and on
solution conditions, there are likely to be general themes for the relative rate constants
that are useful as a starting point. ATP and RNA can bind in either order (77). The
affinity for ATP is typically between 50 and 500 uM in the absence of RNA (77, 82, 83,
85, 86) and can vary across this range for different proteins and even for the same protein
under different solution conditions (77). In the absence of RNA, ATP hydrolysis is slow
(< 0.3 s, such that the equilibrium constant for binding is expected to be equal to the
Ky measured by steady state ATPase activity, and thus the affinity estimates above
include Kum values. Upon binding RNA, ATP hydrolysis is stimulated to 5-10 s,
generating an ADP-P; state that remains bound to RNA. As noted above, RNA affinity is
maximized in this state. With bound RNA, ATP hydrolysis is largely irreversible because
P;i release is faster than ATP re-synthesis, but release of P; is slow enough to be at least
partially rate-limiting for the overall ATPase cycle (2-6 s'). Therefore, under conditions
of saturating ATP and RNA the protein would be expected to spend a significant fraction
of the time in the tight-binding, ADP-P; state (82, 83). Upon release of Pi, the affinities
for RNA and ADP are dramatically reduced. ADP is released rapidly (30-100 s'), and
RNA presumably is as well. At this point, the protein can re-bind weakly to RNA and can
again bind ATP to begin another cycle. It may also re-bind ADP, which for some DEAD-

box proteins binds substantially tighter than ATP (77, 82). In vivo, at cellular
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concentrations of ADP, the net exchange of ADP for ATP may be partially rate-limiting
for the overall cycle for some DEAD-box proteins (82).

For many DEAD-box proteins, another level of regulation in the ATPase kinetics
is conferred by interactions with partner proteins. One of the most extreme examples is
regulation of e[F4AIIl within the EJC complex. When bound to mRNA and the other
protein components of the EJC, Magoh and Y14, eIF4A-III is arrested in the ADP-P;
state, resulting in a very stable complex (87). This allows EJC to remain stably bound to
the spliced RNA, which is required for its function in nonsense-mediated decay (88).
Interactions of elF4A with other components of the translation initiation machinery
accelerate the ATPase cycle (39, 89-92). Co-crystal structures indicate that the binding of
elF4G promotes a conformation of the two core domains of eIlF4A that is neither fully
open nor fully closed (41, 89), presumably increasing the rates of nucleotide exchange
and P; release (89). Interestingly, Dedl also forms a complex with elF4G, but the
complex is arrested rather than accelerated through the ATPase cycle (93). In another
example, interaction between Dbp5 and Nupl59 at the nuclear pore accelerates ADP
release by Dbp5, which is suggested to be inherently slow (94). Glel interacts strongly
with Dbp5 in the presence of the cofactor IP¢ and in the crystal structure of the complex
with Glel-IP¢ the two core domains of Dbp5 are separated, disrupting the RNA binding
site (44). Thus, Glel-IPs binding is strongly anti-cooperative with RNA binding, which
may result in rapid release of Glel-IPs upon binding of RNA (94) and/or acceleration of
RNA release to allow recycling of Dbp5 (44). On the other hand, Glel-IP¢ binding is
cooperative with nucleotide binding, perhaps contributing to the requirement for Nup159

to accelerate ADP release (94).
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ATP utilization during RNA unwinding

An important goal for a mechanistic understanding of DEAD-box proteins has
been to understand how the ATPase cycle is coupled RNA unwinding. Considerable
progress has been made in the last few years, demonstrating for a series of DEAD-box
proteins that unwinding of short duplexes can be completed with just binding of ATP,
while ATP hydrolysis is required primarily to recycle the enzymes (13, 17).

Studies using Dedl, elF4A, Mss116 (17) and later — YxiN (81) found that the
non-hydrolyzable ATP analog ADP-BeF, although not other analogs, is sufficient for
unwinding of a short helix in a single-turnover reaction. However, the extremely tight
binding of RNA in the presence of ADP-BeFx prevents efficient unwinding under
multiple-turnover conditions, leading to the suggestion that ATP hydrolysis is required to
generate the weaker binding states that allow release of the bound RNA strand and
enzyme recycling (17). In a separate study, ATP hydrolysis and RNA unwinding were
measured in parallel to determine the number of ATPs consumed during unwinding (13).
A stoichiometry of one ATP per duplex unwound was observed for short duplexes under
a range of conditions, consistent with the above finding. Furthermore, at a low Mg?"
concentration (2 mM), which destabilizes the helix, only half of unwinding events were
accompanied by ATP hydrolysis, providing further support for the conclusion that
unwinding precedes ATP hydrolysis and requires only ATP binding. Together, these
results provide strong evidence for a simple coupling between the ATPase cycle and the
RNA binding cycle (19, 23). A model in which unwinding occurs in a single cycle of
ATP binding and hydrolysis is consistent with the known ability of most DEAD-box
proteins to unwind short RNA helices but not helices longer than 10-15 bp (7, 8, 12).
More ATP is hydrolyzed during unwinding of longer or more stable helices, indicating

that ATP hydrolysis does not always lead to complete unwinding of such duplexes and
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that some ATPase cycles are futile (13). Other studies have since supported hydrolysis of
a single ATP during unwinding of short RNA helices by DEAD-box proteins (83, 95).
Overall, the model that emerges is that binding of ATP and dsRNA can lead to a
conformational change that generates local strand separation. For a short, relatively
unstable duplex, this conformational change and resulting strand separation can be
sufficient to generate complete unwinding, and the strand that is not tightly bound by the
DEAD-box protein dissociates. The conformational change and strand separation would
follow ATP and RNA binding and be slower than these processes, but it would be faster
than ATP hydrolysis. The rate and extent of this conformational change could also
depend on the stability of the RNA duplex, because this would influence the energy
barrier that must be overcome. Multi-phase kinetics have indeed been observed for the
binding of nucleotides (82, 83), supporting models in which strand separation is linked to

a conformational change that follows ATP binding.

OTHER MECHANISMS OF DEAD-BOX PROTEINS DURING RNA REARRANGEMENTS

While it is clear that ATP-dependent unwinding is important for the physiological
functions of many DEAD-box proteins (see Chapter 6), DEAD-box proteins can also use
other mechanisms. Several DEAD-box proteins have been shown to possess annealing
activity, which is the reverse of the unwinding reaction and is ATP-independent (7, 21,
33, 96, 97). A prominent example of a DEAD-box protein that functions as an annealer is
Rok1, which is essential for ribosome biogenesis in yeast and can transiently stabilize a
helix that is required for correct processing of small-subunit rRNA (98, 99). However,
Rok1 has also been implicated in processes that require unwinding (100)

The RNA substrates of many DEAD-box proteins form complexes with RNA-

binding proteins in vivo, and the function of some DEAD-box proteins may be to
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remodel ribonucleoprotein complexes by dissociating proteins from the RNA. The ability
to dissociate proteins bound to RNA has indeed been demonstrated in vitro for Ded1
(101, 102) and several other proteins, including Dbp5 (103) and Sub2 (104) are thought
to function by dissociating proteins from their physiological RNA substrates. Together,
these examples illustrate the versatility of DEAD-box proteins as RNA and RNP

remodelers.

RNA CHAPERONE MECHANISMS OF DEAD-BOX PROTEINS

In vivo, many DEAD-box proteins function as chaperones in folding and
assembly of structured RNAs and RNPs, such as the spliceosome, the ribosome and self-
splicing introns. Thus, there has been considerable interest in understanding how DEAD-
box proteins integrate their basic RNA binding and unwinding activities during
rearrangements of complex RNA structures, which may include tertiary structure and
bound proteins. This section will focus on studies of the DEAD-box proteins CYT-19 and
Mss116, which have served as model systems for delineating the RNA chaperone
mechanisms of DEAD-box proteins. For a broader discussion of chaperone activities of

DEAD-box and related helicases, see Chapter 6.

RNA misfolding and chaperone functions of CYT-19 and Mss116

RNA molecules fold through rugged free energy landscapes and can populate
long-lived alternative structures in addition to their functional structures (105-107).
Starting with pioneering studies of tRNA and 5S rRNA (108, 109), misfolding has been
recognized as a dominant theme in RNA folding, and misfolded intermediates have been
demonstrated for several group I introns (110-116), the bacterial RNase P RNA (117) and
the hepatitis delta virus ribozyme (118), among others. While also observed in proteins,
the problem of misfolding is particularly pronounced in RNA and is primarily a result of
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the extremely high stability of RNA secondary structure. Locally base-paired regions can
form and persist independently from the global tertiary structure, leading to kinetic traps
that may take hours to unfold spontaneously. Therefore, in order to fold on biologically
meaningful time scales, RNA molecules often require RNA chaperones, many of which
function by destabilizing RNA structure, accelerating transitions between conformations
(106, 119).

DEAD-box proteins constitute a major family among the diverse group of
proteins that function as RNA chaperones (119). Mechanistically, DEAD-box proteins
stand out among other RNA chaperones for their ability to undergo regulated, ATP-
dependent cycles of RNA binding and unwinding, conceptually resembling ATP-
dependent chaperones that function in protein folding, such as Hsp70 (120). The
Neurospora crassa DEAD-box protein CYT-19 was the first biological RNA chaperone
to be discovered and has since become a model system for studying DEAD-box protein-
mediated rearrangements of structured RNAs (85). CYT-19 is required for efficient
splicing of three mitochondrial group I introns, and its yeast homolog Mss116 promotes
splicing of all nine mitochondrial group I introns and all four group II introns (121).
Group I and group II introns are highly structured, autocatalytic RNAs that function by
splicing themselves out of precursor RNAs (122, 123). Representatives of both groups
have been shown to misfold substantially, suggesting that CYT-19 and Mssl116 may
function by resolving their misfolded conformations (124, 125). The diversity of their
physiological substrates indicates that CYT-19 and Mss116 are general RNA chaperones
and this is further supported by the results that CYT-19 can suppress the defects from
loss of functional Mss116 in yeast and that it can promote folding of a series of non-

physiological group I and group II RNAs in vitro (116, 121, 126).
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Group I intron structure and folding

The well-characterized group 1 intron from Tetrahymena thermophila has
provided a valuable model system for probing the chaperone mechanisms of DEAD-box
proteins (16, 22, 85, 127-129). The intron is comprised of a conserved catalytic core and
a series of peripheral elements and structurally resembles the physiological group I intron
substrates of CYT-19 and Mss116 (130-132) (Figure 1.7). The group I intron core
consists of two extended helical domains (the P4-P6 and P3-P9 domains) (130, 133), and
these domains interact to form the active site, which catalyzes a two-step splicing
reaction (131, 134). The core is encircled and stabilized by a series of peripheral
elements, which form long-range tertiary interactions with each other and with the core
RNA (132) (Figure 1.7).

Most folding studies have used a ribozyme construct of the Tetrahymena group I
intron, in which the exons are removed, leaving an RNA that can bind and cleave a
substrate oligonucleotide in trans, in a reaction that mimics the first step of splicing (135).
The advantage of such constructs is that the fraction of native, catalytically active
ribozyme can be determined in a robust way by measuring the fraction of substrate that is
cleaved rapidly upon addition at various folding times and conditions (136, 137).
Chemical footprinting and catalytic activity approaches showed that the Tetrahymena
ribozyme folds through a series of intermediates (138, 139), and most of the population
becomes trapped in a long-lived, extensively structured misfolded intermediate (113,
140-143), which refolds to the native state on the time scale of hours under typical in
vitro conditions (144, 145).

The misfolded intermediate is remarkably similar to the native ribozyme, forming
a complete native network of secondary and tertiary interactions and a globally compact

fold, with only local differences in solvent accessibility observed within the core (144,
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145). Despite these similarities, refolding to the native state was shown to require
extensive unfolding, including disruption of all five peripheral tertiary contacts and the
long-range core helix P3 (145, 146). Thus, a topological error was proposed, in which
two single-stranded segments between the core domains are crossed incorrectly in the
misfolded ribozyme (145, 146). Correction of such a topology error would involve large-
scale motions between the core domains and thus would require transient global
disruption of ribozyme tertiary structure and the P3 helix, consistent with the

experimental results (145, 146).

Mechanisms of RNA chaperone activity of CYT-19

CYT-19 accelerates the refolding of the misfolded ribozyme in an ATP-dependent
manner and is thought to do so by disrupting the ribozyme structure (127, 147).
Consistent with its non-specific nature, CYT-19 can also unfold the native ribozyme
(127). However, the unfolding activity is much less efficient for the native ribozyme
apparently because this structure is more stable, as indicated by the enhancement of
CYT-19-mediated unfolding by mutations in the ribozyme that weaken tertiary structure
(127) (see Chapter 2). Thus, CYT-19 efficiently disrupts the misfolded ribozyme, while
allowing the native ribozyme to accumulate, leading to an overall effect of acceleration of

misfolded ribozyme refolding (Figure 1.8).

SUMMARY AND OBJECTIVES

The research over the past two decades has led to an in depth understanding of the
ATP-dependent helix unwinding activity of DEAD-box proteins. However, mechanistic
understanding of how DEAD-box proteins rearrange RNAs that contain tertiary structure
has remained incomplete. This is an important limitation, as the RNA molecules that
DEAD-box proteins typically encounter in vivo are extensively structured, presenting
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DEAD-box proteins with unique challenges such as tertiary packing of RNA helices and
cooperativity between covalently linked parts of a larger RNA. The overarching goal of
this dissertation has been to establish the mechanistic basis for DEAD-box protein-
mediated rearrangements of a highly structured RNA. Using CYT-19 and the
Tetrahymena group 1 intron ribozyme as a model system, I first focused on the roles of
global tertiary stability in CYT-19-mediated unfolding and targeting to unstable and
incorrectly folded RNAs. I then investigated the mechanism of misfolded ribozyme
refolding by CYT-19 and, building on the earlier studies of ATP utilization for helix
unwinding, measured ATP utilization for refolding of the misfolded group I intron. To
understand the structural basis for the ability of CYT-19 to promote global RNA
rearrangements, [ studied, in collaboration with the Lambowitz lab, the role of a basic C-
terminal tail in tethering CYT-19 to its RNA substrates. Finally, I probed the effects of
CYT-19 binding and remodeling activities on the initial folding of the group I intron,
starting with globally unfolded RNA. Together, this work has advanced the mechanistic
understanding of CYT-19-mediated RNA rearrangements, encompassing several stages
of group I intron folding, and many of the features described here will likely apply to

other members of the DEAD-box protein family.
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Figure 1.1: Functions of DEAD-box proteins in Saccharomyces cerevisiae.

The functions of S. cerevisiae DEAD-box proteins are shown as described in Ref. (1) and
in more recent primary literature (93, 148). A detailed discussion of the physiological

roles of DEAD-box proteins and related RNA helicases can be found in Chapter 6.
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Figure 1.2: Domain structure of DEAD-box proteins.

The top panel shows a stereo view of Mss116 bound to AMP-PNP and ssRNA (U10)
(55). Motifs that interact with ATP are orange and motifs that interact with ssSRNA are
green. Motif III is olive. Domain 1 is dark gray, domain 2 is silver, the linker between
them is blue, and the CTE, present in Mss116 and CYT-19, is cyan. Below the structure
is a cylinder representation showing the domains and motifs in the same colors. Also
shown are the N-terminal extension (NTE) and the C-tail of Mss116, which were not

present or not resolved in the crystal structure.
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Figure 1.3: Roles of single-stranded and double-stranded extensions in duplex
unwinding.

(4) Strand separation by a processive, 3'-5" helicase begins when the helicase loads on a
single-stranded extension with a dangling 3"-end. The helicase then translocates in the 3’
to 5” direction into the adjacent double-stranded region. (B) Single-stranded overhangs
enhance strand separation by some DEAD-box proteins, but are not required to have a
defined polarity with respect to the adjacent duplex. (C) Double-stranded RNA or DNA
extensions can also enhance unwinding for some DEAD-box proteins. (D) A single-
stranded RNA or DNA segment can activate RNA unwinding by DEAD-box proteins
even when physically separated from the neighboring duplex, as demonstrated when

biotinylated RNA constructs were linked to streptavidin (23).
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Figure 1.4: Targeting DEAD-box proteins to RNA substrates through specific and non-
specific interactions.

(4) Recognition of a specific RNA motif via an ancillary domain. Hairpin 92 from the
23S rRNA, shown by nucleotide letters, is recognized with high specificity by the
bacterial proteins DbpA and YxiN. (B) Electrostatically-driven RNA binding through an
ancillary domain or unstructured extension. (C) Helicase core loading on RNA substrates
via dimerization, with a tethering interaction being formed by the helicase core from one
monomer and the unwinding being carried out by the other monomer. (D) Targeting

through specific interactions between the DEAD-box core and a protein component of the

targeted RNP complex.
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Figure 1.5: RNA affinity changes resulting from changes in cooperativity during the
ATPase cycle.

In the absence of nucleotide (“No nt”), cooperativity is absent by definition.
Cooperativity is typically observed in the ATP-bound state and is maximal in the ADP-Pi
state, as shown by the thickening blue stripe. Anti-cooperativity in the ADP-bound state
is shown by the gray stripe. Specific values of cooperativity for Mss116 are indicated for

each state (83). The colors for the nucleotide states match those in Figure 1.6.
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Figure 1.6: ATPase kinetics of DEAD box proteins.

Specific rate and equilibrium constants are shown for Mss116 in the presence of
saturating RNA (data from Ref. (83)) The domain structures shown are based on SAXS
studies of the open and closed complexes (34). Nucleotide states are abbreviated by T
(ATP), D-P; (ADP and Pj), and D (ADP). The ADP-P; state is highlighted in red to

indicate that it is populated to the greatest extent in the steady state.
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Figure 1.7: The Tetrahymena thermophila group I intron ribozyme.

(4) Secondary structure and tertiary contacts. The core nucleotides are shown in black,
peripheral elements are colored, and bold arrows mark the long-range peripheral tertiary
interactions. The boxed nucleotides in the P1 helix indicate the oligonucleotide mimic of
the 5" exon, which is used to measure the catalytic activity of the ribozyme. (B) Tertiary
structure model of the ribozyme (132). Peripheral elements (colored surface) and the
locations of the long-trange peripheral tertiary contacts (circles) are highlighted using the
same color scheme as in 4. The ribozyme core is shown in silver. The block arrows
indicate the approximate positions of tertiary contacts not visible in each respective view

of the ribozyme. The figures were prepared using PyMOL.
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Net effect

Unfolded

Misfolded

Figure 1.8: Model for refolding of the misfolded Tetrahymena group I intron ribozyme
by CYT-19.

During initial folding of the Tetrahymena ribozyme, misfolding occurs faster than folding
to the native state, as indicated by differences in the arrow thickness. This kinetic
preference allows the misfolded ribozyme to accumulate despite its lower thermodynamic
stability. The DEAD-box protein disrupts the misfolded structure in an ATP-dependent
manner, allowing the ribozyme to re-enter the folding pathway from a largely unfolded
state. A fraction of unfolded ribozymes enter the native state and because the much more
stable native ribozyme is unfolded by the DEAD-box protein inefficiently, the native
state accumulates, leading to a net effect of accelerated refolding from the misfolded to
the native state. This model was originally published in Ref. (127) and the figure was

reproduced from Ref. (149) with the authors’ permission.
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Chapter 2: The DEAD-box protein CYT-19 is activated by exposed
helices in a group I intron RNA

INTRODUCTION

DEAD-box proteins function in all stages of RNA metabolism and have been
implicated in assembly and conformational rearrangements of many large structured
RNAs and RNPs (3). Thus, it is important to establish how these proteins use their basic
mechanisms of RNA binding and helix unwinding to interact with and remodel higher-
order RNA structures. The interactions of DEAD-box proteins with structured RNAs
have been extensively studied using the Neurospora crassa protein CYT-19 from and
Mss116 from Saccharomyces cerevisiae. In vivo, CYT-19 promotes splicing of several
mitochondrial group I introns and can promote splicing of group I and group II introns in
yeast mutants that lack functional Mss116 (85, 121). Both proteins have been shown to
act as general RNA chaperones during group I and group II intron folding in vitro and are
thought to act primarily by reversing misfolding of the intron RNAs, although additional
mechanisms may be used for some substrates (85, 121, 150-154). Importantly, the
chaperone activities of these and other DEAD-box proteins correlate with their ATP-
dependent helix unwinding activities, suggesting that DEAD-box proteins function by
lowering the energy barriers for transitions between alternative structures that involve
disruption of base pairs (128, 129).

In vitro studies using the group I intron ribozyme from Tetrahymena thermophila
have been instrumental in probing the RNA chaperone mechanism of CYT-19 (22, 85,
127, 155). This ~400 nt RNA folds into a compact, globular structure that consists of a
conserved catalytic core and a series of peripheral elements that encircle the core by

forming long-range tertiary contacts (Figure 1.7) (131, 132, 156). Upon addition of Mg?*
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ions, the majority of the ribozyme population becomes trapped in a long-lived misfolded
intermediate, which contains all native secondary and tertiary structure elements, but
appears to differ in topology within the core (145, 157). Spontaneous refolding of the
misfolded ribozyme is slow, taking hours under most conditions, as it requires transient
disruption of all five peripheral tertiary contacts and a core helix (see Chapter 1) (145,
146). Given the structural similarity between the native and misfolded ribozyme, it is
interesting that CYT-19 can accelerate refolding of the misfolded intermediate by an
order of magnitude, while not detectably unfolding the native ribozyme (147). Insights
into this apparent preference for the misfolded ribozyme came from studies of two
ribozyme mutants in which the tertiary structure was destabilized, making the stability of
the native ribozyme comparable to that of the misfolded intermediate (127). CYT-19
unfolded the native and misfolded conformers of these mutants with comparable
efficiencies, suggesting that the efficiency of chaperone-mediated unfolding depended on
the stability of ribozyme tertiary structure. However, the mutations studied were
concentrated in one region of the ribozyme, leaving open the possibility that CYT-19
recognizes local disruptions rather than global stability.

Here we investigate the roles of RNA stability in CYT-19-mediated unfolding of
the Tetrahymena ribozyme by using a series of ribozyme mutants with disruptions of
each of the five peripheral tertiary contacts. We observe a strong correlation between
CYT-19 activity and global stability of ribozyme tertiary structure. Further, we find that
the RNA-dependent ATPase activity of CYT-19 depends on the accessibility of
secondary structure in the ribozyme. Our results lead to a general model for recognition

and remodeling of unstable or incorrectly folded RNAs by DEAD-box proteins.
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RESULTS

Efficiency of CYT-19-mediated unfolding increases with lower ribozyme stability

To systematically address the roles of RNA stability in chaperone-mediated
unfolding, we used a set of previously characterized Tetrahymena ribozyme variants in
which the five long-range peripheral tertiary contacts are individually mutated (Figure
2.1) (145, 158, 159). The mutations include substitutions of the A-rich bulge (ARB) of
the metal ion core/metal ion core receptor interaction; the tetraloops L9 and L5b, which
form two tetraloop/tetraloop receptor (TL/TLR) interactions; the L2 loop of the “kissing
loop” interaction P14, and the L2.1 and L9.1 loops of the P13 kissing loop (Figure 2.1).
The ARB mutant was one of the ribozymes used in the previous study of CYT-19-
mediated ribozyme unfolding (127). Footprinting approaches have shown increased
Mg?*-requirements for tertiary folding by each of these and related tertiary contact
mutants, indicating decreased global stability (159-161). Here we focused on the native,
catalytically active state of each ribozyme, allowing us to accurately quantify the stability
and chaperone-mediated unfolding by measuring catalytic activity (127, 136). Although
rearrangements of native group I intron structure are presumably not a physiological
function of CYT-19, the principles of CYT-19-mediated unfolding are likely to be largely
the same for resolving misfolded intermediates, which can strongly resemble their native
counterparts.

To determine the stabilities of the mutant ribozymes in the native state, we
measured the Mg?*-concentration dependences for equilibrium folding using a two-stage
catalytic activity assay (136). The ribozymes were folded to equilibrium at 0—10 mM
Mg?* and then transferred to catalysis conditions, which included 50 mM Mg*",
guanosine and an oligonucleotide substrate. The high Mg?* concentration blocks folding

transitions from the native state and traps most of the non-native ribozyme in the long-
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lived misfolded conformation. Because both the native and misfolded structures can bind
the oligonucleotide substrate, but only the native ribozyme can cleave it, the fraction of
substrate that is cleaved in a single turnover reflects the fraction of native ribozyme
(136).

All of the mutants displayed greater Mg>" requirements than the wild-type
ribozyme, consistent with previous determinations by hydroxyl radical footprinting and
oligonucleotide hybridization (159, 161-163) (Figure 2.24, Figure Al in Appendix A).
We calculated the native ribozyme stabilities based on the equilibrium values at 2 mM
Mg?*, where all of the mutants populated quantifiable ratios of native to non-native
ribozyme, avoiding extrapolation-based approaches (see Materials and Methods) (164).
The native ribozyme stabilities at 2 mM Mg?* ranged across ~3 kcal/mol from the L9
mutant (most stable) to the ARB mutant (least stable). Note that the native wild-type
ribozyme is too stable under these conditions for accurate determination of the folding
equilibrium.

To measure how stability affects CYT-19-mediated unfolding, we formed native
ribozymes at 10 mM Mg?" and initiated unfolding by adding CYT-19 and ATP while
diluting Mg?* to 2 mM. Loss of the native ribozyme was measured as above by using the
discontinuous ribozyme activity assay (127, 128). We found that CYT-19 accelerated
unfolding of all mutant ribozymes, with rates that increased with ATP concentration and
with little or no acceleration in the absence of ATP (Figure 2.2B, Figures A2-A4) (127).
Importantly, the apparent efficiencies of CYT-19-mediated unfolding, derived from
CYT-19 concentration dependences of the unfolding rates, tracked with ribozyme
stability (Figure 2.2C, Figures A2B, A3). The differences in unfolding efficiency between
the most stable (L9) and the least stable (ARB) mutant were ~70-fold and ~20-fold at

subsaturating (100 uM) and near-saturating (2 mM) ATP concentrations. Interestingly,
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the L5b tetraloop mutant showed one of the lowest CYT-19-mediated unfolding
efficiencies despite an intermediate stability. This mutant also had one of the lowest
spontaneous unfolding rates, suggesting that the intrinsic ribozyme propensity to unfold
may play a role in CYT-19-mediated disruption (Figure 2.2C, Figure AS5). Overall, our
results indicate that CYT-19 efficiency is tightly linked to the global stability of the
ribozyme and suggest a role for spontaneous unfolding events in promoting CYT-19-

mediated ribozyme unfolding.

ATPase activity increases with lower tertiary stability

To understand the mechanistic origins of the relationship between CYT-19-
mediated unfolding and RNA tertiary stability, we tested two simple models. In the first
model, less stable ribozyme mutants would provide more opportunities for productive
CYT-19 interactions, for example because their structures are more dynamic and on
average less compact at 2 mM Mg?". In the second model, CYT-19 would perform the
same initial rearrangements in all mutants, with less stable ribozymes being more likely
to unfold following these rearrangements. We tested these two possibilities by measuring
the RNA-dependent ATPase activity of CYT-19 under the conditions of the unfolding
assays, with the prediction that the initial ATPase rates should increase with lower
ribozyme stability (model 1) or remain constant regardless of stability (model 2).

The ATPase stimulation by each ribozyme was measured immediately following
transfer of the pre-folded native ribozyme to 2 mM Mg*" under conditions identical to
those of unfolding assays. We also measured ATPase stimulation by the native wild-type
ribozyme, which is stably folded under these conditions (see Figure 2.24) and a quintuple
mutant, which contains mutations of all five peripheral tertiary contacts and has been

shown by SAXS to lack a stable compact structure (165). The ATPase rates showed a
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clear increase with decreasing native ribozyme stability, with larger differences observed
in the presence of subsaturating ATP (Figure 2.3, Figure A6). The strongest ATPase
stimulation was measured with the quintuple mutant, indicating that the lack of compact
tertiary structure stimulated CYT-19 activity. Thus, our results support the first model, in

which CYT-19 has more opportunities to interact with the less stable ribozymes.

CYT-19 activity tracks with Mg?*-dependent ribozyme folding

As an orthogonal approach to modulating ribozyme stability by mutations, we
tested the effects of Mg?* ion concentration on the ATPase stimulation. We hypothesized
that the ATPase rates should mirror the Mg?*-dependent folding isotherms of each
individual ribozyme, with the ATPase rate decreasing at increasing Mg?* concentrations
as more native ribozyme is present at equilibrium.

A subset of ribozyme variants (L2, L5b and ARB mutants) were folded for ~24 h
at various Mg?* concentrations and ATPase measurements were initiated by adding CYT-
19 and 100 uM ATP. As expected, the ATPase rates decreased with increasing Mg>*
concentration around the respective folding midpoints of each mutant (Figure A7). While
the ATPase rates increased with Mg®" concentration at <2 mM Mg*", this increase was
independent of tertiary structure formation, as it was also observed with the quintuple
mutant and oligonucleotide helices (Figure A7) (13). The weak ATPase activity at low
Mg** concentrations may result from slow release of RNA, limiting nucleotide turnover
(166), or from Mg?*-dependent secondary structure stabilization (13). In order to isolate
the effects of tertiary folding, we normalized the ATPase rates for each mutant by the
corresponding rate for the quintuple mutant ribozyme at the same Mg>" concentration
(Figure 2.4). The normalization uncovered a clear correspondence between the Mg*'-

dependent fraction of native ribozyme and the ATPase stimulation across the whole

35



tested range of Mg?" concentrations. The continued decrease in ATPase stimulation at
high Mg?* concentrations could be caused by decreasing dynamics of native structures.
Overall, the results support the role of global tertiary structure stability in modulating
CYT-19 activity. Further, the observation that the largest changes in ATPase stimulation
are centered on the folding midpoints, where the ratios of native to unfolded ribozyme are
changing the most strongly, suggest that CYT-19 acts preferentially upon unfolded, non-
compact ribozyme molecules within a population.

To directly address the role of ribozyme compactness in the stability dependence
of CYT-19 activity, we compared the ribozyme mutants by SAXS at 2 mM and 10 mM
Mg?*. As expected, at 2 mM Mg?" the radius of gyration (Rg) values of equilibrated
ribozymes increased with lower native ribozyme stability, reflecting increased
populations of non-compact forms (Figure 2.54, Figure A8). Differences in compactness
were also reflected in the shapes of the Kratky plots, where a pronounced parabolic peak
indicates compact, globular particles, e.g., for the native wild-type ribozyme, while flat or
ascending profiles indicate non-compact structures, e.g., for the quintuple mutant (167)
(Figure 2.5B). The peaks of the single tertiary contact mutants fall between those of the
wild-type and the quintuple mutant ribozymes in an order corresponding to their
stabilities (Figure 2.5B). Further, at 10 mM Mg*", where all of the ribozymes except the
quintuple mutant populate predominantly the native conformation, both the R, values and
the ATPase rates were clustered around the corresponding values for the wild-type
ribozyme (Figure 2.5C, D). As expected, the quintuple mutant maintained an extended
structure and gave strong stimulation of ATPase activity. In addition, the ARB mutant
ribozyme gave both a slightly larger Ry value and slightly greater ATPase stimulation

than the wild-type ribozyme (Figure 2.5C, D). Together, the SAXS and ATPase
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measurements indicate that CYT-19 activity scales with average ribozyme compactness,

with non-compact ribozymes providing more productive interaction opportunities.

CYT-19 interacts with exposed ribozyme helices

Interestingly, the range of ATPase rates with the ribozyme mutants was much
narrower than that of the unfolding efficiencies, as substantial ATPase stimulation was
observed even with the most stable native ribozymes (~4-fold range from the wild-type
ribozyme to the quintuple mutant) (Figure 2.3). Considering CYT-19 activation by non-
compact structures, we hypothesized that CYT-19 may interact with helices that are
exposed on the surface of the folded ribozyme. The most likely candidates are P6b, P8
and P9.2, which extend prominently away from the ribozyme body and are not
constrained by tertiary interactions (Figure 2.64). Therefore, we generated a set of
mutants with these helices truncated (see Figure 2.1). The mutants resembled the wild-
type ribozyme in their stabilities and substrate cleavage rates, indicating that the
structures were not perturbed beyond the truncated helices (Figure A9). ATPase
measurements revealed small but reproducible decreases in all individual truncation
mutants, and an additive, 30% decrease with a P9.2 and P6b double truncation mutant
(Figure 2.6B). Counterintuitively, a triple truncation mutant showed no detectable
decrease in ATPase stimulation relative to the wild-type ribozyme at 2 mM Mg>"
However, at 10 mM Mg?" the ATPase stimulation decreased to 20% below wild-type,
suggesting that decreased local stability of the mutant may oppose the expected decrease
in ATPase rate (Figure 2.6C). Adding the differences from the individual truncation
mutants yields an estimated 2-fold reduction in ATPase stimulation relative to the wild-
type ribozyme, suggesting that interactions with these helices underlie at least half of the

ATPase stimulation by the folded ribozyme. This estimate is a lower limit because some
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residual ATPase activity for the mutants may arise from CYT-19 interactions with the
‘stumps’ of the truncated helices, and for both the wild-type and mutant ribozymes small
amounts of damaged, incompletely folded ribozyme may contribute to ATPase activity.
To further address the roles of helix accessibility in stimulating CYT-19 activity,
we compared ATPase stimulation by equimolar concentrations of the wild-type ribozyme
and two isolated oligonucleotide helices corresponding to parts of the ribozyme (Figure
2.6D). Interestingly, the oligonucleotides stimulated the ATPase activity to nearly the
same level as the wild-type ribozyme (within 20%) (Figure 2.6D). The result that a single
helix in solution can provide nearly the same ATPase stimulation as the 388 nt ribozyme
is consistent with the notion that CYT-19 preferentially interacts with accessible
secondary structure elements and is unable to efficiently interact with the helices that are
stably packed in tertiary structure. Together, the results in this section reveal three CYT-
19 interaction sites within the fully folded Tetrahymena ribozyme and provide further
support for a model in which CYT-19 interacts preferentially with exposed or protruding

RNA helices on the surfaces of structured RNAs.

DISCUSSION

Here, we investigated the ATP-dependent interactions of the DEAD-box protein
CYT-19 with a group I intron ribozyme, a relative of the physiological group I intron
substrates of CYT-19. We found that the efficiency of CYT-19-mediated unfolding tracks
with the global tertiary structure stability of the ribozyme, and that the ATPase activity of
CYT-19 increases with decreasing compactness of the ribozyme structure. Based on these
and previous results, we describe a model for general RNA chaperone activity in which
CYT-19, and likely other DEAD-box proteins, remodel structured RNAs and RNPs

primarily by disrupting accessible secondary structure. Importantly, the preference for
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non-compact RNA structures can bias DEAD-box proteins to remodel misfolded RNAs

and RNPs, in a manner conceptually similar to unrelated RNA and protein chaperones.

Model for DEAD-box protein-mediated RNA rearrangements

The model that emerges for DEAD-box protein-mediated global rearrangements
of group I intron structure is shown in Figure 2.7. The basic features of this model are
likely to apply generally to DEAD-box protein-mediated remodeling of misfolded RNAs
as well as native RNAs that undergo rearrangements during their functions. Based on our
finding that compact tertiary packing of the ribozyme limits productive interactions with
CYT-19, the first step is a spontaneous disruption of the compact RNA structure. This
disruption, shown as a dynamic fluctuation at a peripheral tertiary contact, exposes one or
more helices that can then be bound by the protein. Helices that are exposed
constitutively in the folded ribozyme can also interact and be unwound locally. Indeed,
the ATPase activation by the folded ribozyme and the decreased ATPase activity upon
truncation of extended helices support this hypothesis. However, the strong dependence
of unfolding efficiency on ribozyme stability suggests that unfolding of the Tetrahymena
ribozyme is driven primarily by CYT-19 interactions with transiently exposed helices.

The binding of an exposed helix and its subsequent unwinding by CYT-19 are
both likely to contribute to larger-scale unfolding. By capturing a helix, CYT-19 can
block re-formation of tertiary contacts between the helix and the rest of the ribozyme,
which may also destabilize structure that forms cooperatively, promoting further
unfolding steps. In support of this hypothesis, CYT-19 was observed to bind a transiently
undocked ribozyme helix for tens of seconds and to block redocking (C. Pan, J. P.
Potratz, B. Cannon, Z. B. Simpson, J. L. Ziehr, P. Tijerina, R. Russell, submitted). ATP-

dependent unwinding of the captured helix then furthers the overall unfolding, both by
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itself and because the distortions of local structure may propagate to adjacent or nearby
helical segments. Both from helix binding and unwinding, propagated disruptions are
likely to be largest for transiently exposed helices because the tertiary interactions and
cooperativity that localize them to the RNA structure in the ground state are lost upon
interaction with the DEAD-box protein.

As additional helices are exposed by initial unfolding events, they are also
expected to become productive sites for DEAD-box protein binding and unwinding.
Multiple protein monomers may participate in structure disruption, and the upward
curvature in the CYT-19 concentration dependence of both the unfolding and ATPase
activities for some ribozymes is consistent with this hypothesis (Figures A2B, A3, A6B)
(129). As unfolding progresses, spontaneous formation of new contacts and reformation
of disrupted structure compete with the unfolding steps, and the ribozyme can ultimately
fold to the native state or the long-lived misfolded conformation.

A key feature of this model is that CYT-19 does not directly disrupt tertiary
contacts, but instead relies on spontaneous losses of tertiary structure. While it remains
possible that CYT-19 can actively disrupt some types of tertiary interactions, the
dependence of ATPase activity on overall compaction of the ribozyme indicates that the
dominant activity of CYT-19 is to interact with accessible secondary structure and
promote ATP-dependent unwinding. Further, the dependence of unfolding efficiency on
ribozyme stability indicates that binding and unwinding of these helical segments leads to
global unfolding of the RNA. Thus, it appears that even in the context of RNAs with
extensive tertiary structure, the ATP-dependent activity of CYT-19 is primarily as a
helicase, with ATP being used to unwind helical segments during RNA structural

rearrangements.
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Implications for misfolded RNAs and RNPs

Analogous to the tertiary contact mutants studied here, misfolded RNAs will
typically have less compact structures than the intact native RNA, either dynamically,
due to lower stability and thus increased frequency of fluctuations, or constitutively, due
to incorrect packing of helices that may leave some helices unprotected and accessible to
DEAD-box proteins. The increased accessibility of the helical segments is expected to
lead to preferential disruption of misfolded structures by DEAD-box proteins, providing
the RNA with new opportunities to refold to the native state. Ultimately, the native
conformer can accumulate if it is more stable and therefore protects its helical segments
more effectively against fortuitous interactions with DEAD-box proteins.

In addition to signaling incorrect tertiary folding, exposed helices could also
indicate failure to bind proteins during RNP assembly, analogous to recognition of
exposed single-stranded termini by Ro and La chaperones (168-170). The preferential
disruption of exposed secondary structure by DEAD-box proteins could play a role, for
example, in proofreading mechanisms and structural transitions of the spliceosome or

during ribosome maturation, which require multiple helicases (171, 172).

Comparisons with other chaperones

Our results are reminiscent of previous observations for other general RNA
chaperones, which often act by recognizing structural elements that are protected by
stable folding and RNP formation but can be exposed in defective RNAs. The retroviral
nucleocapsid (NC) peptide and the unwinding domain of the human hnRNP A1 protein
bind single-stranded RNA and contain motifs for exposed guanosine bases (106, 119).
These proteins are proposed to chaperone rearrangements during dimerization of
retroviral RNA by interacting with accessible guanosines in the monomer structure (173).

The ATP-independent bacterial protein StpA shows increased refolding activity with
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destabilized mutants of a viral group I intron and may rely on enhanced exposure of
potential interaction sites within the structurally unstable introns (174). A key difference
is the use of ATP by DEAD-box proteins, which allows them to efficiently disrupt
structure while also being able to switch via ATP hydrolysis and P; release to a state that
dissociates rapidly from the single-stranded RNA after unwinding (13, 17).

Despite important differences between structural properties of RNA and proteins,
the preference of CYT-19 for exposed RNA helices also bears a strong conceptual
resemblance to the substrate recognition modes by several protein chaperones. For
instance, Hsp70 chaperones bind to hydrophobic regions, which are buried in native
proteins and, when exposed, are common markers for protein misfolding (175). Hsp90
chaperones preferentially bind unstable, flexible protein structures, and the heat shock
cognate protein 70 (Hsc70) initiates clathrin coat disassembly by capturing
conformational fluctuations at the C-termini of clathrin units (176-178). Hence,
stimulation by open, flexible structures appears to be a general theme in recognition of

folding errors by molecular chaperones.
MATERIALS AND METHODS

Materials

Ribozyme mutants were prepared using the QuikChange protocol (Agilent
Technologies) with primers from Integrated DNA Technologies. All mutations were
confirmed by sequencing. The ribozymes were transcribed by T7 RNA polymerase and
purified using Qiagen RNeasy columns as described (113). Concentrations were
determined by absorbance at 260 nm using an extinction coefficient of 3.9 x 10° M! cm’!

for the wild-type ribozyme and tertiary contact mutants (113). Extinction coefficients for
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the truncation mutants were calculated based on sequence changes relative to the wild-
type ribozyme and were 2.5-12.4 % lower.

The RNA oligonucleotides (Dharmacon) were deprotected following the
manufacturer’s instructions and purified by ethanol precipitation. Oligonucleotide
concentrations were determined using extinction coefficients supplied by the
manufacturer (P2: 371,400 M cm!; P9.2: 421,500 M cm™). The ribozyme substrate
rSAs (CCCUCUAs) was 5°-end-labeled with [y-2P] ATP (Perkin Elmer) using T4
polynucleotide kinase (179), purified by non-denaturing PAGE (20%; 7 M urea, 1x TBE
buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.3), and stored at -20 °C in TE buffer (10
mM Tris-Cl, pH 8.0, 1| mM EDTA).

CYT-19 was expressed and purified as described (127) and stored in single-use
aliquots at -80 °C in storage buffer (“CYT-19 buffer”) containing 20 mM Tris-Cl pH 7.5,
500mM KCl, 1mM EDTA, 0.2mM DTT and 50% (v/v) glycerol. The protein
concentration was determined via Bradford assay using bovine serum albumin as a

standard.

Stability determination of Tetrahymena ribozyme mutants

The Mg?* dependence for native ribozyme folding was measured using catalytic
activity essentially as described (136). Briefly, the ribozymes (200 nM) were incubated in
the presence of 0—10 mM Mg(OAc)2, 50 mM Na-MOPS (pH 7.0), 10% CYT-19 buffer
(final 2 mM Tris-CI pH 7.5, 50 mM KCI, 0.1 mM EDTA, 0.02 mM DTT, 5% glycerol
(v/v)), and 2 mM ATPeMg?* at 25 °C. ATP and CYT-19 buffer were included in the
equilibrium incubations to match the conditions used to probe CYT-19-dependent
unfolding. Here and below, ATP was added in an equimolar mix with Mg(OAc),. After

~24 h, aliquots of the folding reactions were transferred to a 2-fold excess of folding

43



quench, containing final concentrations of 50 mM MgCl,, 500 uM guanosine, and 50
mM Na-MOPS (pH 7.0). After > 2 min at 25 °C to ensure that the RNA was trapped in
the stable native or misfolded conformations, a trace amount of 5'-[*2P]-labeled substrate
was added (1/7th total volume) and the cleavage reaction was stopped after 1 min by
adding two volumes of 72% formamide (v/v), 100 mM EDTA and 0.4 mg/ml each of
xylene cyanol and bromophenol blue. The fraction of product generated in a burst in a
single-turnover reaction was previously shown to provide a good measure of the fraction
of native ribozyme, because the native and misfolded conformers bind the substrate
oligonucleotide with comparable rates but only the native ribozyme cleaves the substrate
(140). Control reactions showed that a 1 min time point was representative of the burst
amplitude for all mutants. The 5 cleavage product was separated from the uncleaved
substrate by 20% denaturing PAGE (7 M urea, 1x TBE) and quantified using a
phosphorimager (GE Healthcare). Data were quantified using ImageQuant 5.2 (GE
Healthcare) and analyzed with Kaleidagraph (Synergy Software).

To calculate the folding equilibria, we normalized the equilibrium fraction of
native ribozyme at 2 mM Mg?" (fyobs) by the maximal value (fymax; formed at 10 mM
Mg?"), which ranged from 0.8 to 0.9 and varied between ribozyme preparations,
presumably due to a small fraction of damaged RNA. The calculations also took into
account the small fraction of native folding that occurs in the 50 mM Mg>" folding
quench (~10% of the unfolded ribozyme evades the long-lived misfolded conformation
and folds to the native state) (158). This “partitioning” value (fpart) was derived for each
mutant from the average fraction of native ribozyme measured in the bottom plateau of
the Mg?"-dependence curve, where essentially all of the ribozyme is unfolded. Overall,
the fraction of native ribozyme present at equilibrium at 2 mM Mg?" (f) can be derived

from the observed fraction as follows:
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fN,obs =fn+ fpart(fN, max — fN) (1)
fN =(fN,obs'fparth,max)/(l'fpart) (2)

The final equation used to calculate native ribozyme stabilities at 2 mM Mg?*

was:
AG = -RTInKeq = —RTIn (fxnorm/(1-fN norm)) (3)
where
N norm=TN/fN max

4)

The correction for partitioning in eq. 1 and 2 assumes that all non-native ribozyme
is unfolded, which is supported by the good agreement between Mg?" dependences
measured by ribozyme activity or hydroxyl radical footprinting (159, 180).

After establishing that 2 mM Mg?* was appropriate for stability determination of
all mutants, we obtained the equilibrium values from the endpoints of ribozyme
unfolding time courses in the absence of CYT-19 (see next section) and performed the
same calculations as above (eq. 1-4).

We found that varying the ATP*Mg>* concentration in the folding reactions had a
small but reproducible effect on the folding equilibrium, with greater ATP concentrations
leading to lower stability of the native ribozyme. This effect is most likely caused by
residual free ATP in the added equimolar mixtures of ATP and Mg?*. We therefore report
the ribozyme stabilities separately for experiments performed in the presence of 100 uM

and 2 mM ATP.

Monitoring native ribozyme unfolding by cleavage activity
Unfolding time courses were measured essentially as described (127). The

ribozymes (2 uM) were prefolded to the native state by incubating them in submerged
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tubes at 50 °C for 45 min—1 h with 10 mM Mg(OAc), and 50 mM Na-MOPS (pH 7.0)
and stored on ice until use. Unfolding was initiated by diluting the ribozyme 10-fold into
the reaction mix, bringing the concentrations to 200 nM ribozyme, 100-500 nM CYT-19,
2 mM Mg(OAc)z, 50 mM Na-MOPS (pH 7.0), 0-2 mM ATP*Mg**, and 10% (v/v) CYT-
19 buffer. CYT-19 was kept on ice at 10x final concentration and added to the reaction
mix immediately prior to ribozyme addition. Unfolding was monitored at 25 °C and the
fraction of native ribozyme over time was determined as above (see Stability
determination), except that the quench also included 1 mg/ml Proteinase K. The zero
time points for the unfolding reactions were obtained by adding prefolded native
ribozyme directly to the quench solution.

The unfolding data were fit by a single-exponential equation, with the exception
of the L5b mutant ribozyme, which unfolded in two phases, presumably due to loss of
CYT-19 activity during the slow unfolding of this mutant. The slow phase had the same
rate constant as spontaneous unfolding of the L5b ribozyme (Figure A2B, A3). Loss of
CYT-19 activity was also observed with other mutants when folding was monitored over
longer times (> 20 min), as indicated by a slow return to the intrinsic equilibrium value.
To account for the variable endpoints in the unfolding reactions, the rate constants
obtained from single exponential fits (or each phase of the double exponential fit in the
case of L5b unfolding) were normalized by the ratio of the maximal possible unfolding
amplitude (Amax = fNprefold — fNmin) and the observed amplitude (Acbs = fNprefold — fN.end),
where fNprefold Tepresents the initial fraction of native ribozyme, formed by folding at 10
mM Mg**, 50 °C; fumin represents the fraction of native ribozyme formed in the folding
quench, which limits the observed amplitude of unfolding (see Stability determination);
and fnend 1S the observed endpoint. This approach is analogous to obtaining initial rates

from linear fits of the earliest data points and normalizing by the observable range
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(fnprefold — T,min); however, exponential fits are more accurate as they are constrained by a
greater number of available time points.

The rate constants for spontaneous unfolding were calculated from the observed
rate constants as follows. The observed rate constant, k.ss, 1S defined as the sum of the
unfolding rate constant, k.., and the rate constant for folding, ksae:

kobs = kuny + kpiag .

The endpoint of the unfolding reaction yields the equilibrium Ke= kpae/kuny,
allowing substitution of kpgse with Key® kunr. Thus, the unfolding rate constant was
calculated as:

kunf = kobs /(1+ Keg).

The unfolding efficiencies were derived from linear fits of the CYT-19
concentration dependences of unfolding rates (Figures A2B, A3). Upper and lower limits

of the slopes were determined where systematic deviations from linearity occurred.

ATPase assays

ATP hydrolysis was monitored under conditions identical to those of the folding
reactions but in the presence of trace [y->*P]-ATP (Perkin Elmer) in addition to unlabeled
ATP. Reactions were initiated by adding prefolded native ribozyme and time points were
collected during the initial linear phase, not exceeding ~20% of the total ATP
concentration, with a quench of 100 mM (final) EDTA. RNA-independent ATPase rates
were measured by substituting TE buffer for the RNA. Reactions were analyzed by thin-
layer chromatography, using a mobile phase of 1 M formic acid and 0.5 M LiCl, and
quantified using a phosphorimager and Kaleidagraph software (181).

To measure ATPase stimulation by ribozymes pre-equilibrated at various

Mg(OAc). concentrations, the RNAs (250 nM) were folded for ~24 h at 25 °C in the
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presence of 0—10 mM Mg(OAc)2, 50 mM Na-MOPS (pH 7.0) and 10% CYT-19 buffer
(v/v). ATPase reactions were initiated by adding CYT-19 and ATP (with trace [y-**P]-
ATP) in the desired Mg*" concentration, bringing final concentrations to 200 nM RNA,
500 nM CYT-19, 100 pM ATP*Mg?*, and 10% CYT-19 buffer (v/v).

The oligonucleotide helices (2 uM) were incubated for 5 min at 25°C with 10 mM
Mg(OAc)2 and 50 mM Na-MOPS (pH 7.0) and kept on ice until use. The helices were
diluted 10-fold into the ATPase reaction mix containing final 1-10 mM Mg(OAc), 100
uM ATPeMg**, 50 mM Na-MOPS (pH 7.0), with 500 nM CYT-19 (final) added

immediately before the RNA.

SAXS experiments

Data were collected at the Advanced Photon Source (APS) beamline 12-ID-C,
using a sample-detector distance of 2 m. To probe the compactness of ribozyme variants
at 2 mM Mg?", the ribozymes (600 nM) were equilibrated at 25 °C in the presence of 2
mM Mg(OAc)2, 50 mM Na-MOPS (pH 7.0) and 10% CYT-19 buffer (v/v). The samples
were concentrated using Amicon Ultra filters (EMD Millipore; 30 kD or 50 kD molecular
weight cut-off), followed by multiple cycles of washing with the folding buffer to ensure
that the free Mg”" concentration remained at 2 mM even with the micromolar ribozyme
concentrations required for SAXS measurements (182, 183). The samples were flash-
frozen in liquid nitrogen and shipped to the APS on dry ice. To measure scattering from
ribozymes at 10 mM Mg?*, the RNAs were folded on site by incubation at 45-50 °C for 1
h (2 uM ribozyme, 50 mM Na-MOPS pH 7.0, 10 mM Mg(OAc)2) and cooled on ice. All
SAXS measurements were performed at 25 °C. Scattering was measured using 1 uM and
2 uM ribozyme, and no systematic increases were observed in the R, values with

increasing ribozyme concentration. 20 exposures of 1 s (12 keV) were collected and
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averaged for each sample. Blanks consisted of either the concentrator flow-through (2
mM Mg?") or were prepared from the ingredients of the ribozyme folding solution, by
substituting TE buffer for the ribozyme (10 mM Mg?**). The data were circularly
averaged at the beamline and further analyzed using IgorPro (WaveMetrics) and Gnom
(184).

The Ry values were determined using Gnom and verified by the Guinier
approximation (167, 184). All Gnom solutions had scores of 0.594 or higher, representing
reasonable fits, as defined by the program. The R, values at 2 mM Mg** are averages of
results from 2—3 independently prepared samples measured during three beam times. The
data at 10 mM Mg?" were obtained during a single beamtime and the reported R, values
are averages of samples measured at 1 and 2 pM ribozyme. For Kratky analysis, the
scattering profiles were normalized by the forward scattering (Io) values obtained through

Guinier analysis.
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Figure 2.1: Tertiary contact and truncation mutants of the Tetrahymena group I intron
ribozyme.

Peripheral elements are colored and bold arrows mark the long-range peripheral tertiary

contacts. Paired regions (P) and loops that were mutated in this study (L) are labeled

based on group I intron nomenclature in Ref. (132). The mutated regions are enclosed in

dashed boxes and labeled in bold, with sequence substitutions indicated nearby.

Sequences that were deleted to construct the helix truncation mutants (see Figure 2.6) are

enclosed in gray dashed boxes and the replacement nucleotides are shown in gray italic

font.
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Figure 2.2: CYT-19-mediated ribozyme unfolding.

(A) Mg**-dependent folding of wild-type (WT; black) and mutant ribozymes. The
mutants are designated by the tertiary contact component that is mutated: L9 (purple),
L9.1 (orange circles), L2.1 (orange diamonds), L5b (green), L2 (blue), and ARB (red).
For clarity, only representative isotherms are shown, with cumulative data shown in
Figure Al. The dashed line at 2 mM Mg®" marks the condition used for unfolding
experiments with CYT-19. The maximal measured fractions of native ribozyme were <l
and varied between ribozyme preparations (Figure Al), presumably because of a small

and variable amount of damaged RNA (140). (B) Unfolding of the native ribozyme by
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CYT-19 (2 mM ATPeMg?"). Representative time courses in the presence of CYT-19
buffer only (O) or 100 nM (A), 200 nM (<), 300 nM (B), 400 nM ([_]), or 500 nM
(V) CYT-19 are shown. (C) Correlation of CYT-19-mediated unfolding rate constants
with ribozyme stability in the presence of 100 uM and 2 mM ATPeMg>". Horizontal
error bars indicate standard errors from two or more determinations of ribozyme stability,
and vertical error bars represent standard errors from linear fits through cumulative data
of CYT-19-dependent unfolding rates (Figure A2B, A3; see Materials and Methods). In
cases where the concentration dependences displayed upward curvature, the error bars
correspond to the upper and lower limits of the unfolding efficiencies. For the L5b
mutant, the reported efficiencies are derived from the fast phase of unfolding. The
mutants are slightly less stable in 2 mM ATPeMg?" than in 100 uM ATPeMg?", most
likely reflecting sequestration of Mg" ions by residual free ATP. The L5b mutant is the
most sensitive to this change due to its steep Mg?* concentration dependence. The arrow
indicates that the AG value for the L9 mutant is an upper limit because the amplitude of

unfolding was too small under these conditions to measure the transition accurately.
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Figure 2.3: Relationship between ATP hydrolysis rates and ribozyme stability.

The ATPase rates wee measured at 100 uM ATP, 500 nM CYT-19, 200 nM ribozyme,
and 2 mM Mg?*. The color scheme for ribozyme mutants is the same as in Figure 2.1.
Dashed lines indicate the ATPase stimulation by the wild-type ribozyme (black; (1.37 +
0.06) uM min) and the quintuple mutant (gray; (5.6 £ 0.4) pM min!), as well as the
RNA-independent ATPase rate (cyan, (0.05 £ 0.02) uM min!). Vertical error bars

indicate standard error from at least four determinations.
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Figure 2.4: Correspondence between the ATPase stimulation (triangles) and the
fraction of native ribozyme at equilibrium (circles) for the L2, L5b and ARB
mutants.

Circles indicate the ATPase rates and triangles indicate the fractions of native ribozyme

at equilibrium. The ATPase rates were normalized by the rates measured at the same

Mg?* concentration with the quintuple mutant to account for tertiary folding-independent

effects of Mg** on the ATPase activity (Figure A74). The Mg** concentration

dependences of ATPase activity are reasonably well fit by the Hill equation (dashed
curves), with the Hill coefficient fixed to match that of the folding isotherm for each
mutant (solid curves) and the starting value fixed to 1, with minor deviation present for

the L5b mutant.
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Figure 2.5: ATPase stimulation tracks with ribozyme compactness.

(4) Relationship between the Rg value of the equilibrium ribozyme population and the
ATPase stimulation by ribozymes equilibrated at 2 mM Mg?**. The R, values were
determined by P(R) analysis using Gnom (184). The error bars indicate standard errors
from 2-3 independent measurements. (B) Kratky plots of ribozymes equilibrated at 2 mM
Mg?*. Scattering profiles are shown for the wild-type ribozyme (black), the quintuple
mutant (gray), and the single tertiary contact mutants (color scheme as in Figure 2.1, with
the profiles of the P13 mutants L9.1 and L2.1 shown as a solid and a dotted line,
respectively). Representative Kratky plots acquired during the same beam time are
shown. (C) Clustering of the R, values and the ATPase rates at 10 mM Mg?". The R,
values represent averages from measurements performed during a single beam time using

1 uM and 2 pM ribozyme. (D) Kratky plots of ribozymes equilibrated at 10 mM Mg?".
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Figure 2.6: ATPase stimulation by exposed ribozyme helices.

(4) Ribozyme model with helices P6b, P8 and P9.2 highlighted. In the truncation
mutants, the helices were replaced with shorter stems and UUCG tetraloops (see Figure
2.1). (B) ATPase stimulation by helix truncation mutants under conditions identical to
those used for tertiary contact mutant ribozymes (100 uM ATP, 500 nM CYT-19, 200
nM native ribozyme, 2 mM Mg*>"). The ATPase rates were normalized by the rates
measured with the wild-type ribozyme in the same experiment. The error bars indicate
standard errors from 5-6 measurements. AA and AAA denote double (AP9.2+AP6b) and
triple truncations, respectively. Two independent preparations of each ribozyme were
measured to ensure that the small differences were not artifacts due to differences
between preparations. (C) ATPase stimulation by the double and triple truncation mutants
at 10 mM Mg?". Error bars indicate standard errors from 4 measurements using two
ribozyme preparations. (D) ATPase stimulation by isolated RNA helices, corresponding
to ribozyme helices P2 and P9.2. Shown are ATPase rates relative to the ATPase
stimulation by the same molar concentration (200 nM) of wild-type ribozyme measured

in the same experiment (100 pM ATP, 500 nM CYT-19, 2 mM Mg*").
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Figure 2.7: Model for CYT-19-mediated unfolding of structured RNA.

The unfolding process is illustrated for the Tetrahymena ribozyme, shown schematically
with black cylinders representing base-paired regions. The long-range peripheral tertiary
contacts are shown as orange lines. Gray hairpins indicate the helices that are exposed
and accessible for CYT-19 in the native structure but are not productive sites for
unfolding. From left to right, unfolding is initiated as a spontaneous local disruption,
which exposes helical segments that can be bound by CYT-19 (highlighted in yellow).
ATP-dependent unwinding can induce further unfolding, exposing additional helices that
can also be unwound by one or more CYT-19 monomers. The unfolding process is
ultimately followed by refolding, giving formation of a new structure or a return to the

initial structure.
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Chapter 3: ATP utilization during DEAD-box protein-mediated
refolding of the misfolded group I intron ribozyme

INTRODUCTION

One of the most common functions of DEAD-box and related RNA helicases is to
promote rearrangements of RNA folding intermediates, and understanding how DEAD-
box proteins utilize ATP to resolve misfolded RNA structures is essential for further
characterization of their mechanisms as RNA chaperones. CYT-19, which functions in
group I intron folding in N. crassa mitochondria, was the first DEAD-box protein shown
to accelerate refolding of a misfolded RNA and was shown to act as a true chaperone, as
it is not required for the activity of the refolded RNA (22, 85, 126). CYT-19 functions
non-specifically and can efficiently refold the well-characterized misfolded conformer of
the non-cognate Tetrahymena group I intron ribozyme (22, 85, 127). Spontaneous
refolding of this misfolded RNA, which is structurally almost identical to the native
conformer and appears to only differ in core topology, is known to require transient
global disruption of tertiary structure and a long-range core helix (145, 146). This
requirement for extensive unfolding, together with the demonstrated importance of ATP-
dependent unwinding for DEAD-box protein-mediated group I and group II intron
rearrangements (129), suggest that CYT-19 promotes refolding by disrupting the
misfolded structure.

The mechanism of CYT-19-mediated disruption of the misfolded ribozyme has
not been completely understood. For instance, it is unknown how many ATP-dependent
steps are required for CYT-19-mediated unfolding and whether unfolding occurs in a
well-defined or randomly determined number of steps. In the model for ribozyme

unfolding that is supported by work in Chapter 2 and Pan et al. (submitted), CYT-19
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disrupts the ribozyme structure non-specifically, by binding and unwinding exposed
secondary structure and without directly disrupting tertiary interactions. This and
previous work for CYT-19 and related DEAD-box proteins (128, 129) suggest that
remodeling of the RNA structure is accomplished at least in part by the same
fundamental mechanisms as unwinding of isolated helices. Studies with oligonucleotide
helices showed that DEAD-box proteins disrupt secondary structure in an energy-
efficient manner, with only a single cycle of ATP binding and hydrolysis required for
complete unwinding of a short helix, of lengths typical of the helices in the ribozyme (13,
17, 95) (see Chapter 1). Despite mechanistic similarities, the ATP requirement is likely to
be considerably greater for rearrangements of large, structured RNAs, such as the
misfolded Tetrahymena ribozyme, than for isolated helices. In addition to multiple
helices being disrupted during unfolding of the ribozyme, some local rearrangements may
not be useful for unfolding, and even at productive sites multiple disruption attempts may
be required.

Here we quantified the ATP utilization by CYT-19 for refolding of the misfolded
group [ intron ribozyme and investigated the processes that contribute to ATP
consumption. We show that hundreds of ATP molecules are hydrolyzed during refolding
of each misfolded ribozyme molecule. Most of these hydrolysis events arise from CYT-
19 interactions with non-productive sites, including surface helices that are constitutively
exposed in both the misfolded and the native ribozyme. After accounting for these non-
productive interactions, we show that ATP utilization is relatively constrained at approx.
150200 ATP molecules per ribozyme across a range of CYT-19 and ATP
concentrations, but increases with increasing stability of the misfolded ribozyme.
Importantly, previous studies of ribozyme folding indicate that only a fraction of

unfolding events result in native folding, suggesting that the large ATP utilization value
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for refolding reflects repeated global disruptions, each of which consumes only a handful
of ATP molecules. Overall, this work indicates that DEAD-box protein-mediated
refolding of the misfolded group I intron is an energy-intensive process, with non-
productive interactions and spontaneous reformation of RNA structure being a major

factor in increasing ATP consumption.
RESULTS

CYT-19 hydrolyzes hundreds of ATP molecules during refolding of the misfolded
ribozyme

To measure ATP utilization for refolding of the misfolded Tetrahymena
ribozyme, we determined the ATPase and refolding activities of CYT-19 under identical
conditions. We first established conditions of strong CYT-19 and ATP-dependent
acceleration of refolding beyond the spontaneous rate, using a misfolded ribozyme
concentration that was comparable to the concentration of CYT-19. The misfolded
ribozyme was formed by a 5 min incubation at 25 °C in the presence of 10 mM Mg** and
refolding was initiated by diluting the Mg** to 2 mM Mg?>". After establishing the
dependences of the refolding rate on ATP and CYT-19 concentrations (Figure 3.14, B),
we performed the initial ATP utilization measurements with 500 nM CYT-19 and 500
uM ATP, which provided substantial, ~5-fold acceleration, allowing us to attribute most
of the observed refolding to ATP-dependent CYT-19 activity. To quantify the ATP
utilization per refolding event, we divided the initial rate of ATP hydrolysis in the
presence of misfolded ribozyme by the initial rate of ribozyme refolding. At 500 nM
CYT-19 and 500 uM ATP, this approach yielded ~350 ATP molecules hydrolyzed per
refolded ribozyme (Figure 3.1C, D). Even with extensive rearrangements required for

refolding of the misfolded ribozyme, this was a strikingly large number, considering that
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unwinding of a helix is known to require only a single ATP (13, 17). In the following
sections, we dissect the measured ATP utilization into productive and non-productive

events and narrow down the number of required ATP-dependent steps.

CYT-19 interactions with native helices are a source of futile ATP hydrolysis

Not all ATP-dependent rearrangements by CYT-19 are likely to be useful for
unfolding of the misfolded ribozyme. Previous work demonstrated a general preference
of CYT-19 for exposed helices, including constitutively exposed surface helices in the
native ribozyme (Ref. (147), Chapter 2 and Pan et al., submitted). However, as shown in
Chapter 2, ATP-dependent interactions with the constitutively exposed helices P9.2, P8
and P6b, and likely other constitutively exposed sites, do not efficiently promote
unfolding of the native ribozyme, with transiently exposed internal helices providing
much more productive interaction sites for unfolding. The misfolded and native
ribozymes are structurally similar, and the protruding surface helices of the native
ribozyme are also present in the misfolded ribozyme, likely engaging CYT-19 at the
same rates as in the native ribozyme and contributing to non-productive ATP hydrolysis.
Comparison of the initial ATPase rates measured with the native vs. misfolded ribozyme
revealed only approx. 50 % greater ATPase stimulation by the misfolded ribozyme
(Figure 3.24). Thus, as much as two thirds of ATP hydrolysis events with the misfolded
ribozyme could be a result from the same nonproductive interactions as those CYT-19
forms with the native ribozyme.

To address if CYT-19 interacted with native surface helices in the misfolded
ribozyme and whether these interactions were non-productive for refolding, we compared
the refolding activities of CYT-19 using the misfolded wild-type ribozyme and a mutant

with truncated P9.2 and P6b helices (see Chapter 2). In the absence of CYT-19, the
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misfolded conformer of the truncation mutant refolded to the native state with the same
rate constant as the misfolded wild-type ribozyme, consistent with the same misfolded
conformation being formed and with the earlier result that helix truncations have no
effect on ribozyme stability (Figure 3.2B, see Chapter 2). Interestingly, with increasing
CYT-19 concentrations, the refolding rates diverged between the mutant and wild-type
ribozymes (Figure 3.2B). The wild-type ribozyme displayed a clear non-linear CYT-19
concentration dependence under our conditions, with the refolding rates increasing only
weakly up to ~400 nM CYT-19 before displaying a steeper dependence at > 400 nM
CYT-191. In contrast, the truncation mutant showed essentially linear CYT-19
concentration dependence across the same range and was refolded up to ~2-fold faster
than the wild-type ribozyme at low, < 400 nM, CYT-19 concentrations. This result
suggested that CYT-19 was engaging in non-productive interactions with the
constitutively exposed P6b and P9.2 helices, which may suppress refolding by reducing
the amount of free protein available to interact with productive sites in the misfolded
ribozyme. Lowering the ribozyme concentration from 200 nM to 50 nM also eliminated
upward curvature in CYT-19 concentration dependence at <~400 nM CYT-19, as would
be expected if most CYT-19 was free to interact with productive sites, rather than being
sequestered at native surface helices. Overall, these data indicate that CYT-19 forms non-
productive interactions with native, constitutively exposed helices in the misfolded
ribozyme. Further, the result that these interactions efficiently inhibit refolding at low

ratios of CYT-19 to the ribozyme, suggests that CYT-19 binds the surface helices

I Linear CYT-19-concentration dependence was previously observed at 5 mM Mg?", 2
mM ATP (Ref. 22). The shape of the CYT-19 concentration dependence appears to
depend on reaction conditions, as the curvature was also less pronounced in our
experiments at 2 mM ATP, 2 mM Mg?*(data not shown). The origins of these differences
remain to be addressed.
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preferentially to productive sites that are unique to the misfolded ribozyme, likely

because productive sites only become exposed transiently.

Quantifying ATP utilization for CYT-19 interactions with unique features of the
misfolded ribozyme

CYT-19 shows greater ATPase activity with the misfolded than native ribozyme
(Figure 3.24), and the extent of this enhancement can provide a measure of ATPase
events that are unique to the misfolded ribozyme. During a refolding reaction, the
differences in ATPase stimulation by the native and misfolded ribozymes are expected to
give rise to a burst in ATPase activity, corresponding to the disappearance of the
misfolded ribozyme and accumulation of the native ribozyme. To test if a burst was
present in the ATPase kinetics, we monitored the ATPase activity for times long enough
for all the misfolded ribozyme to refold to the native state. Indeed, we observed a gradual
decrease in the ATPase rate during refolding, approaching the rate that was measured in
parallel with the pre-folded native ribozyme (Figure 3.34, B). Less pronounced curvature
over long times was also observed with the native ribozyme, which is not unfolded
detectably by CYT-19; however, this curvature can be explained by ATP depletion and
accumulation of ADP, which can inhibit DEAD-box proteins (77). An appreciable burst
was absent at low CYT-19 concentrations (Fig. 3.3C), consistent with the above result
that the same non-productive sites dominate CYT-19 interactions with the native and
misfolded ribozymes in the absence of sufficient excess of CYT-19.

To test if the burst in ATPase activity indeed represented refolding, we
determined how rapidly the ATPase rate declined towards the levels observed with the
native ribozyme. Subtracting the ATPase progress curves that were obtained with the
native ribozyme from those collected during refolding yielded single exponential curves

with rate constants within ~30 % of the refolding rate constants measured by ribozyme
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activity (Figure 3.3D, E, Table 3.1). The good agreement between the ATPase and
refolding kinetics suggested that the ATPase activity indeed tracked with ribozyme
refolding.

The amplitudes of the subtracted ATPase curves represent ATP utilization for
interactions that CYT-19 forms only with the misfolded ribozyme. At 500 nM CYT19
and 500 uM ATP, this approach yields 15711 ATP molecules hydrolyzed per refolded
ribozyme. Figure 3.3F shows the ATP utilization values derived from the burst
amplitudes at a series of CYT-19 and ATP concentrations that give at least 4—5-fold
acceleration of refolding. The ATP utilization values appear to plateau at ~150-200 ATP
molecules per refolded ribozyme, suggesting that a large, but relatively well constrained

amount of ATP is used during refolding.

ATP utilization increases with increasing stability of the misfolded ribozyme

We next addressed how the global stability of the misfolded ribozyme affected
ATP utilization for refolding. At the level of secondary structure disruption by DEAD-
box proteins, increased stability of RNA helices is known to increase ATP utilization,
presumably because upon local disruption the base-pairs next to the protein binding site
are less likely to separate spontaneously, lowering the probability of complete unwinding
(181). Similarly, it is likely that more stable ribozyme structures require more ATP-
dependent rearrangements for refolding, because spontaneous disruptions contribute less
to the unfolding process — either locally at the level of base-pairs flanking the CYT-19-
mediated local disruption sites or in the form of more extensive, cooperative
rearrangements.

We used two approaches to address the roles of global stability: varying the Mg?*-

concentration, which is critical for stabilization of both secondary and tertiary RNA

64



structure, and using destabilizing tertiary contact mutations of the ribozyme. In both
cases, we used conditions under which most refolding is CYT-19-dependent (at least 4.9—
fold acceleration by CYT-19 relative to spontaneous refolding, Table 3.2) and quantified
the ATP utilization using an equivalent approach to the one described in the previous
section. Here, we calculated the enhancement in ATPase stimulation by the misfolded vs.
native ribozyme by subtracting the ATPase rate measured with the native ribozyme from
that measured with the misfolded ribozyme at each condition and divided this subtracted
rate by the initial rate of refolding.

In order to reduce background ATPase activity with native sites, we varied the
Mg?* concentration using the double truncation mutant (AP9.2+AP6b). The rate of CYT-
19-mediated refolding decreased by 5.6-fold from 2 mM to 5 mM Mg?"; however, the
enhancement in ATPase stimulation by the misfolded vs. native ribozyme decreased less
strongly, by 2.4-fold. The decrease in ATPase stimulation by the misfolded ribozyme
with increasing Mg®" concentration was expected based on the result in Chapter 2 that
more stable structures provide fewer interaction opportunities for the DEAD-box protein
and was presumably caused by decreased dynamics of the misfolded ribozyme, consistent
with the lower rate constants of spontaneous refolding at higher Mg?* concentrations
(Table 3.2). Together, the greater magnitude of the change in refolding rates than the
change in ATPase rates leads to a modest, ~2—3-fold increase in ATP utilization from 2
mM to 5 mM Mg?* (Figure 3.44, B). Changes in ATP utilization with ribozyme stability
were also observed when comparing tertiary contact mutants to the wild-type ribozyme.
While the accessible range of stabilities was limited by the fact that for highly
destabilized ribozymes CYT-19 also efficiently unfolds the native conformer (Ref.(127),
Chapter 2 and data not shown), it is clear that even for the two most stable tertiary contact

mutants the amount of ATP utilized for refolding is considerably lower than for the
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misfolded wild-type ribozyme. Together, these results indicate that CYT-19-mediated
refolding of more stable misfolded structures requires more ATP-dependent

rearrangements, consistent with an increase in futile activity.

DISCUSSION

Here, we measured ATP utilization for refolding of the misfolded group I intron
ribozyme by the DEAD-box protein CYT-19. Our initial measurements revealed a
strikingly large value of hundreds of ATP molecules consumed per ribozyme refolding
event; however, further dissection suggests that a much smaller number is used for
productive rearrangements that contribute to unfolding and subsequent refolding of the
misfolded ribozyme. We show that one source of this futile activity is CYT-19
interactions with helices that are exposed on the surface of both the native and misfolded
ribozymes. These interactions do not contribute substantially to refolding, yet account for
most of ATP hydrolysis with the misfolded ribozyme. After subtracting the contributions
from these non-productive interactions, ATP utilization appears to be relatively well
constrained at ~150-200 ATP molecules per refolded ribozyme. The large number
suggests that even interactions with helices that are uniquely exposed in the misfolded
ribozyme are still dominated by futile disruption attempts at either local or global level,
and may include disruptions of sites that are not productive for promoting global
unfolding. Regarding the futility of refolding, important insights came from previous
studies of ribozyme folding, which demonstrated that initial folding of the ribozyme
kinetically favors the formation of misfolded ribozyme over native ribozyme, by approx.
an order of magnitude at 25 °C (140). The implication for CYT-19-mediated refolding is
that even after successful global unfolding of the ribozyme tertiary structure, the majority

of the ribozyme may immediately reform the misfolded structure rather than folding to
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the native state. Assuming a partitioning factor of 10 % for refolding to the native state
upon CYT-19-mediated global disruption, the ATP requirement per global unfolding
event would be only 1/10™ of the total ATP utilization for refolding, or ~15-20 ATP
molecules per ribozyme. This considerably smaller number may in turn reflect single
disruptions of a series of ribozyme helices, or repeated disruption events at a single or a
handful of helices, with the number of active disruptions per unfolding event increasing
with ribozyme stability. Further research will be required to determine which parts of
ribozyme structure are actively disrupted by CYT-19 during unfolding and whether
unwinding of a defined set of helices or even just a single helix underlie CYT-19-
mediated refolding. However, given the non-specific activity of CYT-19 and the
requirement for extensive unfolding, we favor a scenario in which CYT-19 disrupts
multiple helices in the course of unfolding, likely following a stochastic mechanism in
which the protein simply interacts with helices exposed during spontaneous disruptions
of tertiary structure or during prior steps of CYT-19-assisted unfolding (see Chapter 2).
To our knowledge, ATP utilization has not been previously measured for a
chaperone-mediated rearrangement of a structured RNA; however ATP consumption has
been quantified for a series of protein chaperones, providing a broader perspective on the
efficiency of ATP utilization by ATP-dependent remodelers. The DnaK-DnaJ-GrpE
chaperone system (Hsp70), which mechanistically probably the most closely resembles
DEAD-box proteins, consumes thousands of ATP molecules for protein refolding under
most tested conditions, but has also been suggested to refold misfolded luciferase with
hydrolysis of just 5 ATP molecules under some conditions (185). The chaperonin GroEL-
GroES hydrolyzes 14 ATP molecules per cycle of protein encapsulation and
conformational rearrangements, and multiple cycles are generally required to allow

protein refolding to the native state (120). Finally, ClpX, the unfoldase component of the
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bacterial ClpXP protease, requires several hundred ATP molecules to unfold the 127
domain of the titin protein with an attached degradation tag, but ATP utilization is
drastically reduced for protein substrates with unstable structures in the vicinity of the tag
(186-188). Most ATP appears to be consumed by ClpX during futile attempts to capture
the degradation tag sequence, which is required for initiation of unfolding (189). These
examples illustrate the diversity in energy efficiencies of ATP-dependent remodelers,
suggesting that a high energetic cost, exacerbated by futile cycles of global or local
unfolding, is general to chaperone-mediated structural rearrangements. However,
although protein chaperones provide a useful conceptual reference, it will be important to
further explore the ATP-dependent mechanisms of RNA remodelers. Questions of
particular interest include whether adaptations exist that increase the efficiency of ATP-
dependent rearrangements for cognate substrates and how ATP consumption varies
between DEAD-box proteins that function as specific vs. general chaperones. The effects
of RNA size, types of RNA misfolding, as well as roles of local vs. global stability are
also potentially important in determining the ATP requirement. We hope that this study
will provide a useful initial framework to further characterize the ATP utilization by

DEAD-box proteins and other ATP-dependent RNA chaperones.

MATERIALS AND METHODS

The ribozyme, CYT-19 and radiolabeled ribozyme substrate were prepared as
described in Chapter 2. Refolding of the misfolded ribozyme was monitored essentially
as described (127, 147). The misfolded ribozyme was prepared by incubating 2 uM
ribozyme with 10 mM Mg(OAc)> and 50 mM Na-MOPS (pH 7.0) for 5 min at 25 °C, and
the ribozyme was stored on ice until the measurement. Refolding reactions were initiated

by addition of the ribozyme and CYT-19 (or equivalent volume of CYT-19 buffer) to a
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reaction mix containing the desired concentrations of Mg(OAc)> and ATP*Mg?", as well
as 50 mM (final) Na-MOPS (pH 7.0). Refolding was monitored at 25 °C and the fraction
of native ribozyme at different folding times was determined by moving aliquots to a
folding quench and measuring the burst of substrate cleavage activity, as described in
Chapter 2 and references therein. The burst amplitudes were determined from 1 min time
points for 200 nM ribozyme reactions (57 nM in the cleavage reaction), and a 2 min time
point was representative of the slower burst in reactions using 50 nM ribozyme (14 nM in
the cleavage reaction). The ‘0 time points’ were obtained by removing a reaction aliquot
~15 s after transferring the misfolded ribozyme to the reaction mix and immediately prior
to adding CYT-19, as in Ref. (127). In later replicates, as well as all experiments with
truncation mutant and tertiary contact mutant ribozymes, the 0 time points were collected
by directly quenching the misfolded ribozyme, and reactions were initiated by adding the
misfolded ribozyme to the reaction mix immediately after CYT-19 (as in experiments
with the native ribozyme in Chapter 2). No significant deviations between the two
approaches were observed. The refolding curves were normalized by the total ribozyme
concetration (200 nM).

ATPase assays were performed under conditions identical to those of the
refolding reactions, except for the addition of trace **P-yATP. ATPase activity during
refolding reactions was monitored for times long enough to give complete refolding of
the misfolded ribozyme, as determined by ribozyme activity-based assays. ATPase
stimulation by the native ribozyme was always measured in parallel to the refolding
reaction. The hydrolysis products were separated by thin-layer chromatography and
quantified using a phosphorimager and ImageQuant. The small amounts of contaminating
32P; present in the *P-yATP stocks (0.4-2.3 %) were subtracted prior to multiplying the

fraction of ¥P-yATP by the total ATP concentration.
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Figure 3.1: CYT-19-mediated refolding of the misfolded Tetrahymena ribozyme.

(4, B) ATP and CYT-19 concentration dependences of the refolding rate constant of the
misfolded ribozyme. All measurements were performed with 200 nM misfolded
ribozyme, 2 mM Mg(OAc)2, 50 mM Na-MOPS (pH 7.0) and 10 % (v/v) CYT-19 buffer
at 25 °C. The concentration of ATP was varied using 500 nM CYT-19 and the CYT-19
concentration was varied in the presence of 500 uM ATP. Averages and standard errors
from two or more determinations are plotted, except for single determinations at 440 nM
and 625 nM CYT-19 in B. (C, D), Initial rates of the refolding and ATPase activities of
CYT-19 in the presence of the misfolded ribozyme. Representative data obtained with

500 nM CYT-19 and 500 uM ATP are shown, and the numbers indicate averages and
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standard errors from 8 (ATPase) and 10 (refolding) determinations. In both cases the
initial rates were estimated by fitting the data from the first 5 minutes to a linear equation
(see below for alternative quantification methods). The refolding curves (C) were
normalized to the total ribozyme concentration (200 nM). The value at the bottom
indicates the ATP utilization value per refolded ribozyme derived by dividing the average

initial ATPase rate by the initial rate of refolding.
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Figure 3.2: Non-productive CYT-19 interactions with exposed native helices in the
misfolded ribozyme.

(A) Initial ATPase rates measured in the presence of the misfolded and native ribozymes
at 500 nM CYT-19, 200 nM ribozyme, 500 uM ATP*Mg**, 2 mM Mg(OAc),. Averages
and standard errors from 8 determinations are shown. (B) CYT-19 concentration
dependence for refolding of the misfolded wild-type (black) and AP9.2+AP6b truncation
mutant (blue) ribozymes. The P9.2 and P6b helices are highlighted in a tertiary structure
model of the Tetrahymena ribozyme; see Figure 2.1 for sequence changes in the
AP9.2+AP6b truncation mutant. The circles and triangles indicate refolding rate constants
from two determinations. For the wild-type ribozyme, only the data collected in the same
experiments as the data for the truncation mutant are shown; however, these rate
constants are consistent with the overall averages shown in Figure 3.14. The reactions
were performed with 200 nM ribozyme, 500 uM ATP*Mg** and 2 mM Mg(OAc).. (C)
CYT-19 concentration dependence for refolding of 200 nM (black) and 50 nM (orange)
misfolded wild-type ribozyme. The 200 nM ribozyme data are reproduced from B for

comparison, with the data for 50 nM ribozyme collected during the same experiments.
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Figure 3.3: ATP utilization derived from changes in ATPase activity during the
refolding reaction.

(4—C) ATPase activity monitored over the full time course of refolding of the misfolded
ribozyme (red). The black curves show ATPase activity measured in parallel for the pre-
formed native ribozyme. Representative time courses for 750 nM, 500 nM and 250 nM
CYT-19 (500 uM ATP*Mg?*, 200 nM ribozyme, 2 mM Mg**) are shown. (D, E) The
blue curves represent the differences between ATP hydrolyzed at different times of the
refolding reaction and in the presence of native ribozyme (blue arrows in A, B). The
subtracted curves were fit by a single-exponential equation. The dashed black lines
represent the average refolding kinetics measured under the same conditions by ribozyme
activity (see Figure 3.1B and Table 3.1). No appreciable burst was observed in the
presence of 250 nM CYT-19 (C) (see text). (F) Dependence of ATP utilization on CYT-
19 and ATP concentrations. The ATP utilization values per ribozyme were determined

from the amplitudes of the subtracted ATPase curves (D, E), divided by the ribozyme
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concentration (200 nM). Averages and standard errors from at least two determinations
are shown. CYT-19 concentration was varied in the presence of 500 uM ATP and ATP
concentration was varied in the presence of 500 nM CYT-19. Only conditions at which

CYT-19 provided at least ~4.5-fold acceleration of refolding are included.
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Figure 3.4: Effects of ribozyme stability on ATP utilization for refolding.

(A) Mg**-concentration dependence of ATP utilization for refolding of the misfolded
AP9.2+AP6b ribozyme. Blue circles indicate the differences between the initial ATPase
rates measured with the misfolded and native ribozymes, and the gray triangles indicate
the initial rates of refolding. Averages and standard errors from two determinations are
shown, except for single determinations at 4 mM Mg?". The measurements were
performed with 200 nM misfolded ribozyme, 1 uM CYT-19 and 2 mM ATP*Mg** at 25
°C. (B) ATP utilization values derived from initial rates in 4. (C) ATP utilization for
refolding of misfolded wild-type and tertiary contact mutant ribozymes. The tertiary
contact mutants are the same as those used in Chapter 2 (see Figure 2.1). ATP utilization
was determined analogously to the truncation mutant in A4, B, from the differences in
ATPase stimulation by the misfolded and native ribozyme, divided by the initial rate of
refolding. The ATP utilization values are plotted against the rate constants of
spontaneous refolding, which provide a measure of stability, as they reflect the energetic
difference between the misfolded structures and the less structured transition state
ensembles for refolding to the native structure. The measurements were performed with
200 nM ribozyme, 500 nM CYT-19, 2 mM ATP*Mg*" at 5 mM Mg**. Note that the
larger ATP utilization value for the wild-type ribozyme than in Figure 3.3 is expected due

to the higher Mg?* concentration used in this experiment. Results from two
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determinations for the L9 mutant and single determinations for the wild-type and L9.1

ribozymes are shown.
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Ribozyme Rate of decrease in | % Difference
refolding rate ATPase activity krefording— kamen
krefolding_, min’! kAM—N, min’!

[CYT-19], nM (500 uM ATP)
500 0.134 +0.008 0.104 + 0.007 22 %
625 0.16 0.12 +£0.02 25%
750 0.17 £0.03 0.16 £0.03 6%
1000 0.147 £ 0.007 0.148 £ 0.003 -0.7%
[ATP], uM (500 nM CYT-19)
1000 0.166 +£0.015 0.16 £0.02 6 %
2000 0.184+0.019 0.16 +0.03* 11 %

* In three out of six measurements at this condition, noise in the ATPase data precluded determination of a
rate constant. Average and standard deviation of the rate constants from the three remaining measurements
are shown.

Table 3.1: Consistency between refolding rate constants determined by ribozyme
activity and ATPase assays.

The rate constants were determined from single-exponential fits to changes in the fraction

of native ribozyme determined by ribozyme activity assay or changes in ATPase activity

at different times of the refolding reaction (see Figure 3.3D, E). The values are averages

and standard errors from at least two determinations.
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[Mg>1], Spontaneous refolding, Refolding with 1 uM CYT-19 (2 Acceleration
mM kspon, min! mM ATP) k+cyr19/ kspont
k+cyr19, min’!

2 0.0424 +0.0016 0.207+ 0.013 4.9
3 0.0256 + 0.0004 0.163 £ 0.006 6.3
4 0.0147 0.072 4.9
5 0.0062 + 0.0005 0.037 +£0.001 6.0

Table 3.2: CYT-19-dependent acceleration of refolding of the misfolded truncation
mutant ribozyme at 2-5 mM Mg?".

Refolding of the misfolded truncation mutant ribozyme was monitored using 200 nM
ribozyme, 1 uM CYT-19, 2 mM ATP*Mg?" at 25 °C. Averages and standard errors from

2 determinations are shown, except single determinations at 4 mM Mg*".

Ribozyme | Spontaneous refolding, | Refolding with 0.5 uM CYT-19 (2 Acceleration
kspons, min™! mM ATP) kvcvr1ol kspont
k+cyr-19, min™!

WT 0.0072 0.0403 5.6
L9 0.0172+0.0011 0.085+ 0.013 4.9
L9.1 0.027 0.223 8.3

Table 3.3: CYT-19-dependent acceleration of refolding of misfolded wild-type and
tertiary contact mutant ribozymes at 5 mM Mg**.

Measurements were performed with 200 nM ribozyme, 500 nM CYT-19, 2 mM

ATPeMg>" and 5 mM Mg(OAc), at 25 °C. The values are from single determinations for

wild-type and L9.1 mutant ribozymes and two determinations for the L9 mutant

ribozyme.
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Chapter 4: Solution structures of DEAD-box RNA chaperones reveal
conformational changes and nucleic acid tethering by a basic tail

INTRODUCTION

DEAD-box proteins comprise the largest family of helicases and play critical
roles in all aspects of RNA metabolism, including RNA splicing, translation, ribosome
assembly, RNA degradation, and RNA transport (2, 190). While their functions vary
broadly, all DEAD-box proteins have a conserved helicase core consisting of two RecA-
like domains (denoted domains 1 and 2) separated by a flexible linker and operate by a
mechanism involving conformational changes within this core (2, 36). These
conformational changes couple cycles of ATP-binding and hydrolysis to RNA binding
and release by the core, enabling DEAD-box proteins to promote local RNA unwinding
and remodeling of structured RNAs and RNA-protein complexes (1).

Structural and biochemical studies have given important insights into how
DEAD-box proteins unwind RNA (2, 36). The two helicase core domains are separated
from each other in an open state in the absence of substrates, but they interact to form a

compact, closed state upon binding of ATP and RNA. In this closed state, the interface
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between the two core domains forms a catalytic site for ATP hydrolysis and an RNA-
binding cleft, which can accommodate a short region of a duplex strand (54). The tight
binding of the RNA strand within this cleft results in a bend that is incompatible with
partner-strand base pairing, leading to local RNA unwinding (13, 17, 19). ATP hydrolysis
and dissociation of the P; product are then necessary to release the bound single-stranded
RNA (17, 83, 95).

While the helicase core is central to the biochemical activities of DEAD-box
proteins, most also have substantial extensions or additional domains at their N- and/or
C-termini (36). These extensions vary widely in size, composition, and function, but
many are thought to interact with RNA or protein components of RNP-complexes to
direct the DEAD-box proteins to desired sites of action. A common type of extension is a
basic C-terminal sequence (C-tail), which is typically predicted to lack a defined
structure, and in some cases, truncation of the C-tail has been shown to affect activities of
DEAD-box proteins (14, 16, 33, 97). Unstructured extensions, such as C-tails, are absent
from the crystal structures of DEAD-box proteins reported to date, likely reflecting their
flexibility or disorder, and thus there is little direct information about how they function
together with the helicase core.

As general RNA chaperones, the DEAD-box proteins Mss116p of Saccharomyces
cerevisiae and CYT-19 of Neurospora crassa are important model systems for studying
the mechanisms of DEAD-box proteins (Figure 4.14). These proteins interact non-
specifically with RNA substrates and disrupt stable inactive structures that limit
productive RNA folding (85, 127, 129). Mss116p is required for the efficient splicing of
13 different mitochondrial (mt) group I and group II introns and is also involved in
translational activation and RNA end processing (121). It consists of a helicase core that

is flanked on one side by an N-terminal extension (NTE) and on the other by a
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functionally important a-helical C-terminal extension (CTE) and a basic tail (C-tail;
Figure 4.14). The related N. crassa DEAD-box protein CYT-19 plays similar roles in mt
RNA metabolism and is to a large degree functionally interchangeable with Mss116p in
vitro and in vivo (85, 121, 126, 129).

High-resolution X-ray crystal structures have been obtained for Mssl16p in
complex with a single-stranded Ujo-RNA oligonucleotide and three different ATP
analogs (AMP-PNP, ADP-BeF3", and ADP-AIFy4) (55). These structures show the entire
closed-state helicase core (residues 88-505) and CTE (residues 506-596), and they reveal
that the CTE packs against the core, stabilizing it and functioning in RNA unwinding
(Figure 4.1B). The helicase core induces a bend in the bound RNA, similar to that seen in
other DEAD-box proteins, while the CTE produces a second bend resulting in RNA
crimping. Because the C-tail was not present in the crystallized construct of Mss116p and
the NTE was not visible, their structures and how they might contribute to RNA-
chaperone function have remained unclear.

Based on sequence similarity and limited proteolysis studies, CYT-19 is predicted
to have a helicase core, CTE, and basic C-tail similar to those of Mss116p (Figure 4.14).
The C-tails of Mssl16p and CYT-19 enhance RNA binding, and they have been
suggested to contribute to RNA-chaperone activities by forming additional, non-specific
interactions with RNA substrates (16, 33). This interaction could potentially tether the
core to structured RNAs, either rigidly or with sufficient flexibility to allow it to sample
neighboring regions and binding orientations while remaining near the substrate.
However, the ability of C-tails to bind separate sites on nucleic acid substrates and the
degree of flexibility between the C-tail and the helicase core upon RNA binding have not

been determined for these or any other DEAD-box protein.
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Here we use small-angle X-ray scattering (SAXS) to obtain solution structures of
full-length Mss116p and CYT-19 and a series of deletion mutants both in the open state
and in the closed state in complex with an adenosine nucleotide and single-stranded Ujo-
RNA. Our results reveal the locations of the NTE and C-tail; show surprisingly that the
two core domains of Mss116p adopt a preferred relative orientation in the open state; and
enable us to visualize the transition to a compact closed state upon binding of substrates.
An analysis of Mss116p and CYT-19 in complex with larger chimeric oligonucleotides
containing duplex DNA extensions indicates a mechanism in which the C-tail flexibly
tethers the core to large, physiological RNA substrates, while the core samples

surrounding regions and unwinds short RNA duplexes non-specifically.
RESULTS

Experimental strategy

For both Mss116p and CYT-19, we collected SAXS data for full-length proteins
and for constructs lacking the basic C-tails (Figure 4.14). Additionally, for Mss116p we
used versions that lack the NTE, which is much smaller and not conserved in CYT-19.
All of these truncations retain the helicase core and CTE regions present in the previous
X-ray crystal structures of Mss116p (Figure 4.1B). Below, we first present data for
Mss116p by itself and in complex with nucleic acid substrates (Figure 4.1C), and then we

present corresponding data for CYT-19.

SAXS reconstructions reveal the spatial organization of full-length Mss116p

The SAXS profiles of Mss116p constructs in solution are shown in Figure 4.24.
Particle molecular weights were estimated from the scattering intensity at zero angle
({(0)) when calibrated against protein and RNA standards and indicated that all of the

constructs are monomeric and free from aggregates under these solution conditions
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(Table B1). Values for the radius of gyration (Rg) ranged from 32.8 A for the minimal
Mss116p/ANTE+AC-tail construct to 38.0 A for full-length Mss116p (Table B1) and
were in good agreement with the hydrodynamic radii of the proteins measured by size-
exclusion chromatography (SEC) (Table B2).

The scattering profiles can be represented in real space by a distance distribution
function, P(r), revealing two maxima for each protein construct (Figure 4.2B). This
pattern indicates the presence of a dumb-bell-like scattering macromolecule, as expected
for the two separated helicase core domains in the open state (36). The first maximum, at
~30 A for each construct, corresponds to the size of the domains, and the second at ~50 A
corresponds to their separation (191). Estimates of the maximum particle diameter, Dmax,
for the different constructs vary from 115-135 A (Table B1) and suggest that, in the
absence of ligands, Mss116p adopts an elongated conformation in solution.

To obtain more specific information on solution structures of the helicase core
and to evaluate the positions of the C-tail and NTE, we generated particle envelopes from
the SAXS data using DAMMIN and GASBOR (192, 193) and atomic models using
BUNCH (194) (Figure 4.2, Figure B14 and Table B3). For the latter method, we used the
domain structures determined by X-ray crystallography and modeled the C-tail and NTE
as unstructured extensions, as predicted from their sequences (33) and supported by far
ultra-violet circular dichroism (far-UV CD) spectra (Figure B2 and Table B4).
Reconstructed envelopes for all of the protein constructs revealed well-separated lobes
corresponding to the two domains of the helicase core (Figure 4.2), and the scattering
data were well-described by single molecular models calculated using BUNCH (y =
0.67-2.13; Figure 4.24 and Table B3).

In addition to the core domains, the SAXS envelope for full-length Mss116p

included two clear protrusions that were not seen in the NTE and/or C-tail deletion
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mutants (Figure 4.2C). The locations of these protrusions indicate that the C-tail extends
outward from domain 2 and the NTE extends from domain 1 on the opposite face of the
protein. Although previous structures of DEAD-box proteins in the absence of ligands
have suggested that the two core domains are separated from each other and free to adopt
different relative orientations, our reconstructions indicate that Mss116p core domains
are restricted sufficiently that the extensions appear as discrete protrusions. This result
implies that the two domains exist in a preferred relative orientation, even in the absence
of substrates (see Discussion).

The best-fit molecular models for those constructs containing the C-tail depict the
tail in a strongly bent conformation. Although the full conformational ensemble of the C-
tail cannot be determined from these data, they raised the possibility of a conformational
bias that predisposes the C-tail to being less than fully extended. To explore this question
further, we performed rigid-body modeling with conformational sampling. Starting from
the simplest model in which the C-tail and NTE are fully unstructured, an ensemble
optimization method (EOM) was used to select a group of conformers that best describes
the scattering profile for each protein construct from a large pool of conformers that
randomly samples the conformational space of unstructured polypeptides (195). The
optimized ensembles for proteins that include the C-tail have Ry and Dmax distributions
with lower averages than those of the pool of random structures (Figure B3), suggesting
that the C-tail is biased to be more compact than expected for a fully random chain. In
contrast, the ensembles for the mutants lacking the C-tail have Ry and Dmax distributions
similar to or slightly larger than those of the corresponding random pools (Figure B3).
Thus, we conclude that the C-tail has a conformational bias that predisposes it to be in

proximity to domain 2.
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The C-tail is positioned to bind RNA extending from the helicase core

We next used SAXS to study the closed-state conformation of Mss116p by
forming complexes with Ujo-RNA substrate and the non-hydrolyzable ATP analog ADP-
BeFx (Figure 4.3). Mss116p binds tightly to Ujo-RNA in the presence of ADP-BeFx
under the SAXS buffer conditions (Figure B4), and the formation of a stable complex
was confirmed by SEC (Figure B5 and Table B2). The R, values for the Ujo-RNA bound
proteins range from 26.3-33.8 A, indicating a decrease of at least 4 A upon formation of
the closed state (Table B1). The experimental scattering profile and R, values measured
for closed-state Mss116p/ANTE+AC-tail agree with those calculated from the crystal
structure of the equivalent complex (Figure 4.34 and Table B3), indicating that the closed
complex of Mss116p in solution is similar to that in the crystal.

The P(r) functions for the Ujo-RNA complexes are bell-like and are typical of
compact globular particles (191), indicating that the two core domains are no longer
separated but instead behave as a single structural module (Figure 4.3B), as seen in the
crystal structure (Figure 4.1B) (55). Therefore, we used this structure as a constraint in
BUNCH reconstructions. Models generated using DAMMIN, GASBOR and BUNCH
gave good internal agreement, and the SAXS envelopes accommodated the two
interacting core domains in the closed state (Figure 4.3C-F and Figure B1B). Importantly,
the reconstructions indicate that the NTE and C-tail protrude from the helicase core in
positions similar to those in the open, unbound state, with no indication that the C-tail
interacts with the RNA-binding cleft or other regions of the core (Figure 4.3). The latter
result provides evidence against models in which the C-tail communicates allosterically
with the core. Rather, the disposition of the C-tail adjacent to domain 2 suggests that it is
poised to interact with nucleic acid extending from the RNA-binding cleft of the core, a

hypothesis that is probed further by experiments below.
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The C-tail interacts with longer nucleic acid substrates. The position of the C-
tail extending adjacent to the Ujo-RNA bound to the core is consistent with previous
models in which the C-tails of Mss116p and CYT-19 interact with nearby RNA regions
(16, 33). To test this model and to probe the degree of flexibility between RNA-binding
interactions of the C-tail and the helicase core, we examined the solution structures of
versions of Mssl16p with or without the C-tail in complexes with larger chimeric
substrates that contain a short ssSRNA linked to a DNA duplex extension. These substrates
were based on similar ones used in previous DEAD-box protein studies (13, 16, 22) and
were composed of an 11-nt ssSRNA covalently linked at either its 5’-end (RNA-DNA
duplex 1) or 3’-end (RNA-DNA duplex 2) to a 10-bp hairpin DNA duplex (Figure 4.1C).
DNA extensions do not compete effectively with ssSRNA for binding to the helicase core,
which relies on interactions with 2°-OH groups of RNA, but can interact functionally
with the C-tail, as demonstrated previously by enhancements in RNA unwinding (16).
Thus, both substrates are expected to bind with the ssSRNA in the RNA-binding cleft of
the core and the rigid duplex extending out from one or the other end, arriving at very
different spatial positions depending on its polarity. SAXS data and ab-initio
reconstructions for the substrates by themselves (Figure B6) are consistent with them
adopting the predicted secondary structure shown in Figure 4.1C.

SAXS profiles were determined for constructs of Mss116p with or without the C-
tail in complex with ADP-BeFx and either RNA-DNA duplex 1 or RNA-DNA duplex 2
(denoted substrates 1 and 2, respectively; Figure 4.44). The complexes were isolated by
SEC prior to SAXS measurements to ensure sample homogeneity (Figure BS). Although
Mss116p and other DEAD-box proteins can potentially function as oligomers on large
substrates (196), the SEC and SAXS measurements indicate that Mss116p binds both

substrates as a monomer under these conditions. R, values were approximately 36 A and
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33 A for complexes in the presence and absence of the C-tail, respectively, while P(r)
functions displayed characteristics of globular species (Figure 4.4B and Table B1). We
used the multiphase bead-modeling program MONSA to reconstruct ab-initio models that
include two phases, protein and nucleic acid, by accounting for the different scattering
intensities of these components (192, 197). Several independent runs gave reproducible
models with an average NSD of less than 0.65 that described the scattering data well (y =
0.7-1.5) (Table B3).

The reconstructions for the minimal helicase core construct Mss116p/ANTE+AC-
tail indicate that the polarity of the duplex region dictates its position and orientation. For
RNA-DNA duplex 1, the DNA duplex region of the substrate protrudes at the 5’ end of
the ssSRNA, close to the CTE of Mss116p and along the long axis of the protein (Figure
4.4C). This position is near the region occupied by the C-tail in the intact protein in
solution (see Figure 4.2 and Figure 4.3 above), and indeed the reconstruction of the same
duplex substrate in complex with the Mss116p construct that includes the C-tail shows
additional volume that corresponds to protein in this region, indicating interaction of the
C-tail with the duplex extension (Figure 4F). In contrast, the duplex region of RNA-DNA
duplex 2 extends from the 3° end of the ssSRNA, closer to the center of the helicase core
and nearly perpendicular to the long axis of the protein (Figure 4D). Strikingly, the
reconstruction of this complex with Mss116p including the C-tail indicates that the
changes in position and orientation of the duplex extension are matched by the C-tail,
such that it remains associated with the duplex (Figure 4F), presumably interacting by
electrostatic interactions with the negatively charged nucleic acid. These results indicate
that the C-tail and core bind different sites of large substrates and that the C-tail remains

anchored to the extensions while moving relative to the core over a wide region of space.
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CYT-19 behaves similarly to Mss116p in solution

To explore whether the behavior of Mss116p is characteristic of other DEAD-box
protein RNA chaperones, we performed additional SAXS experiments with CYT-19,
which performs similar functions to Mss116p (85). CYT-19 lacks a significant NTE but
is similar to Mss116p in that the helicase core is followed by a homologous CTE and a C-
tail, which is predicted to be unstructured (Figure 4.14). The C-tail of CYT-19 is shorter
than that of Mss116p (~49 residues based on partial proteolysis results compared to 68
residues for Mss116p), but it is more basic and has a higher proportion of arginine
residues (16, 33).

We performed SAXS measurements on two versions of CYT-19, a wild-type
construct and one in which the C-tail was removed by deleting the C-terminal 49 amino
acid residues (Figure 4.5 and Figure B7) (16). As for Mss116p, the ab-initio and rigid-
body SAXS reconstructions indicate that CYT-19 in the absence of ligands has an
extended structure with two distinct globular domains (Figure 4.54-C) and that this open
conformation compacts to a closed globular structure upon binding of ADP-BeFx and
Uio-RNA (Figure 4.5D-F). In both the closed and open conformations, BUNCH atomic
models show that the C-tail emerges from domain 2 in a position to form additional RNA
contacts similar to that of Mss116p. Importantly, the ternary complexes with the large
substrates RNA-DNA duplex 1 and 2 gave scattering profiles that are well described by
MONSA models in which CYT-19 binds as a monomer and the C-tail interacts with the
duplex extension regardless of its polarity (Figure 4.5G-I). Thus, the position and

flexibility of the C-tail are properties common to Mss116p and CYT-19.
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DISCUSSION

Here, we used SAXS to obtain the first solution structures of full-length DEAD-
box proteins bound to nucleic acid substrates. These structures give important insights
into the architectures of the RNA-chaperone proteins Mss116p and CYT-19 and their
interactions with RNA. They show directly that the two domains of the helicase core
undergo a large-scale, global compaction to a ‘closed’ conformation upon binding RNA
and adenosine nucleotide in solution, supporting models proposed from crystallography
and fluorescence measurements (36). Further, they reveal the locations of the basic tail
and NTE in Mss116p, and provide insight into the function of the basic tail in binding to
large substrates.

The SAXS results indicate that the NTE, which is attached to domain 1 of
Mss116p, is on the opposite face of the protein from the bound RNA. It apparently does
not contact RNA but may interact with protein partners, such as the mt RNA polymerase
(198). The C-tail is attached to the CTE of domain 2. It does not appear to interact with
the helicase core but is instead positioned adjacent to domain 2, where it extrudes into the
solvent and is available to bind to structured RNAs.

The protrusions corresponding to the NTE and C-tail provide landmarks on each
of the two core domains that enable us to infer their relative orientation in the SAXS
solution structures in both the open and closed states. Surprisingly, we find that the two
core domains of Mss116p adopt a preferred relative orientation even in the open state in
the absence of substrates. This result was not expected from previous X-ray
crystallographic studies of DEAD-box proteins in the absence of substrates, which
showed that the two core domains could exist in multiple relative orientations and
suggested that they were free to move independently of each other via the flexible linker

(36). The preferred orientation of the two domains found for Mss116p could reflect that
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the linker between them is less flexible than was believed previously and/or that there are
transient or unstable interactions between the domains in the open state. While it is not
known if all DEAD-box proteins behave similarly in this respect, pre-alignment of the
two core domains prior to substrate binding would be advantageous in reducing the
entropic cost of binding ATP and RNA at sites formed at the domain interface.

Importantly, the SAXS data of RNA-protein complexes provides information
about the structure, function, and flexibility of the C-tail, which could not be obtained by
X-ray crystallography. In complexes with nucleic acid substrates that include rigid duplex
DNA extensions at either the 5” or 3’ end of a short ssSRNA segment, the C-tail interacts
with the extension regardless of the polarity. Because the ssRNA portion of the substrate
can bind the core in only one orientation, the attached duplex segments extend from the
core in very different directions. The ability of the tail to contact both extensions
indicates that it is sufficiently flexible to interact with neighboring parts of large
substrates over a wide arc extending from the core (Figure 4.64).

In the context of large RNAs that are the physiological substrates for these
DEAD-box proteins, we envision the basic tail as being fixed by non-specific,
electrostatic interactions with the RNA and then functioning as a tether to allow the
helicase core to interact with nearby single-stranded and double-stranded regions of the
RNA (Figure 4.6B). These regions can include segments that are adjacent in linear
sequence, as well as those that are non-contiguous but close in tertiary structure (23).
Binding of the core to ssSRNA segments could enhance folding by sequestering these
segments, stabilizing intermediates or preventing formation of kinetically trapped
species, while binding to dsRNA segments disrupts kinetic traps as the strands are

separated in an ATP-dependent unwinding reaction. The two strands are then released at

90



different times, allowing them to find new partners and the RNA to refold (22, 127, 153,
199).

Our model suggests that RNA binding by the DEAD-box protein C-tail plays
multiple roles in RNA-chaperone activity. First, the interactions of the C-tail increase the
affinity for large RNA substrates, thereby enhancing activity. For CYT-19, the C-tail has
been shown to increase the efficiency for unwinding RNA duplexes with extensions,
implying that the C-tail binds the extension and that this interaction is maintained up to
and through the transition state for duplex unwinding (16). Second, the C-tail may remain
bound to the RNA substrate after the core has undergone a cycle of RNA binding and
release, thus allowing the protein to perform multiple rounds of unwinding while
remaining tethered to the structured RNA. Under these circumstances, the flexibility of
the tail relative to the core, as shown here, would be critical to allow the core to change
positions and orientations during large-scale RNA conformational transitions of complex
RNAs, such as group I and group II introns. An analogous mechanism may apply to
DEAD-box proteins that use ancillary domains to target specific RNAs or RNA-protein
complexes, such as the bacterial DbpA/YxiN DEAD-box proteins (28, 29, 200, 201). In
these cases, the RNA-unwinding activity of the helicase core would be limited to the
spatial proximity of the specific tethering site. A final possibility is that the unstructured
tails participate in disruption of RNA structure, as many positively-charged proteins have
been shown to possess RNA-chaperone activity, presumably by binding preferentially to
unstructured regions of RNA (119). However, for CYT-19, Mss116p, and other DEAD-
box proteins that have been tested, the principal unwinding activity arises from the
helicase core, as only low levels of unwinding are observed in the absence of ATP, and
much of this activity presumably reflects ATP-independent unwinding by the core (13,

128).
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While tethering by the C-tail is likely to be broadly important for the RNA-
chaperone activity, the available evidence suggests that its functional contribution can
vary between DEAD-box proteins. The activity of CYT-19 appears to depend strongly
upon the C-tail, as its removal compromises the RNA binding and RNA unwinding of
extended duplexes by 7-20-fold (16). For Mss116p, however, deletion of the C-tail and a
small neighboring region of the CTE has smaller effects, causing only a two- to five-fold
decrease in splicing efficiency for group II introns al5y and bll in vitro and a modest
decrease in levels of spliced COX1 and COB mRNAs in strains containing multiple group
I and II introns in vivo (33). Thus, it is possible that the C-tail plays a greater role in the
functions of CYT-19 than Mss116p. Mss116p is highly expressed (202) and non-specific
binding by the core in the absence of adenosine nucleotide appears to be stronger than for
CYT-19 (33). Further, Mss116p and other DEAD-box proteins appear to function as
oligomers under some conditions, raising the possibility that one protomer can provide an
anchor for RNA binding by another protomer, analogous to the role of the C-tail (5, 14).
These differences may lead to less dependence by Mss116p on the basic C-tail for RNA
binding and unwinding.

Flexible basic tails are a common feature of DEAD-box proteins and are also
found in the related SWI/SNF family of superfamily 2 helicase proteins, members of
which interact with DNA and function in chromatin remodeling (1, 36, 190, 203-205).
Interestingly, both of these groups of protein bind non-specifically to nucleic acid
structures and promote local structural rearrangements. Basic polypeptide extensions are
also found in other classes of RNA-binding proteins, raising the possibility that these tails
are a hallmark of proteins that bind non-specifically to RNAs of diverse structure.
Consistent with this hypothesis is the observation that an unstructured, basic tail in the La

protein has recently been shown to participate in binding to diverse RNAs (206). The
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unstructured and pliable nature of these extensions, as indicated by the results here, may
be critical to allow the flexibility necessary for them to interact productively with the

diverse shapes and binding surfaces presented by structured RNAs.

MATERIALS AND METHODS

All experiments and data analysis with Mss116 were designed and performed by

Anna Mallam.

Protein expression and purification

Full-length Mss116p (excluding its mitochondrial (mt) targeting sequence
(residues 1-36)) was cloned in pMAL-c2t (a derivative of pMAL-c2x; New England
Biolabs; Ipswich, MA) and expressed as an N-terminal fusion to maltose-binding protein
(MBP), as described (21). Derivatives of pMAL-Mss116p that express the deletion
proteins Mss116p/ANTE (deletion of N-terminal extension; residues 37-87),
Mss116p/AC-tail  (deletion of C-terminal tail; residues 597-664), and
Mss116p/ANTE+AC-tail (deletion of both the N-terminal extension and C-terminal tail)
were created as described (207). The proteins were expressed in Escherichia coli Rosetta
2 (EMD Biosciences) grown in ZYP-5052 auto-inducing medium for 24 h at 22 °C and
purified at 4 °C, as described (207). Purification steps included (i) removal of nucleic
acids by polyethyleneimine precipitation; (ii) isolation of MBP-Mssl16p by amylose
affinity chromatography (New England Biolabs); (iii) removal of the MBP tag by
digestion with tobacco etch virus (TEV) protease; and (iv) isolation of Mssl16p by
affinity chromatography, using a heparin-Sepharose column (GE Healthcare). Proteins
were dialyzed into SAXS buffer (20 mM Tris-HCI (pH 7.5), 500 mM KCl, 10% glycerol,
5 mM MgCl,, 1 mM dithiothreitol (DTT)). Protein concentrations were determined by
Bradford Assay (Bio-Rad Laboratories) and by absorbance at 280 nm. Extinction
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coefficients were calculated from the protein sequence by using the ExPASy Proteomics
Server ProtParam tool (208).

Full-length CYT-19 and CYT-19/AC-tail (residues 578-626) were expressed and
purified as MalE fusions using a similar strategy, as described (16). Prior to SAXS
experiments, CYT-19 and CYT-19/AC-tail were concentrated in a 30-kDa MWCO
concentrator (Millipore) and re-diluted into a buffer suitable for SAXS measurements (20
mM Tris-HCI (pH 7.5), 200 mM KCI, 5 mM MgCl,, 20% glycerol, 0.4 mM EDTA,
0.2 mM DTT).

SAXS sample preparation and characterization

The oligonucleotides Ujo-RNA, RNA-DNA duplex 1 and RNA-DNA duplex 2
(Figure 4.1C) were synthesized by Integrated DNA Technologies and reconstituted in
sterile, double-deionized water to 1 mM. The chimeric substrates RNA-DNA duplex 1
and RNA-DNA duplex 2 were annealed by heating to 94 °C for 1 min and slowly cooling
to room temperature over 1 h. Oligonucleotide purity was confirmed by size-exclusion
chromatography (SEC) (Figure BS5). The equilibrium dissociation constant for the
complex between Mss116p/ANTE and a fluorescein-labeled Ujo-RNA (FAM-Ujo-RNA)
was measured under the SAXS buffer conditions (Figure B4). This K¢ was in the nM
range and indicates tight binding of ssSRNA at the concentrations of protein necessary for
SAXS measurements (30-70 uM). Complexes (~50 uM) for analysis by SAXS were
assembled from a mixture of 1:1.2-1.5 protein:oligonucleotide in the presence of 0.5-
1.0 mM ADP-BeFx and were formed at room temperature for at least 10 min. ADP-BeFx
was prepared as described (55).

All proteins and complexes were purified to homogeneity by SEC on a BioLogic

DuoFlow or an AKTA FPLC using a Superdex 200 10/300 GL analytical gel filtration
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column equilibrated in the SAXS buffer (20 mM Tris-HCI (pH 7.5), 500 mM KCI, 10%
glycerol, 5 mM MgCl, 1 mM DTT for Mss116p or the same buffer with 200 mM KCI
for CYT-19). Complex formation was assessed by the Axso/A2so ratio (Figure BS). The
lack of dissociation observed when purified complexes were re-analyzed by SEC
confirmed complex stability (Figure BS5). The relative elution volumes of the Mss116p
SAXS samples were compared to those of molecular weight standards to estimate their

hydrodynamic radii, Ru. The relative elution volume was calculated as:

V. -V
KAv :Ve VO
g Vo

(Equation 1)

where V% is the elution volume, ¥, is the void volume determined by the elution of
Blue Dextran 2000 (Mr = 2,000 kDa), and V is the geometric column volume determined
by the elution of free tyrosine (Mr = 0.13 kDa). A standard curve was plotted of Kav
versus log(Rn) (Figure B5). Molecular weight standards were thyroglobulin (Ru = 85 A),
apoferritin (Ru = 61 A), famylase (Ru = 50.4 A), alcohol dehydrogenase (Rn = 46 A),
bovine serum albumin (Ry = 35.5 A), carbonic anhydrase (Ry = 24.3 A), and cytochrome
c(Ru=17A).

Proteins and complexes were concentrated by centrifugation at 4 °C in a 30-kDa
MWCO concentrator (Millipore) and concentrations were determined as above. SAXS
sample concentrations were 1-3 mg/ml. Care was taken to subject proteins and complexes
to only one freeze-thaw cycle before SAXS measurements. Additional complexes with
U1o-RNA and ADP-BeFx were assembled at the synchrotron in the presence of excess
RNA and nucleotide. In these cases, the flow through from centrifugation in a 30-kDa

MWCO concentrator was used as a buffer blank. Scattering profiles and Ry values for

these complexes were in good agreement with those purified by SEC.
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Far ultra-violet circular dichroism

All measurements were performed in SAXS buffer using a thermostatically
controlled 0.01-cm path-length cuvette at 25 °C and a Jasco J-815 spectrometer. Scans
were taken between 175 and 260 nm at a scan rate of 0.5 nm s with 30 accumulations.
Sample concentrations were 1.1-2.5 mg/ml. Spectra were analyzed by the CDSSTR
analysis program (209), using the DichroWeb online circular dichroism analysis website

(210).
SAXS data collection

Synchrotron radiation X-ray scattering data were collected at the Advanced
Photon Source beamlines 12-ID-C and 18-ID-D and recorded on two-dimensional CCD
detectors. Twenty exposures of 1 s each were acquired for each sample at a sample-to-
detector distance of 2.0 m and over a range of momentum transfer 0.007 < g < 0.35 A"l,
q = 4r sin(0)/A. No measurable radiation damage was observed under these conditions.
Scattering data were radially averaged to produce one-dimensional profiles of scattering
intensity vs. g. Data and a buffer blank were collected for three different concentrations
of each sample to check for concentration-dependent scattering effects, such as
aggregation or interparticle interference. The scattering intensity at zero angle (/(0)) was
calibrated against known concentrations of protein and RNA standards (cytochrome c

and Ujo-RNA, respectively).

SAXS data analysis

Analysis of the SAXS data was performed with IGOR-Pro (WaveMetrics) and
ATSAS (version 2.4) software. Background-subtracted scattering data were subject to an
initial inspection to determine sample monodispersity. Plots of log[/(g)] versus log(q)

displayed a flat region in the lowest g regime, consistent with the presence of

96



monodisperse particles (211). The zero-angle scattering intensity, /(0), and the radius of
gyration, R, were evaluated using the Guinier approximation for the scattering intensity,

1(g), at very low ¢q angles (qRg < 1.3) (Table B1) (212):
_qZR 2
(@ = 10)expt—~

) (Equation 2)

Guinier plots of In[/(¢)] versus g*> were inspected for linearity, and samples at
different concentrations were checked for consistent values of /(0)/C and R, to confirm
sample monodispersity. /(0) is related to the number of scattering particles per unit
volume; particle molecular weights of samples with homogeneous components (MM})

were estimated using the equation:

MM
—=t (Equation 3)
10)./cq;

MM, =(1(0),/c,) x

where /(0), and /(0)s are the scattering intensities at zero angle, MM, and MMy
are the molecular masses and ¢p and ¢y are the concentrations measured (in g/L) for the
sample under study and the protein or RNA standard, respectively (Table B1) (213). The
good agreement of these values with those calculated from the primary sequence
indicates that the samples are monomeric, free from aggregates, and lack long-range
particle interactions under the experimental conditions. In most cases, the scattering data
measured for the highest-concentration sample were of high quality and were used in
subsequent structural analysis. Where a slight upturn at very low ¢ in plots of log[/(g)]
versus log(q) was observed for high-concentration samples, the high ¢ values for these
data were merged with low g values measured at a lower concentration to obtain a high-
quality dataset for the whole range of ¢. Final scattering profiles were analyzed with the

indirect transform program AUTOGNOM to obtain the maximum particle dimension,

Dmax, the distance distribution function, P(r), and a value for the R, calculated from the
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entire scattering profile (214). The latter were in good agreement with those calculated
using the Guinier approximation, which demonstrates the internal consistency of the data

(Table B1) (211).

Ab-initio shape reconstructions

Three-dimensional reconstructions of the SAXS data using ab-initio modeling
were performed for the constructs of Mss116p and CYT-19 in the free and Ujo-RNA-
bound states. Nucleic-acid components give rise to a significantly greater scattering
intensity compared to an equivalent amount of protein because of their higher electron
density (192, 197). In this analysis, Ujo-RNA-protein-ADP-BeFx complexes (which
consist of < 5% nucleic acid) were assumed to be single-component systems of uniform
electron densities. Low-resolution particle envelopes were determined by using the
simulated annealing procedures implemented by the programs DAMMIN (for gmax<8/Rg)
and GASBOR (192, 193, 215). In DAMMIN, a single-phase dummy atom protein model
is generated from an initial spherical search volume of densely packed beads that can be
either protein or solvent. GASBOR uses an assembly of dummy residues that form a
polypeptide chain-compatible model to encourage shape reconstructions with protein-like
properties. Multiple independent runs were performed for each analysis, and these
resulted in reproducible results with good fits to the experimental data (Table B3).
Reconstructions were averaged using the DAMAVER suite to confirm the uniqueness
and reliability of the solution (216). This method generates the normalized spatial
discrepancy (NSD), a quantitative measure of the similarity between sets of three-
dimensional points, which was used to compare models of the same resolution. A low
value for NSD (~1) indicates a good agreement between models (Table B3) (217). The

final DAMMIN model represents a refinement of the average of 10 individual
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reconstructions against the experimental data (Figure 4.2, Figure 4.3 and Figure 4.5),
while the most typical GASBOR model with the lowest average NSD compared to the
others is shown in Figure B1. Low-resolution envelopes were also reconstructed using
DAMMIN from SAXS data measured for RNA-DNA duplex 1 and RNA-DNA duplex 2,

as described above (Figure B6).

Homology modeling of CYT-19

A structural model of CYT-19 was generated from the crystal structure of
Mss116p using the program MODELLER (218) and the published sequence alignment
(33). The sequence alignment with Mss116p suggests that the CTE of CYT-19 extends to
residue 590, leaving a C-tail of 36 amino acid residues. However, a somewhat larger
segment of 49 residues is sensitive to proteolysis (16), indicating either that the final
helix of the CTE is also protease sensitive or that the C-tail is somewhat longer than
predicted from the sequence alignment. The CYT-19/AC-tail mutant was constructed
based upon the proteolysis data and therefore has a 49-amino-acid residue C-terminal
truncation, which includes an ~13 residue segment that could belong either to the CTE or
C-tail. The disposition of this ~13 residue segment — helical or unstructured — does not

significantly affect the modeling comparisons of the SAXS data or the conclusions.

Molecular modeling

The high-resolution crystal structure of the helicase core of Mssl16p (Figure
4.1B) and the homology model of CYT-19 were used as additional restraints to generate
molecular models of the open and closed states. Multi-domain atomic models of
Mss116p and CYT-19 were reconstructed from the SAXS data by the program BUNCH,
which employs a combination of rigid-body and ab-initio modeling (194). The protein

domains with known structure are used to generate a theoretical scattering pattern, while
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the unknown regions in each construct are represented by an appropriate number of
dummy residues. For open-state models, an additional flexible linker was introduced
between the helicase domains 1 and 2 (Figure 4.14). BUNCH calculates the relative
orientation of the components that is most consistent with the SAXS data. Results from
multiple runs gave reproducible results with low average NSD values (Table B3). The
low discrepancies between experimental data and computed scattering curves of the final
BUNCH models also suggest that a single, unique model is sufficient to describe the
SAXS data (Table B3). The molecular models produced using BUNCH were overlaid

with the shape reconstructions from DAMMIN using SUPCOMB (217).

Multiphase modeling

For accurate SAXS reconstructions of DEAD-box proteins bound to large nucleic
acid substrates, it is necessary to take into account the difference in scattering intensities
of protein and nucleic acid. Therefore, the program MONSA, a multiphase version of
DAMMIN, was used to obtain ab-initio models of protein complexes that include RNA-
DNA duplex 1 or RNA-DNA duplex 2 (192, 197). MONSA uses simulated annealing to
reconstruct a model of two phases, protein and nucleic acid, from an assembly of beads
inside a defined search volume. Within this volume, each bead is assigned to solvent,
protein or nucleic acid. The program was applied to simultaneously fit three scattering
curves of protein, substrate, and complex of protein and substrate to find the best
distribution of beads that correspond to interconnected phases representing the protein
and nucleic acid. In this analysis, SAXS data from the equivalent protein-Ujo-RNA
complex were used to represent the closed-state protein structure. Several independent

runs gave reproducible models with an average NSD of less than 0.65 that described the
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scattering data well (Table B3). The most typical model is shown with the lowest NSD

compared to all other models as calculated using the DAMAVER suite.

Rigid-body modeling with conformational sampling

SAXS data can be used to investigate the relative compactness of a
macromolecule by analysis methods that involve rigid-body modeling with
conformational sampling (195). The ensemble optimization method (EOM) was used to
characterize the degree to which Mss116p is extended in solution (195). This method
uses the available crystal-structure coordinates and a polypeptide chain of dummy
residues to represent the structured and unstructured regions of the protein, respectively.
A large pool of conformations is generated in which the unstructured regions are modeled
by consecutively adding amino acids with phi and psi angles that are randomly drawn
from a library of unstructured loops in the protein data bank. From this pool of 10,000
conformations, an optimized ensemble of 100 conformations is selected that best
describes the SAXS data. We used the EOM to model the scattering profiles of the
constructs of Mss116p in open and Ujo-RNA-bound states. The Ry and Dpax distributions

for this optimized ensemble were then compared to those of the random pool (Figure B3).
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Figure 4.1: DEAD-box proteins Mss116p and CYT-19 and nucleic acid substrates.

(4) Schematic representations of the domain architectures of Mssl16p, CYT-19, and
deletion mutants. Mss116p consists of a mt targeting sequence that is cleaved in vivo and
is absent in the constructs used here (white); an N-terminal extension, which corresponds
to the N-terminus of the mature proteins (NTE; dark blue); a helicase core of two RecA-
like domains (domain 1 and domain 2; light blue and green, respectively), which are
joined by a flexible linker (gray); a structured C-terminal extension (CTE; orange); and a
basic hydrophilic tail (C-tail; red). CYT-19 consists of the same elements but with a very
short NTE. (B) The crystal structure of the closed-state helicase core and the CTE of
Mssl16p (PDB code 3161 (55)) with domains colored as in (4). The bound single-
stranded Uio-RNA and the ATP-analogue ADP-BeF3™ are shown in yellow and black,
respectively. (C) Schematic representations of nucleic acid substrates. RNA and DNA
nucleotides are shown in yellow and gray, respectively, and nucleic-acid secondary

structure was predicted using RNAfold (219).
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Figure 4.2: SAXS analysis of Mss116p in the open state without substrates.

SAXS data are shown for full-length Mss116p (dark blue), Mss116p/AC-tail (light blue),
Mss116p/ANTE (green), and Mss116p/ANTE+AC-tail (red). (4) Scattering profiles,
which are displaced along the logarithmic axis for visualization, are shown as the
logarithm of the scattering intensity, / (black dots), as a function of the momentum
transfer, ¢ = 4n sin(d)/A, where 268 is the scattering angle and A is the X-ray wavelength.
The solid curves overlaying the SAXS data are the expected scattering profiles of the
corresponding BUNCH models (see below). (B) Normalized distance distribution
functions calculated from the scattering profiles using the program AUTOGNOM (214).
(C-F) Ab-initio and rigid-body SAXS reconstructions of the open state of full-length
Mss116p (C), Mss116p/AC-tail (D), Mss116p/ANTE (F), and Mss116p/ANTE+AC-tail
(F). Low-resolution envelopes calculated by DAMMIN are shown separately (above) and

superposed onto atomic models determined by BUNCH (below). In this and other

103



figures, protein domains are colored as in Figure 4.1 and views are rotated by 90 ° about

the vertical axis for each model.
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Figure 4.3: SAXS analysis of Mss116p ternary complexes with ssSRNA and a non-
hydrolyzable ATP analog.

(A) Scattering profiles and (B) normalized distance distribution functions for full-length
Mssl16p (dark blue), Mssl16p/AC-tail (light blue), Mssl116p/ANTE (green), and
Mss116p/ANTE+AC-tail (red) bound to U1o-RNA and ADP-BeFx. In (A), the scattering
profiles are shown as black dots, and the solid curves overlaying the data are the expected
scattering profiles of the corresponding BUNCH models, except for the
Mss116p/ANTE+AC-tail complex where the overlay is the expected scattering profile
calculated from the corresponding X-ray crystal structure using CRYSOL (220). (C-F)
SAXS reconstructions of full length Mss116p (C), Mss116p/AC-tail (D), Mss116p/ANTE
(E) and Mssl116p/ANTE+AC-tail (F) in the closed state. Low-resolution envelopes
calculated by DAMMIN (above) are colored as in (4) and atomic models (below) are

shown aligned inside the DAMMIN envelope (gray).
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Figure 4.4: Binding modes of Mss116p to large nucleic acid substrates.

(4) Scattering profiles and (B) normalized distance distribution functions for
Mss116p/ANTE (green) and Mss116p/ANTE+AC-tail (red) bound to ADP-BeFx and
either RNA-DNA duplex 1 (solid lines) or RNA-DNA duplex 2 (dashed lines). In (4), the
scattering profiles are shown by black dots, and the colored lines represent the fit of the
ab-initio model of the complex obtained by MONSA. (C-F) Ab-initio multiphase
reconstructions from the SAXS data in (4) of complexes of Mss116p/ANTE+AC-tail
with either RNA-DNA duplex 1 (substrate 1; C) or RNA-DNA duplex 2 (substrate 2; D)
and complexes of Mssl16p/ANTE with either RNA-DNA duplex 1 (£) or RNA-DNA
duplex 2 (). Two-phase models of protein (colored as above) and nucleic acid (yellow)
were reconstructed by MONSA (top). The ssRNA regions of these substrates were

assumed to bind within the helicase core in the orientation observed in the crystal
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structure of the closed state of Mss116p (Figure 4.1B). This information was used to
place manually atomic models for protein and nucleic acid inside the corresponding

SAXS envelopes (bottom).
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Figure 4.5: SAXS analysis of CYT-19.

(4-C) SAXS data for full-length CYT-19 (green) and CYT-19/AC-tail (red) in the
absence of ligands. (4) Normalized distance distribution functions. (B) and (C) low-
resolution envelopes calculated by DAMMIN (above) and BUNCH atomic models
(below), which are colored as in Figure 4.1 and aligned inside the DAMMIN envelope
(gray). BUNCH models were generated using a homology model of CYT-19 that is based
upon its sequence similarity to Mss116p (see SI Materials and Methods). (D-F) SAXS
data for CYT-19 bound to U;o-RNA and ADP-BeFx, shown in the same arrangement as
in (4-C). For the minimal CYT-19/AC-tail complex, the DAMMIN envelope in (F) is
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aligned to the homology model for CYT-19. (G-I) SAXS data for full-length CYT-19
bound to large nucleic acid substrates. (G) Normalized distribution functions for CYT-
19-ADP-BeFx bound to RNA-DNA-duplex 1 (solid green line) and RNA-DNA-duplex 2
(dashed green line). (H and ) Ab-initio multiphase reconstructions of CYT-19 in
complex with RNA-DNA duplex 1 (substrate 1) and RNA-DNA duplex 2 (substrate 2),
respectively. Two-phase models of protein (green) and nucleic acid (yellow) were
constructed by MONSA (top) and atomic models for protein and nucleic acid were

manually placed inside the corresponding SAXS envelopes (bottom).
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Figure 4.6: The tethering range observed for the basic tail of Mss116p when bound to
nucleic acid substrates.

(4) Range of motion of Mssl16p’s flexibly attached C-tail. The cone shows the lower
limit for the region of space over which the C-terminal tail of Mss116p can bind nucleic
acid, as indicated by MONSA reconstructions of complexes with chimeric substrates
containing duplex DNA extensions. (B) Model of Mss116p interacting via the C-tail with
the Tetrahymena group I intron ribozyme (221). The model shows that, when anchored
by the flexible C-tail, the helicase core of Mss116p can act at numerous sites over a wide

region of the RNA.
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Chapter 5: CYT-19 delays compaction, but does not alter folding
outcomes of the unfolded Tetrahymena ribozyme

The well-characterized folding landscape of the Tetrahymena ribozyme provides
a unique opportunity for a comprehensive analysis of DEAD-box protein involvement at
different stages of RNA folding, from the earliest compaction events to rearrangements
of highly structured intermediates and the native structure. CYT-19 roles have been
extensively studied in disruption of and accelerating transitions between the native and
misfolded states, which dominate the structural ensemble under standard in vitro
conditions. However, potential effects of CYT-19 on early steps of ribozyme folding,
either during Mg**-induced folding of the denatured RNA or upon transient formation of
globally unfolded states during structural transitions, remained to be addressed.
Intriguingly, the work in Chapter 2 revealed extensive ATP-dependent interactions of
CYT-19 with non-compact ribozyme states, suggesting that CYT-19 may remodel these
states in ways that bias folding towards different pathways than preferentially traversed
during spontaneous folding.

Studies of ribozyme folding in the absence of chaperones showed that after
adding Mg?" ions the ribozyme rapidly undergoes electostatic compaction (~10 ms),
followed by a second stage of compaction that involves formation of long-range tertiary
contacts (Figure 5.1) (165, 222). The collapsed state then folds preferentially to the long-
lived misfolded state, while approx. 10 % of the ribozyme enters a slower pathway
leading directly to the native conformation. These alternative pathways of ribozyme
folding appear to be coupled tightly to the topology at the single-stranded junctions
between the core domains and the stability of the adjacent long-range core helix P3 (145,

146, 223).
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An intriguing possibility is that by interacting with the unfolded ribozyme and
early intermediates CYT-19 may alter the partitioning between pathways that lead to the
long-lived misfolded and native states, potentially decreasing the fraction of ribozyme
that becomes trapped in the misfolded state. Possible mechanisms through which CYT-19
may affect early folding is, first, simply by binding ribozyme helices before the collapse,
which may prevent rapid compaction, providing the ribozyme with more time to explore
different topologies while in an extended state. CYT-19 may also actively rearrange
secondary structure in extended intermediates and, for example, by unwinding the core
helix P3, bias the unfolded ribozyme to the native or misfolded topology. Alternatively,
CYT-19 may simply slow compaction of the non-compact early intermediates without
influencing the topology.

Here we examined the roles of CYT-19 in compaction and early folding events of
the Tetrahymena ribozyme by time-resolved small-angle X-ray scattering and ribozyme
activity-based assays. SAXS has been widely used to follow conformational transitions of
RNA and protein molecules, including seminal studies of the compaction of the
Tetrahymena ribozyme (165, 222, 224). While SAXS 1is best suited for studies of large-
scale conformational changes, such as compaction of the unfolded ribozyme,
complementing SAXS studies with ribozyme activity-based assays allows to also track
transitions between native and globally similar intermediate states. The work presented
here suggests that CYT-19 can form complexes with the unfolded ribozyme and delay
compaction. However, ribozyme activity assays indicate that this slowed compaction has
little or no effect on the fraction of ribozyme that misfolds. Analogous results were
obtained for a ribozyme mutant with strongly destabilized tertiary structure. Overall, this
work indicates that CYT-19 does not bias early ribozyme folding towards the native or

misfolded states, consistent with a chaperone mechanism in which CYT-19 promotes
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folding primarily by disrupting the misfolded intermediate, allowing the ribozyme to

refold along intrinsic folding pathways.
RESULTS

Delayed ribozyme compaction in the presence of CYT-19

To probe the roles of CYT-19 in initial folding of the ribozyme, we first
established conditions that allowed to monitor changes in ribozyme compaction by SAXS
without significant contributions of free CYT-19 to the scattering signal. The scattering
intensity, expressed as forward scattering intensity /y, is a function of concentration (c),
scattering contrast (Ap; defined as difference in electron density between the molecule
and surrounding buffer), and molecular weight (MW):

Lo=xc(Ap)*(MW)’,

where « is a proportionality constant (224). The ribozyme is expected to dominate
the scattering signal because of the much higher scattering contrast of nucleic acids than
proteins (2-3-times stronger in water due to the high electron density of the
phosphodiester backbone) (224, 225), and the 2x greater molecular weight of the
ribozyme than CYT-19 (126 kDa vs. 64 kDa, with no evidence for oligomerization of
either molecule). With a quadratic dependence of the scattering intensity on both the
scattering contrast and molecular weight and only a linear dependence on concentration,
CYT-19 is expected to give negligible signal even when used in several-fold excess over
the ribozyme. This was indeed confirmed experimentally, with 14-fold and 8-fold
stronger scattering by the ribozyme than a 2.5-fold or 4-fold higher concentration of
CYT-19, respectively (Figure 5.24 and Table 5.1). Calculations based on the measured
intensities indicated a 2.8-fold greater scattering contrast for the ribozyme, consistent

with reported values in aqueous solutions (Appendix C) (225).
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To study how CYT-19 affected initial folding of the unfolded ribozyme, we first
performed static measurements in the absence of Mg?*, conditions at which the ribozyme
contains secondary, but not tertiary structure. Under our conditions, the ribozyme was
partially electrostatically relaxed (Figure 5.1), due to the presence of 70 mM monovalent
metal ions in the buffer (20 mM Na* from 50 mM Na-MOPS (pH 7.0) and 50 mM K*
from 10% (v/v) CYT-19 buffer) (182). The shapes of the scattering profiles for the
unfolded ribozyme were consistent with previous studies and lacked a prominent peak at
low q values (141, 157). Adding CYT-19 to the unfolded ribozyme drastically changed
both the shape of the scattering profile and the scattering intensity (Figure 5.24, Table
5.1). These changes were clearly non-additive, i.e., they were greater than the negligible
change in scattering intensity and the height of the peak in the Kratky plot that would
result from simply adding the individual scattering profiles measured separately for CYT-
19 and the ribozyme. The non-additive increase in scattering intensities of CYT-19-
ribozyme mixtures indicates an increase in the molecular weight of the scattering
particles, consistent with complex formation between CYT-19 and the ribozyme. Note
that despite weak scattering when free in solution, CYT-19 can contribute much more
strongly to the scattering signal when bound to the ribozyme, a consequence of the
quadratic dependence of the scattering intensity on particle molecular weight (see
derivation in Appendix C). The enhancement in forward scattering intensity in the
presence of 2.5 uM CYT-19 and 1 uM ribozyme vs. ribozyme alone was consistent with
the estimate for 1:1 binding stoichiometry (Appendix C) with more CYT-19 apparently
bound at 4 uM (Table 5.1).

To test if CYT-19 could also form complexes with unfolded ribozyme in the
presence of Mg?" (under conditions at which folding was to be monitored), we performed

measurements with the quintuple mutant of the ribozyme and CYT-19 at 5 mM Mg**. As
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noted in Chapter 2, the quintuple mutant contains mutations of all five peripheral tertiary
interactions and is unable to undergo tertiary collapse after addition of Mg?*, remaining
in a non-compact state (165). Very similar scattering profiles and the same enhancement
in scattering intensity as with the unfolded ribozyme in the absence of Mg?** were indeed
observed upon addition of CYT-19, although the peak at low values of the scattering
vector q suggested some aggregation occurring when CYT-19 and the ribozyme were
mixed in the presence of Mg?* (Figure 5.2B). Nearly identical profiles were observed also
with added ATP and AMPPNP, and complexes also formed in the presence of the C-tail
deletion variant of CYT-19, indicating that binding was not mediated only by
electrostatic interactions with the basic C-tail (Figure 5.2B). Importantly, a CYT-19-
dependent increase in scattering intensity and substantial changes in the shapes of the
scattering profiles only were detected with the unfolded ribozyme, but not the native and
misfolded ribozymes at 5 mM Mg?" (Figure 5.2C, D). Thus, the results suggest that CYT-
19 can form complexes with the unfolded ribozyme, but does not associate stably with
the folded states.

To test if CYT-19 binding to the unfolded ribozyme affected the rate of
compaction, we performed time-resolved SAXS measurements. Using a remotely
controlled syringe pump, we initiated folding by mixing the unfolded ribozyme with
solutions containing Mg?* ions and CYT-19, with nucleotides included as applicable
(Figure 5.3). The reaction was then exposed to synchrotron radiation at different times
during the first several minutes of folding. Consistent with rapid spontaneous collapse, in
the absence of CYT-19 the ribozyme adopted a compact conformation within the dead
time of the instrument (~1s) (Figure 5.4). However, in the presence of CYT-19, we
consistently observed one or more time points corresponding to the first several seconds

of the folding reaction and the scattering profiles at these early time points resembled in
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shape the scattering profiles of CYT-19 bound to the unfolded ribozyme (Figure 5.4).
Thus, CYT-19 appeared to delay compaction of the ribozyme by stabilizing a non-
compact conformation. This delay was more evident in the presence of ATP, as indicated
by a greater number of time points that appeared to be intermediate between the unfolded
and compact states. At later time points, a compact ribozyme state with a SAXS profile
that resembled the profile of the misfolded ribozyme accumulated both in the presence
and absence of CYT-19, suggesting dissociation of the protein after initial interactions
with the unfolded ribozyme. Quantitative analysis of the time-resolved SAXS results was
complicated by apparent aggregation, as indicated by the pronounced peaks at lowest q
values. Aggregation was likely caused by non-specific RNA-protein interactions that
were facilitated by the high concentrations required for SAXS.

Using lower CYT-19 and ribozyme concentrations to limit aggregation, we
probed the CYT-19 concentration dependence of the delay in compaction observed above
(Figure 5.5). In the presence of ATP, there was a clear dependence on CYT-19
concentration, with virtually no delay (on the accessible time scale) detected with 0.5 uM
CYT-19, several intermediate time points observed at 0.875 nM CYT-19, and the most
pronounced delay was observed at 1.25 uM CYT-19 (Figure 5.54), although aggregation
also appeared to increase substantially. In the absence of ATP, aggregation also appeared
to be more prominent at 1.25 uM than 0.875 uM CYT-19, with a similar number of
intermediate time points detected at each concentration. The delay in compaction with
1.25 uM CYT-19 was somewhat less pronounced than in the presence of ATP (Figure
5.5B).

We next addressed how nucleotides that are known to weaken or tighten RNA
binding affected the ability of CYT-19 to slow compaction. ADP, which binds

anticooperatively with RNA (83, 226), essentially eliminated the delay in compaction on
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the observed time scale, as well as aggregation, suggesting that CYT-19 either did not
bind the unfolded ribozyme or dissociated rapidly after Mg?* addition (Figure 5.6). In
contrast, AMPPNP, which tightens RNA binding, gave a similar effect as ATP and no
nucleotide, suggesting that CYT-19 bound the unfolded ribozyme, but dissociated on the
time scale of seconds after Mg?* addition (Figure 5.6). The differences between ADP and
other nucleotides and the generally stronger delay observed with ATP than no nucleotide
suggest that nucleotide-dependent binding by the CYT-19 core is at least in part
responsible for the delay in ribozyme compaction. Overall, the SAXS results suggest that
CYT-19 can slow ribozyme compaction of the ribozyme from < 1 s to several seconds by
forming complexes with the unfolded ribozyme, but eventually allows accumulation of
compact ribozyme that resembles the misfolded state, presumably following protein

dissociation.

The presence of CYT-19 during compaction does not affect further ribozyme
folding

To test if CYT-19 binding to the unfolded ribozyme early in folding affected the
rate of subsequent folding to the native state, we turned to ribozyme activity-based
assays, analogous to those used in Chapters 2 and 3 (136). At different times after mixing
the ribozyme with Mg?" ions in the presence or absence of CYT-19 and nucleotide,
aliquots were moved to a folding quench and the fraction of native ribozyme was
determined based on the fraction that rapidly cleaved the oligonucleotide substrate
(Figure 5.74). These experiments were performed using high protein and ribozyme
concentrations comparable to those used in SAXS. The ribozyme activity assays allowed
to, first, determine if CYT-19 binding during early folding affected the fraction of the
ribozyme that rapidly folds to the native state without misfolding. Second, for any

inactive ribozyme that accumulated upon compaction, measuring the rate constant of
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folding to the native state would reveal if this state was the same misfolded state as
formed upon ribozyme compaction in the absence of CYT-19.

The results revealed no appreciable effects of CYT-19 on the initial fraction of
native ribozyme, both in the presence and absence of nucleotides (Figure 5.7). The rate
constant of folding to the native state was also unaffected relative to spontaneous folding
when CYT-19 was added without nucleotide or with ADP or AMPPNP. In the presence
of ATP, CYT-19 did accelerate folding, but this acceleration was identical to that of
refolding of the misfolded ribozyme under the same conditions (Figure 5.7). We also
tested if CYT-19 exerted more pronounced effects on folding when allowed to pre-bind
the unfolded ribozyme before the addition of Mg?*. No appreciable effects on the starting
fraction of native ribozyme were observed under these conditions as well, and the folding
rate was substantially changed only in the presence of ATP, which again gave the same
acceleration as for refolding of the misfolded ribozyme (Figure 5.7). (Note that the
nucleotides were added together with Mg®* rather than during the preincubation; see
below). Thus, the presence of CYT-19 at the initiation of ribozyme folding did not affect
the intrinsic partitioning of the ribozyme between pathways that lead to the misfolded and

native states and appears to allow the same misfolded conformation to accumulate.

CYT-19 interactions with an unfolded tertiary contact mutant ribozyme delay
compaction, but do not affect further folding

In a final set of experiments, we asked if the folding behavior of the ribozyme was
affected when CYT-19 was allowed to perform ATP-dependent rearrangements of the
unfolded ribozyme prior to initiation of folding. Here, we used the A-rich bulge (ARB)
mutant of the metal core—metal core receptor (MC/MCR) tertiary contact, which has
highly unstable tertiary structure and remains in a predominantly unfolded state even at 2

mM Mg** (Chapter 2). Thus, the unfolded ribozyme can be pre-incubated with CYT-19
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and ATP under conditions that previously were shown to give strong RNA-dependent
ATPase activity (and thus presumably remodeling activity) (Chapter 2). (In the absence
of Mg?" and the very low Mg?* concentrations required to accumulate unfolded wild-type
ribozyme, CYT-19 displays only weak RNA-dependent ATPase activity; in addition,
Mg** ions introduced with ATP*Mg®" may affect folding, due to the steep Mg’
dependence of the wild-type ribozyme (see Chapter 2)).

We performed both SAXS and ribozyme activity-based experiments in which the
ARB ribozyme was incubated with or without CYT-19 and ATP at 2 mM Mg*", followed
by shifting the Mg?* concentration to 10 mM, which induces compaction and folding to
the native state. Similarly to the compaction of the wild-type ribozyme without pre-
incubation with CYT-19, the protein introduced a transient delay in compaction, with a
misfolded-like state formed in less than 30 s after the Mg?* shift to 10 mM. This delay
was more pronounced with ATP than in the absence of nucleotide. Even stronger delay
was observed with AMPPNP, as even ~30 s after the addition of 10 mM Mg®" the
ribozyme remained in a state consistent with the scattering by an unfolded ARB
ribozyme in complex with CYT-19 (Figure 5.8).

Ribozyme activity assays indicated that even after the pre-incubation with CYT-
19 and ATP or AMPPNP, the fraction of ribozyme that folded rapidly to the native state
was unaffected relative to spontaneous folding. As expected, ATP did accelerate further
folding, but this effect was indistinguishable whether CYT-19 and ATP were pre-
incubated with the unfolded ribozyme or added at the same time as 10 mM Mg?* (with
the same result observed when CYT-19 was pre-incubated with the unfolded ribozyme
and ATP was added at the initiation of folding) (Figure 5.9). Pre-incubation with
AMPPNP also did not change the initial fraction of native ribozyme, although it appeared

to slightly slow down the overall folding. Together, the results with the ARB ribozyme
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support the above conclusion that CYT-19 interactions with the unfolded Tetrahymena
ribozyme only transiently slow compaction, without substantially affecting the identity
and further folding behavior of the compact ribozyme that forms following CYT-19

release.

DISCUSSION

Here we show that CYT-19 can delay Mg?"-induced compaction of the
Tetrahymena ribozyme by interacting with the unfolded ribozyme. However, once CYT-
19 dissociates, typically within the first several seconds after addition of Mg?, folding of
the ribozyme progresses along the same pathways as in the absence of CYT-19.
Appreciable changes in ribozyme folding are absent even after CYT-19 pre-incubation
with an unfolded mutant ribozyme under conditions shown previously to give strong
RNA-dependent ATPase activity. Thus, despite interacting with and, in the presence of
ATP, presumably locally rearranging the unfolded ribozyme, CYT-19 does not appear to
directly alter the ribozyme features that determine whether the ribozyme misfolds or folds
to the native conformation.

Our results suggest that CYT-19 forms complexes with the unfolded ribozyme
rapidly, before Mg**-induced tertiary compaction, which is completed here with an upper
limit of 1 s and was shown previously under similar conditions to take ~100 ms. Binding
is at least in part mediated by the CYT-19 core, as indicated by the nucleotide effects in
time-resolved SAXS experiments, as well as the formation of complexes with protein that
lacks the basic C-tail. Once the ribozyme has formed a compact structure, complexes are
no longer detected, based on the lack of enhancement in scattering intensity or changes in
the shape of the scattering profile. This result is consistent with fewer interaction

opportunities being present in the compact states and suggests that interactions of CYT-
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19 with the exposed surface helices of the folded ribozyme that were demonstrated
previously by ATPase activity are short-lived (see Chapter 2).

The finding that CYT-19 dissociates from the unfolded ribozyme within seconds
and does not affect the fate of the ribozyme during further folding has important
implications for understanding the general chaperone mechanism of CYT-19 in
Tetrahymena ribozyme folding. Previous studies and kinetic simulations of CYT-19-
mediated rearrangements of the ARB mutant ribozyme indicated that CYT-19 functioned
primarily at the stage of disruption of the misfolded and native states, without affecting
subsequent refolding of the partially unfolded ribozyme (127). Our results are consistent
with this model and expand it to include interactions with globally unfolded ribozyme.
Thus, analogously to some general protein chaperones, CYT-19 promotes native folding
of the Tetrahymena ribozyme by iterative cycles of disruption of the misfolded
intermediate, rather than directly guiding the unfolded ribozyme towards the native

conformation (120).
MATERIALS AND METHODS

SAXS measurements

The protein and RNA were prepared as described in previous chapters. SAXS
measurements were performed at the beamline 12-ID-C at Advanced Photon Source,
using 2 m camera length. Static measurements were performed by injecting the samples
into a temperature-controlled (25 °C) capillary and collecting 15-20 Is exposures at 12
keV.

Time-resolved measurements were performed using the remotely controlled mixer
shown in Figure 5.3. For experiments with the wild-type ribozyme, solutions of the

ribozyme (Line 1) and Mg(OAc)> with CYT-19 or CYT-19 buffer (Line 2) were prepared
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at 2x final concentrations and injected into the corresponding lines prior to the
measurement. 50 mM Na(MOPS) (pH 7.0) was included in both solutions, and the final
concentrations after mixing were as follows: 5 mM Mg(OAc)2, 0.5-1 uM ribozyme, 0.5—
2.5 uM CYT-19, 10 % (v/v) CYT-19 buffer and 50 mM Na(MOPS) (pH 7.0). The
reaction was initiated by simultaneously injecting equal volumes from each side into a T-
junction leading to the capillary. The shutter of the X-ray beam was opened within
estimated ~1 s after mixing. 10 exposures of 1 s were collected in 3 s intervals, followed
by a series of longer time points, as indicated in the figure legends.

In experiments with the ARB mutant ribozyme, Line 1 included 2 uM ribozyme
in 50 mM Na-MOPS (pH 7.0), 2.39 mM Mg(OAc), (2 mM free Mg?" after accounting
for binding of ~1 Mg?" ion per 2 nucleotides of RNA (182)), 10 % (v/v) CYT-19 buffer
with or without 5 uM CYT-19, and 2 mM ATP nucleotide where indicated. Line 2
included 18 mM Mg(OAc), which brought the final Mg?" concentration to 10 mM upon
mixing. Line 2 also included 10 % (v/v) CYT-19 buffer, 2 mM nucleotide and 50 mM
Na-MOPS (pH 7.0) to maintain the same concentrations during pre-incubation and
mixing.

Both during static and time-resolved experiments, the contents of the capillary
were mixed by the attached syringe pump to avoid radiation damage. The blanks
consisted of solutions prepared in parallel with the samples, with TE buffer substituted

for the ribozyme and CYT-19 buffer substituted for protein.

SAXS analysis

The scattering profiles were radially averaged at the beamline and further
analyzed with IgorPro (WaveMetrics). The individual exposures for static samples were

averaged and the average of the exposures of the corresponding blank was subtracted.
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Exposures that showed a strong time-dependent drift in intensity in static measurements,
as well as exposures damaged by air bubbles in the capillary were not included in
analysis. For time-dependent measurements, each exposure was analyzed individually,
without averaging.

The Rg and Ip values in Table 5.1 were determined by Guinier approximation,
using the region 0.0002 A2 < ¢ < 0.0004 A2 for unfolded and quintuple mutant
ribozymes and complexes and 0.00056 A2 < ¢*> < 0.001 A for misfolded and native
ribozymes. Note that because of the large size of the unfolded ribozyme and the
complexes with CYT-19 and because of the limited number of data points at low q
values, very few points satisfy the condition for Guinier fitting qmaxRg<1.3, where qmax is
the highest q value used for the fit (167). We therefore estimated the Ry and Ip values
under a more flexible condition of QmaxRe<1.7. Thus, the reported values are for
comparative purposes within groups of samples only and may deviate from absolute
values. The low-q region affected by upward curvature due to aggregation or proximity to
the beam stop was excluded from the fit (q°> < 0.0002 A~ for unfolded ribozymes and q* <
0.00056 A2 for misfolded and native ribozymes in the presence of CYT-19).

We do not report Rg and Iy values for time-resolved measurements, because their
accurate determination was precluded by high noise levels inherent to non-averaged
single exposures, variable curvature at low angles that was indicative of aggregation and

heterogeneity, as well as mixing-induced fluctuations in scattering intensity.
Ribozyme activity assays
Ribozyme activity assays were performed as shown in Figures 5.7 and 5.9 and

essentially as described in Chapter 2 and Ref. (136), with equal volumes (10 puL each) of

the indicated solutions mixed to initiate the reaction. 50 mM Na-MOPS (pH 7.0) was
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included in all solutions. In the reactions where the ribozyme was pre-incubated with
CYT-19 or CYT-19 buffer prior to adding Mg?* ions, the concentration of CYT-19 buffer
was 10% (v/v) both in the pre-incubation and in the final folding reaction. In the
experiments with the ARB ribozyme, the total concentration of Mg?" in the preincubation
was 2.39 mM to account for the Mg?* ions expected to be sequestered from solution by
the ribozyme (1 Mg?" per 2 nucleotides (182), i.e., ~0.39 mM for 2 uM of 388 nt
ribozyme in the pre-incubation). The pre-incubations of the ribozyme with CYT-19 or

CYT-19 buffer were performed for 5 min at 25 °C.
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Figure 5.1: Schematic representation of the stages of Tetrahymena ribozyme
compaction and folding.

After addition of Mg*" ions, the ribozyme rapidly undergoes electrostatic relaxation,

which is followed by slower tertiary collapse, involving the formation of several long-

range tertiary contacts. Compaction is followed by slower folding to the native and

misfolded states. The compaction and folding rates are from Refs. (140, 165, 222).
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Figure 5.2: Kratky plots of the Tetrahymena ribozyme, CYT-19, and mixed ribozyme-
CYT-19 solutions.

(A) Scattering by the unfolded ribozyme (U) and CYT-19 in the absence of Mg*" ions.
Here and below SAXS data are displayed as Kratky plots (q°I vs q), a transformation
useful for detecting changes in compactness of the scattering particle (167); q: scattering
vector (q=2sinf/A, where 26 is the scattering angle and A is the X-ray wavelength); I:
intensity (in arbitrary units, a.u.). Results of two duplicate measurements are shown for
all samples including the ribozyme and single measurements are shown for each
concentration of CYT-19. All data in Figure 5.2 were obtained during a single beam time,
allowing direct comparisons without normalization by intensity. All samples in A-D
included 50 mM Na-MOPS (pH 7.0), as well as 1 mM Tris-HCI (pH 8.0) and 0.1 mM
EDTA from the TE buffer in which ribozyme was stored, with other components
indicated. The slight difference between the scattering profiles of the unfolded ribozyme

in the presence and absence of CYT-19 buffer is expected due to increased electrostatic
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relaxation upon addition of monovalent cations present in CYT-19 buffer (50 mM K*;
other ingredients included 2 mM Tris-HCI (pH 7.5), 5 % (v/v) glycerol, 0.1 mM EDTA
and 0.02 mM DTT). (B) Scattering by the quintuple mutant (Q) in the presence of 5 mM
Mg?**. Results from single determinations are shown, with the exception of two
determinations for the quintuple mutant with CYT-19/AC-tail. (C, D) Scattering by the
misfolded (C) and native (D) ribozymes in the presence and absence of CYT-19 and
ATP. The misfolded ribozyme data were collected during the 6" minute (no CYT-19) or
4™ minute (CYT-19 + ATP) after transfer of pre-formed misfolded ribozyme from 10
mM to 5 mM Mg?', which is expected to give refolding of less than 10 % of the

misfolded ribozyme to the native state.
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Figure 5.3: Time-resolved SAXS setup.

Time-resolved SAXS measurements were initiated by simultaneously injecting the
contents of Line 1 (RNA) and Line 2 (Mg*") (with other ingredients as indicated for
specific experiments) into the T-junction and the sample capillary. The capillary was
exposed to X-rays in pre-determined intervals for 1s per exposure. The estimated delay
between mixing and the first 1 s exposure to the X-ray beam was ~1s. The sample was

mixed by the pump between exposures to minimize radiation-induced damage.
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Figure 5.4: Ribozyme compaction in the presence and absence of CYT-19 and ATP.

Kratky plots of time points taken during the first minute after the addition of Mg?" to the
unfolded ribozyme (5 mM Mg(OAc)2, 1 uM ribozyme, 2.5 uM CYT-19). The first five
exposures, taken in ~3 second intervals are color-coded as indicated. Five subsequent
exposures, also in intervals of 3 s, are shown in gray, while later exposures, in intervals of
13 s, are in black. Blue points indicate the scattering profile of the pre-formed misfolded
ribozyme (M) at 5 mM Mg(OAc).. Red points indicate the scattering by the quintuple

mutant (Q) at 5 mM Mg(OAc); in the presence of the same concentration of CYT-19 (2.5
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uM) and ATP (2 mM) as used in the time-resolved measurement. Quintuple mutant
profiles are included as a reference, because this mutant has been shown to well represent
the structure of the wild-type ribozyme prior to tertiary compaction (165). Here and
further, the scattering profiles of the reference states (M and Q in this case) were
multiplied by a constant to adjust intensities for comparing the shapes with those of the
initial and late time points. Fluctuations in scattering intensity between time points,
especially pronounced in the first ~30 s of the reaction, were observed in most time-
resolved experiments and may be caused by incomplete mixing, in addition to expected

changes due to dissociation of CYT-19.
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Figure 5.5: CYT-19-concentration dependence of the delay in ribozyme compaction.

(4) CYT-19 effects on ribozyme compaction in the presence of 2 mM ATP. Duplicate
data sets for ribozyme compaction with three CYT-19 concentrations are shown (0.5 uM
ribozyme, 5 mM Mg(OAc)2). As in Figure 5.4, the time points are color-coded in a
gradient for the first five exposures (in ~3 s intervals), five subsequent exposures (in 3 s

intervals) are shown in gray, and later exposures — in blue. The blue dots indicate
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scattering by the misfolded ribozyme. (B) CYT-19 effects on compaction in the absence
of nucleotides (0.5 uM ribozyme, 5 mM Mg(OAc)2). The peak at the lowest scattering
vector q values suggests a substantial amount of aggregation, which was typically more

pronounced in the absence of nucleotides.
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Figure 5.6: Nucleotide effects on CYT-19-induced delay in ribozyme compaction.

All reactions contained 1.25 uM CYT-19 and 0.5 pM ribozyme. The nucleotide

concentration was 2 mM. The color scheme is as in Figure 5.5.
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Figure 5.7: Probing the effects of CYT-19 on ribozyme folding by ribozyme activity.

(A) The reaction scheme of the ribozyme activity assay. The contents of solutions 1 and
2, which were mixed at equal volumes to initiate the folding reaction, are indicated in the
table on the right. All solutions contained 50 mM Na-MOPS (pH 7.0), the ribozyme
concentration was 4 uM (2 uM final), and the CYT-19 concentration was 5 uM (2.5 uM
final). U, M: unfolded, misfolded ribozyme. (B) Folding time courses. The colors are as
indicated in the table in 4. An axis break was introduced to display both the fractions of
native ribozyme at early time points and the folding rates at later times. The data were fit
by a single exponential equation. The 0 time points represent the fractions of native
ribozyme determined after directly quenching mixture 1 (left side of the table). (C) The
rate constants of accumulation of native ribozyme for the data shown in B, as well as in
the presence of ADP and AMPPNP nucleotides. The colors correspond to reactions in

which CYT-19 was added to the unfolded ribozyme either concomitantly with Mg**
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light blue) or 5 min before Mg?* ions (green). Refolding rates for pre-formed misfolded
g g

ribozyme under the same conditions are shown in dark blue.
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Figure 5.8: CYT-19 delays compaction of the ARB mutant ribozyme.

The unfolded ARB ribozyme was pre-incubated with CYT-19 or CYT-19 buffer at 2 mM
Mg?* with or without nucleotides before shifting the Mg** concentration to 10 mM Mg*"
to induce folding. The final ribozyme concentration was 1 uM (2 uM during pre-
incubation), and the CYT-19 concentration was 2.5 uM final, and 5 uM in the pre-
incubation (see Materials and Methods). Red dots indicate the scattering profiles of the
ARB mutant ribozyme under the pre-incubation conditions (with or without CYT-19 and
nucleotide, as indicated), representing the starting state (‘0 time point’) of the transition.
The ribozyme and CYT-19 concentrations in these static measurements were 1 uM and
2.5 uM, respectively. Blue dots indicate the scattering profiles of the misfolded ARB
ribozyme, prepared by incubation for 5 min at 10 mM Mg?" and measured in the presence

of the same CYT-19 and nucleotide concentrations as used in the folding reaction (1 uM

ribozyme, 2.5 uM CYT-19, 2 mM nucleotide).
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Figure 5.9: Monitoring folding of the ARB ribozyme by ribozyme activity.

The overall reaction scheme is as in Figure 5.74, except for differences in the starting
solutions 1 and 2. The final Mg?* concentration in the folding reaction was 10 mM Mg>*,
The tables indicate only the components included in addition to the ones shown in the
scheme. 50 mM Na-MOPS (pH 7.0) was present in all solutions. The ribozyme
concentration was 1 pM and nucleotide concentration was 2 mM. Data for folding in the
presence and absence of CYT-19 and ATP or AMPPNP are shown for two CYT-19

concentrations.
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Ry, A lo/ 1o(RNA)

1M U WT L-21 79+3 1
2.5 UM CYT-19 34.5 0.073
4uM CYT-19 33.1+1.8 0.13
1M U WT L-21 + 2.5 uM CYT-19 70.9+05 1.9
1M UWT L-21+4 uM CYT-19 72.2+0.7 2.8
1uM Q + 5 mM Mg* 67.8 1

1 M Q + 5 mM Mg?* + 2.5 uM CYT-19 76.3 1.8
1 M Q +5mM Mg?* + 2.5 uM CYT-19 + ATP 73.0 1.9
1 UM Q + 5 mM Mg?* + 2.5 uM CYT-19 + AMPPNP 71.1 1.8
1 UM Q + 5 mM Mg?* + 4 uM CYT-19 AC-tail + AMPPNP 71£2 2.1
1 uM M + 5 mM Mg? 43.6 1
1M M +5mM Mg? + 2.5 uM CYT-19 45.0 1.0
1pM M +5mM Mg? + 2.5 uM CYT-19 + ATP 46.5 1.2
1 uM N + 5 mM Mg? 42,5 1

1 UM N +5 mM Mg?* + 2.5 pM CYT-19 44.3 1.0
1 pM N + 5 mM Mg?* + 2.5 uM CYT-19 + ATP 45.1 1.1

Table 5.1: Forward scattering intensities and radii of gyration of the ribozyme, CYT-

19, and ribozyme-CYT-19 complexes.

The values were derived from data in Figure 5.2. U: unfolded ribozyme; Q: quintuple

mutant ribozyme; M: misfolded ribozyme; N: native ribozyme. The radius of gyration

(Rg) and forward scattering intensity (lo) values were estimated by Guinier approximation
(see Materials and Methods). Scattering intensities are reported relative to scattering by

the ribozyme alone. Values from single determinations or averages and standard errors

from two determinations are shown.
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Chapter 6 contains text and figures from the following review, co-written with Rick
Russell and published by Annual Reviews in Biochemistry:

Jarmoskaite, 1. and Russell, R. (2014) RNA helicase proteins as chaperones and
remodelers Annual Reviews in Biochemistry 83 (expected final publication date: June 2,
2014).

Chapter 6: RNA helicase proteins as chaperones and remodelers

INTRODUCTION

Structured RNAs function throughout biology in processes such as translation,
pre-mRNA splicing, RNA processing, chromosome end maintenance, and the regulation
of gene expression. To function, these RNAs must fold to specific three-dimensional
structures that include secondary structure (RNA helices) and tertiary structure, and they
commonly include proteins to form ribonucleoprotein complexes (RNPs). The recent
discovery of pervasive transcription of eukaryotic genomes has revealed further the large
number of non-coding, and potentially structured, RNAs produced in cells (227-229).

The underlying physical properties of RNA result in a universal need for proteins
to accelerate RNA structural transitions. It has been known for decades that RNAs face
substantial challenges in folding efficiently to specific structures and in transitioning
between structured conformations (105, 230, 231). Local secondary structure can be
independently stable and long-lived, such that transitions requiring changes in secondary
structure can require assistance in vivo (106). Further, because of the limited diversity of
RNA side chains, non-native base pairs are likely to form during folding, resulting in
kinetically trapped structures in vitro and in vivo. Indeed, even mRNAs, which must be
unstructured over much of their length to be translated into protein, are likely to form
local structures that require assistance from proteins.

While many diverse proteins possess RNA chaperone activity and have been
shown to function as chaperones in some instances (119), superfamily 2 (SF2) helicase
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proteins stand out for their ubiquitous roles in manipulating structured RNAs in vivo (3,
149, 196). This expansive collection of proteins comprises multiple families, including
many proteins that function on DNA instead of RNA. It also includes proteins that lack
conventional helicase activity, despite the ‘helicase’ designation, which was coined
decades ago from sequence similarity with the limited number of known helicases at the
time (232). As described below, some SF2 proteins can unwind RNA locally but do not
translocate significantly along RNA, while others, not covered here, translocate along
RNA but do not unwind it. For simplicity, we refer to all of these proteins as helicases,
despite recognizing that not all of them possess helicase activity.

A sizeable subset of these proteins, representing three families, function to
manipulate structured RNAs. In parallel with the diversity inherent to structured RNAs
and their transitions, SF2 helicases use diverse mechanisms to promote RNA
rearrangements. Strikingly, emerging evidence suggests that the mechanisms track to a
large extent with the family delineations. Here, we summarize the mechanistic
capabilities of these three protein families, as deduced principally from structures and
biochemical studies using simple, defined RNA substrates. We then survey biological
processes that require these proteins, with emphasis on the specific RNA and RNP
substrates, the conformational transitions and, if known, the mechanisms used to promote

these transitions.

Helicase families involved in RNA chaperoning and RNP remodeling

Based on comparisons of their sequences and limited structural information, SF2
helicases have been divided into nine families and one smaller ‘group’ (18), refining and
extending earlier classification schemes (5, 232). All SF2 proteins share a conserved core

that binds a nucleoside triphosphate and a nucleic acid and consists of two domains (D1
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and D2), each of which resembles RecA (Figure 6.14). The core includes at least 12
identified sequence motifs, which are more highly conserved within families than
between families. These motifs contact both ligands and play important roles in the
processes mediated by these proteins, as has been reviewed elsewhere (18, 36, 190). In
addition to the helicase core, many SF2 proteins include ancillary domains. For some
families, these additional domains are conserved, while for others they are highly variable
(18).

Most of the proteins known to function as RNA chaperones or RNP remodelers
are found within two families, the DEAD-box and the DEAH/RHA families, and a few
are found within the Ski2-like family. We therefore focus below on these three families,
and representative schematics and structures are shown in Figure 6.14 and 6.1B,
respectively. Although the DEAD-box and DEAH/RHA families have at times been
described collectively as DExD/H-box proteins, recent analysis showed that these two
families are no more closely related to each other than to other SF2 families, and they are
correspondingly indicated here as two distinct families (18). This is an important change
in viewpoint because the molecular properties and mechanisms of these two families

appear to differ substantially from each other.

ATPase activity and RNA unwinding

As a step toward defining their mechanisms in RNA chaperoning and remodeling,
the capabilities of individual SF2 helicases have been probed using simple, defined RNA
substrates. Although these studies have revealed differences between families, there are
also central properties that are shared by proteins in these families as well as in other SF2
families and even in the more distantly related SF1 helicases. A hallmark of these

proteins is DNA- and/or RNA-dependent nucleotide hydrolysis activity, which is derived
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from energetic coupling between these ligands. As illustrated most dramatically by
structures of DEAD-box proteins, the two core domains have substantial flexibility
relative to each other (47, 48, 50). Upon binding of the nucleotide, principally to D1, the
domains have increased affinity for each other and are found in more intimate contact, at
least in the presence of bound nucleic acid. Nucleotide hydrolysis and product release
reset the protein to the open complex. The consequences of the cycle vary, as outlined

below.

Directional RNA translocation and unwinding by DEAH/RHA and Ski2-like proteins

Conventional helicase mechanisms include translocation, or directional movement
of the protein along one of the nucleic acid strands. This movement is achieved for SF1
and SF2 helicases at the level of a protein monomer and is directly linked to unwinding,
because movement along one strand results in displacement of the complementary strand.
The mechanistic steps involved in translocation have been described in detail for the
SFIA DNA helicases PcrA and Rep (5). Crystallographic and biochemical approaches
have provided high-resolution views of intermediates and revealed dynamics in the
translocation process. When bound to a DNA that includes a 3’ extension, these proteins
form extensive contacts to single-stranded and double-stranded regions of the DNA,
essentially encircling the ssDNA region. This encapsulation is made possible by domain
insertions in D1 and D2 that provide additional DNA binding surfaces. Translocation
occurs as ATP binding induces closure of the two core domains (D1 and D2), resulting in
movement of D1 while D2 remains stationary on the DNA. ATP hydrolysis and product
release allow a transient loosening of D2 from contacts with both ssDNA and DI,

resulting in domain opening and movement of D2 by one nucleotide in the direction of
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translocation, 3’ to 5’ for these proteins. Reformation of contacts by D2 then resets the
core for ATP binding and another turn of the cycle.

A similar reaction cycle appears to operate in some SF2 helicases. The viral
helicases NS3 and NPH-II (from hepatitis C and vaccinia virus respectively), which form
their own group within superfamily 2, unwind RNA with moderate processivity by
translocating from 3’ to 5° (233-235). Although structural and biochemical data suggest
some differences in the detailed mechanism of these proteins relative to the well-studied
SF1 proteins, such as differences in the identities of amino acids that contact the
nucleobases of unwound RNA and possible differences in chemical or kinetic step sizes,
the basic features of translocation and unwinding are maintained. Thus, SF2 RNA
helicases are capable of functioning much like SF1 DNA helicases. However, it should
be noted that these viral helicases evolved to function in the context of viral genomes,
where processivity and directionality are probably required for function. In contrast,
helicase proteins that manipulate cellular RNAs are much less likely to encounter long,
continuous helices, and one could envision that their mechanisms would be
correspondingly different.

Compared to the SF1 and SF2 families above, there is less structural and
mechanistic information for DEAH/RHA and Ski2-like proteins. However, such
information is now accumulating at a rapid rate. The first crystal structure of a Ski2-like
protein was Hel308, an archaeal DNA helicase (236, 237), and since then structures have
been obtained for the S. cerevisiae RNA helicases Brr2, Mtr4, and Ski2 (238-242)
(Figure 6.1B). The first crystal structure of a DEAH/RHA helicase was the S. cerevisiae
protein Prp43 (243, 244), which functions to remodel the spliceosome and the pre-
ribosome. Although it was not recognized by sequence analysis, the structures revealed

that these protein families share two domains outside the core, referred to as a winged-
143



helix domain and a ratchet domain. These domains make key contacts with substrate
RNA and are proposed to play key roles in RNA unwinding (245).

DEAH/RHA and Ski2-like proteins are thought to unwind RNA helices by a
mechanism that is fundamentally similar to SF1 and viral SF2 helicases. Unwinding by
Mtr4 of a 20-bp duplex requires a 3’-ssRNA extension, indicating that Mtr4 binds to the
extension and unwinds RNA by translocating 3’ to 5’ (246), and Mtr4 can unwind a helix
as long as 36 bp when in complex with partner proteins of the TRAMP complex (247). 3°
overhangs were also shown to enhance unwinding by Brr2 (238). Similarly, directional
unwinding is indicated for Prp22, a DEAH/RHA protein that functions in pre-mRNA
splicing (248). The unwinding efficiencies appear to decline with increasing helix length,
suggesting that the level of processivity is much lower than for SF1 helicases and lower
than for the viral SF2 proteins noted above. However, the lower processivity probably
does not reflect a difference in mechanism, but rather simply a change in the rate constant
for further translocation relative to that for dissociation from the helix, which defines
processivity (249). The mechanistic features of DEAH/RHA and Ski2-like helicases
suggest a general requirement for a 3’ single-stranded extension to allow for helicase
loading, which most likely generates important constraints on their physiological

substrates and specific functions.

Non-processive RNA unwinding by DEAD-box proteins

DEAD-box proteins make up the largest family of SF2 helicases and they
function throughout biology to promote RNA rearrangements and RNP remodeling.
Although DEAD-box proteins display RNA unwinding activity, they use a non-
conventional mechanism. Early work using mammalian elF4A protein showed that

DEAD-box proteins can unwind RNA helices up to 15 base pairs but with efficiencies
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that decrease with increases in helix length or stability (11), suggesting very low
processivity. In addition, early studies showed that DEAD-box proteins do not require
either 5° or 3’ extensions, implying that they can interact directly with a duplex region
and at least initiate unwinding without translocating (12, 14, 21, 23). This point was
underscored by the finding that although DEAD-box proteins do not perform ATP-
dependent unwinding of DNA helices, the S. cerevisiae protein Dedl can unwind a DNA
helix that is substituted in one strand with a small number of internal RNA nucleotides,
implying that the unwinding is initiated and centered upon the RNA segment (19). The
lack of translocation was highlighted by findings that complete unwinding of RNA
helices can occur in a single cycle of ATP binding and hydrolysis (83, 95, 181). Further,
complete unwinding is possible with the ATP analog ADP-BeF3 (17), indicating that
unwinding can precede ATP hydrolysis and the release of the hydrolysis products. These
steps then promote release of the tightly bound RNA strand after unwinding, and they
may also contribute to unwinding of longer or more stable helices (250).

Fluorescence studies and crystallography of the S. cerevisiae protein Mss116 have
led to a detailed physical model for the nonprocessive RNA unwinding by DEAD-box
proteins (64). This work showed that D2 alone can bind dsRNA without unwinding it,
and it extended previous results indicating that D1 can bind ATP independently (60-63).
Thus, in this model the two ligands bind initially to the separated domains, consistent
with earlier structures indicating that the two RecA-like domains are flexible relative to
each other in the absence of ligands (47, 48, 50, 51, 53, 251). Simultaneous binding of
both ligands leads to closure of the domains (47, 48, 54-57, 64), providing a physical
model for energetic coupling between binding of adenosine nucleotide and RNA (52, 66,
71,78, 80, 83, 226). The domain closure results in the exclusion of one strand of dSRNA,

bending of the other strand, and consequent local unwinding of the helix. Domain closure
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also promotes ATP hydrolysis, which allows release of the tightly bound RNA strand
after helix unwinding and resetting of the DEAD-box protein. Unlike the families
described above, DEAD-box proteins lack conserved domains that surround the ssRNA
and they lack a ‘pin’ element that may function as a wedge in unwinding (Figure 6.1B)
(18). Either or both of these differences likely contribute to their lack of processivity.

In the context of this model, it remains possible that there are intermediates in
which the domains are in contact but unwinding is not achieved, and that these
intermediates accumulate under conditions that do not promote unwinding. For example,
binding of a 154-mer RNA and AMP-PNP to the B. subtilis protein YxiN leads to
favorable domain closure, as monitored by smFRET, but AMP-PNP does not give
detectable unwinding of a model RNA duplex (52). Analogously, binding of an ATPase-
deficient mutant of YxiN to a closely related RNA and AMP-PNP or ATP gives domain
closure but not RNA unwinding (75). Alternatively, this domain closure may reflect
binding of YxiN to a single-stranded segment within the large RNA, whereas domain
closure may not be achieved upon binding dsRNA.

In addition to accelerating local unwinding of RNA, some DEAD-box proteins
can accelerate the reverse reaction, the annealing of two strands to form a dsRNA helix
(7, 21, 96, 97). Strand annealing activity does not depend on ATP (21, 97) and may
reflect binding of the separated strands to the dsSRNA binding site of D2 (64). A recent
analysis suggested that DEAD-box proteins can be divided into two broad groups based
on ATPase activity and corresponding RNA unwinding activity (10). Interestingly, Rok1,
one of the proteins in the ‘low’ ATPase/unwinding group, is suggested to function by

promoting an RNA annealing reaction in ribosome biogenesis (see below).
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Unstructured, basic ‘tails’ of DEAD-box proteins as tethers

Despite their ability to interact directly with a duplex to initiate unwinding,
several DEAD-box proteins are activated for unwinding by ssRNA extensions, which can
be either 5’ or 3’ extensions (8, 10, 20, 21, 23, 73). The puzzling ability of DEAD-box
proteins to use extensions of either polarity led to them being described as bi-directional,
but it is now clear that the extensions do not increase unwinding efficiency by providing
starting points for translocation but instead provide binding sites for additional monomers
or ancillary regions of the same monomer, which can tether the helicase core in proximity
to a substrate helix and remain bound during the local RNA unwinding reaction (36).

Several lines of evidence support this conclusion. The extension is not required to
be contiguous with the duplex to be unwound; for Dedl, the extension can even be
connected by a bridging streptavidin protein as long as it allows proximal binding of an
additional protein molecule (23). For other DEAD-box proteins, the extension does not
have to be single-stranded, as a dsSRNA or DNA extension is at least as effective as
ssSRNA for the Neurospora crassa protein CYT-19 (22). Deletion of an unstructured C-
terminal region of CYT-19 leaves the unwinding activity of the helicase core intact but
abrogates the stimulation by DNA or RNA extensions, indicating that this ‘C-tail’ is
responsible for binding the extension and tethering the core for unwinding of an adjacent
helix (34, 155).

There is significant variation in the properties of these tethering interactions.
Some DEAD-box proteins function as general RNA chaperones, and interactions of the
C-tail are correspondingly versatile (252). There is no evidence for RNA sequence or
structure specificity, and the C-tail is very flexible relative to the core, accounting for the
enhanced RNA unwinding from extensions regardless of their polarity (34). On the other

hand, some yeast DEAD-box proteins have C-terminal basic regions that may function
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similarly but with less flexibility between the tail and the core, such that a preference for
polarity is observed (10). The Thermus thermophilus protein Hera includes a bipartite
extension with an RRM (RNA recognition motif) domain that binds ssRNA with a
preference for guanosine and a short unstructured region that binds dsRNA (32, 37).
Other DEAD-box proteins are targeted to specific substrates by interactions with

ancillary domains (200, 253) or surfaces within the helicase core (40, 254).

Remodeling of RNP complexes

While much is known about the abilities of SF2 RNA helicases to unwind
duplexes, the physiological substrates for many of these proteins include assembled
proteins, and a few studies have probed the abilities of certain SF2 helicases to remodel
simple, defined RNP complexes. The viral helicase NPH-II can remove several protein
complexes from ssSRNA or dsRNA in an ATP-dependent manner (101, 255), most likely
by translocating 3’ to 5° along one RNA strand and displacing the protein(s) as well as
the complementary RNA strand, if present (256). Ded1 is also able to remove proteins
from RNA (101, 102), despite unwinding RNA non-processively as described above.
Interestingly, Dedl displays selectivity, accelerating dissociation of some protein
complexes but relying on spontaneous dissociation of the tight-binding UlA protein
before unwinding the two RNA strands that form the UIA binding site (102). The

physical origins of this selectivity remain to be elucidated (256).

RIBOSOME BIOGENESIS

Here and in the sections that follow, we outline the biological functions of SF2
helicase proteins in rearranging RNAs and remodeling RNPs. Ribosome biogenesis is an
elaborate process that involves regulated cleavage, modification and folding of several
large ribosomal RNAs, as well as extensive changes in RNP constitution throughout the
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assembly process (172, 257). Large fractions of the DEAD-box proteins of E. coli and S.
cerevisiae function in ribosome biogenesis (4 of 5 and 15 of 26, respectively), and in S.
cerevisiae several DEAH/RHA helicases and a Ski2-like helicase also participate. In
bacteria, the RNA helicases seem to be required only at low temperatures, presumably
due to increased lifetimes of non-native RNA structures (258, 259). However, in
eukaryotes most of the helicases involved in ribosome biogenesis are essential, likely
reflecting the increased complexity of the eukaryotic ribosome and a greater need for

regulation.

Ribosome biogenesis in E. coli

Ribosome biogenesis in E. coli involves four DEAD-box helicases: DbpA, SrmB,
CsdA and RhIE. DbpA (YxiN in B. subtilis) was originally implicated based on specific
stimulation of its ATPase activity by 23S rRNA, which later was narrowed down to
hairpin 92 (hp92) of the peptidyltransferase center (24, 25). The recognition of hp92 is
mediated by a C-terminal RRM domain, which is flexibly linked to the helicase core and
can enhance unwinding of helices positioned either 3 or 5° from hp92 (26, 28, 200, 253).
Functional and structural evidence supports a model in which DbpA rearranges RNA
structure around hp92 in the 50S precursor while remaining tethered via the RRM
domain. Despite this specific hp92 recognition, AdbpA mutants show no obvious defects,
and defective ribosome assembly is only observed with a dominant negative DbpA
mutant that lacks ATP-dependent unwinding activity but retains RNA binding (260, 261).
Thus, in vivo, DbpA-mediated rearrangements appear to be redundant with other
pathways but can be blocked by bound DbpA (261).

Recent evidence also suggests specific sites for SrmB. The absence of functional

SrmB leads to accumulation of 40S intermediates that contain immature 23S rRNA and
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reduced amounts of some ribosomal proteins (262). Tandem affinity purification revealed
SrmB interactions with two ribosomal proteins, L4 and L24, which bind a 5’ region of
23S rRNA (263). However, rRNA mutations that suppress the requirement of SrmB map
to domain II of 23S rRNA, which is distant in the mature ribosome. Some suppressors
map to a section of 5S rRNA with base complementary to domain II of 23S rRNA,
suggesting that SrmB may prevent 5S rRNA annealing and promote native 23S rRNA
folding and protein assembly within domain II (264).

CsdA, aka DeaD, is induced at low growth temperatures and several lines of
evidence indicate that it functions as a general RNA chaperone in ribosome biogenesis
and other RNA-related processes, including mRNA decay and translation (265, 266).
CsdA functions at multiple stages of ribosome biogenesis and can suppress defects in
AsrmB strains, suggesting functional overlap (267). Interestingly, mutations in CsdA can
be suppressed by overexpression of another cold shock protein and general chaperone,
CspA, — a small (70 aa), unrelated protein that can destabilize RNA helices and functions
in transcription antitermination (268-270). CsdA contains a predicted RRM in its C-
terminus that may contribute to general RNA recognition, possibly by recognizing a
commonly occurring structural element (14).

RhIE appears to be largely but not completely redundant with CsdA. While
growth defects are not observed in ArhlE cells, removal of RhlE and CsdA enhances the
cold-sensitive phenotype of AcsdA cells and increases the accumulation of 50S
precursors (271). However, unlike CsdA, RhIE cannot substitute for SrmB, and its
overexpression even increases the accumulation of 50S precursors observed in AsrmB
cells (271). Together the results suggest a complex network of functions for SrmB, CsdA,

and RhIE, with extensive but incomplete overlap between them.
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Ribosome biogenesis in S. cerevisiae

Nineteen yeast helicases have been implicated in ribosome biogenesis. Seventeen
of them are essential, and several have been linked to distinct steps in small or large
subunit biogenesis based on the sizes and compositions of ribosome intermediates that
accumulate upon mutation or depletion of the helicase protein (Figure 6.24) (272). While
it can be difficult to separate direct from indirect effects, as some of the blocked steps
may be downstream from those mediated directly by the helicase (172), these studies
have provided important insights and constraints on the helicase functions in ribosome
biogenesis. A distribution of the proposed roles of S. cerevisiae helicases in ribosome
biogenesis is shown in Figure 6.2B. Below we discuss examples of proteins implicated in
each of these roles, illustrating the mechanistic diversity of SF2 helicases, particularly
within the DEAD-box family.

Several helicases have been suggested to regulate nucleolytic processing of pre-
rRNA into mature rRNA by remodeling structures adjacent to cleavage sites. The DEAD-
box protein Dbp3 promotes site A3 cleavage by RNase MRP during 25S rRNA
maturation and was suggested to disrupt an adjacent hairpin to increase access of the
RNase (273). The DEAH/RHA protein Prp43 (see below) is recruited near the site of
Nobl-mediated 3’ cleavage of 18S pre-rRNA by the cofactor Pfal, which binds the OB-
fold domain of Prp43 and stimulates its helicase activity (244, 274-276). 3° end
processing of 5.8 S rRNA requires the Ski2-like helicase Mtr4 (277), which functions as
part of the TRAMP complex (see below) and is also involved in general quality control
during ribosome biogenesis (172).

The possibility of an interesting divergence of DEAD-box protein functions is
introduced by recent studies of Rokl in small subunit biogenesis. Rokl promotes a

structural change to facilitate cleavage at site A2 by the Nobl nuclease. Interestingly, in
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vitro experiments suggest that rather than disrupting structure, Rokl specifically
promotes the temporary formation of a helix that allows correct processing of pre-18S
rRNA (98, 99). The specificity for this “pre-A2” helix is conferred by cofactor Rrp5,
which stimulates Rokl-mediated annealing of pre-A2 by ~10-fold relative to other
helices. Studies using model helices, noted above, showed that Rok1 has low ATPase and
RNA unwinding activities relative to other DEAD-box proteins (10), suggesting an
intriguing link between the capabilities and functions of Rok1. Nevertheless, Rok1 does
retain a basal level of nucleotide-dependent RNA unwinding activity (10), and it is also
suggested to function in snoRNP dissociation (see below).

Several helicases have been shown to function in rearrangements involving
snoRNAs. snoRNAs are small structured RNAs that base pair with pre-rRNAs to guide
site-specific cleavage, methylation and pseudouridylation, and can direct pre-rRNA
folding (278). There are 75 snoRNAs in yeast, from structurally distinct box-C/D and
H/ACA classes, with three essential ones (U3, U14, snR30) that guide cleavage events
and 72 non-essential ones that specify nucleotide modifications (278). Three DEAD-box
proteins have been implicated in dissociation of certain snoRNAs. Hasl is required
primarily for dissociation of the essential U3 and U14 snoRNAs, although several other
snoRNAs are also affected upon Has1 depletion (279), while snR30 dissociation requires
Rok1 (100). Interestingly, dissociation of U14 requires Dbp4 in addition to Hasl (280),
indicating that removal of a given snoRNA can require direct or indirect activities of
more than one helicase. Several helicases have also been suggested to function in U3
snoRNP-guided cleavage and rearrangements of pre-rRNA. The DEAH/RHA helicases
Dhrl and Dhr2 and DEAD-box proteins Dbp8, Rrp3 and Rok1 coprecipitate U3 snoRNA
and are required for U3-guided cleavages (281). One or more of these helicases may also

function in U3-assisted formation of the central pseudoknot in the 18S rRNA (282).
152



Of the helicases in eukaryotic ribosome biogenesis, the DEAH/RHA protein
Prp43p is particularly versatile, playing multiple roles while also functioning in pre-
mRNA splicing (see below). In addition to promoting Nobl-mediated cleavage of 18S
rRNA, as noted above, Prp43 co-precipitates with snoRNAs (primarily box-C/D) and
rRNA sequences near snoRNA binding sites, and is required for binding or release of
snoRNAs from the pre-ribosome (275, 283-285). The broad spectrum of RNA substrates
indicates that Prp43 recognizes general features of structured RNAs, either intrinsically
or through cofactors such as Pfal (276). Surprisingly, in vitro studies showed that Prp43
does not require a 3’ extension for RNA unwinding, which would seem to be at odds with
the 3°-5” directionality observed for other DEAH/RHA helicases (286, 287). Together,
these results have led to the suggestion that Prp43 could function similarly to DEAD-box
proteins by forming tethering interactions with structured RNA via a cofactor protein or
an ancillary domain and disrupting RNA structure locally (288), which would be an
important exception from the general differences in functional mechanisms between

DEAH/RHA and DEAD-box proteins.

SPLICEOSOME ASSEMBLY AND FUNCTION

After ribosome biogenesis, eukaryotic pre-mRNA splicing is the process that
requires the most RNA helicases [reviewed in (289, 290)]. Eight helicases function in
splicing in S. cerevisiae, including three DEAD-box, one Ski2-like and four DEAH/RHA
proteins. These helicases have been implicated in RNA secondary structure
rearrangements and protein displacement, allowing the spliceosome to assemble,
rearrange and dissociate in a controlled manner (Figure 6.3). Splicing helicases have also
been shown to function in proofreading, counteracting the forward progression of slowly-

reacting pre-mRNAs and intermediates, and promoting their dissociation (291). Below,
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we summarize the current knowledge of helicase-mediated rearrangements of the S.
cerevisiae spliceosome and discuss how the properties of each helicase family correspond

to their roles in pre-mRNA splicing.

DEAD-box helicases: chaperoning spliceosome assembly

Two DEAD-box helicases, Sub2 and Prp5, are required for branchpoint (BP)
recognition by U2 snRNP and promote rearrangements that allow base-pairing of the BP
and U2 snRNA (104, 292). Genetic studies have implicated Sub2 in dissociation of the
Mud2/Bbp protein heterodimer from the BP sequence, and consistent with a role in
protein displacement, studies of the human homolog UAP56 suggest that ATPase
activity, but not RNA unwinding, is required for BP exposure (104, 293). Prp5 promotes
a transition between alternative conformations of the U2 snRNP, which involves direct or
indirect disruption of the 8-bp helix Ilc, formation of alternative helix Ila, and ejection of
the Cus2 protein (294-296) (Figure 6.3). This transition increases the accessibility of the
BP-recognition sequence of U2 snRNA, located in the loop of a conserved branchpoint
interaction stemloop (BSL)(294, 297, 298). Upon initial recognition of the BP sequence
by the BSL, Prp5 has also been implicated in unwinding the BSL stem to allow stable
association of U2 snRNP with the BP (298) (Figure 6.3).

Following stable U2 snRNP binding, the Prp28 helicase is required for unwinding
of the 6-bp helix between Ul snRNP and the 5’ splice site (5’-ss), facilitating release of
Ul snRNP and exposing the 5’-ss for base pairing with the U6 snRNP (299) (Figure 6.3).
Although Prp28 and Prp5 have been described as lacking unwinding activity (294, 300),
the reported experiments have used helices longer than the 10-15 bp that are efficiently
unwound by other DEAD-box proteins. Overall, the localized rearrangements by all three

DEAD-box helicases are consistent with the general capabilities of DEAD-box proteins
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and in contrast with the generally more extensive remodeling events mediated by the

helicases described below.

DEAH/RHA helicases: activation for catalysis, product release and snRNP recycling

The four spliceosomal DEAH/RHA-family helicases catalyze rearrangements that
accompany or follow the chemical steps of splicing, beginning with activation of the
spliceosome for the first step of splicing. Strikingly, these rearrangements generally
involve more extensive base-pairing interactions and/or displacement of proteins than the
changes promoted by DEAD-box proteins, and the current data suggest a strong
correspondence of the functional roles of these proteins with the capabilities of the
protein family as a whole, as established from crystallographic and biochemical studies
described above.

Prp2 promotes dissociation of proteins from the BP region, exposing the BP
adenosine for attack on the 5’ss (301, 302). Prp2 requires 23-33 nt of pre-mRNA in the 3’
direction from the BP, suggesting 3° to 5’ translocation (303). Along the way, Prp2 is
thought to dislodge the BP-binding SF3a and SF3b proteins and a number of others,
contributing to catalytic activation of the spliceosome (Figure 6.3) (301, 302, 304)
(Figure 6.3). Following lariat formation, Prpl6 promotes rearrangement of the
spliceosome for the second catalytic step. The rearrangement involves refolding of U2
snRNP to the Ila state, destabilization of U2/U6 helix 1 (Figure 6.3), and displacement of
several proteins (296, 305-308). Following splicing, Prp22 releases the mRNA by
disrupting base pairs between the U5 snRNP and the mRNA and may destabilize protein-
RNA contacts between the U5 snRNP and the exon-exon junction (309, 310) (Figure
6.3). Prp22 initiates translocation ~23 nts downstream from the splice junction,

suggesting 3’-5’ translocation (248, 311). Finally, Prp43 mediates the extensive
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rearrangements that allow release of the intron lariat and recycling of the U2, U5 and U6
snRNPs (312-314). The activity of Prp43 in spliceosome disassembly is stimulated by

cofactor Ntrl, which also enhances in vitro unwinding activity of the helicase (287, 314).

Ski2-like helicase Brr2: remodeling U4/U6 snRNP

Like the DEAH/RHA proteins, the Ski2-like helicase Brr2 promotes a large-scale
rearrangement, acting early in the splicing cycle to disrupt an extensive base-pairing
network between the U4 and U6 snRNAs (315, 316) (Figure 6.3). The disruption releases
the 5’ss-recognition sequence within U6 snRNA and allows it to form catalytically
important intra-U6 and U2/U6 interactions. The mechanism of U4/U6 snRNP
dissociation is not fully understood, but recent data suggest that Brr2 binds the 3’ end of
the U4 snRNA and translocates 3’ to 5’ to unwind U4/U6 stem I and presumably stem II
(317-319). This activity is tightly regulated by US snRNP components Prp8 and Snul14
(319). While Brr2 readily unwinds protein-free U4/U6 snRNA in vitro, it is unknown

how proteins that coat the RNA in the U4/U6 snRNP affect unwinding (315, 317).

Proofreading by spliceosomal helicases

In analogy with GTPases in translation, several splicing helicases use ATP to
enhance fidelity by proofreading the splicing process (291, 320). Productive steps are in
kinetic competition with a non-productive branch in which a helicase uses ATP to reject
the pre-mRNA substrate (321, 322). For a substrate with a non-consensus sequence, the
reduced rate of the forward step increases flux through the non-productive branch,
leading to rejection and eventual discard of the unspliced substrate or a splicing
intermediate. In addition, the helicases may act preferentially on stalled splicing

complexes because of their decreased stability and enhanced dynamics, analogous to
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DEAD-box proteins that act as chaperones by resolving misfolded RNA structures [(127,
291); see Self-splicing introns below].

As expected from this mechanism, the proofreading checkpoints largely overlap
with the step(s) mediated by a given helicase in the productive splicing cycle. Thus, Prp5
rejects pre-mRNAs with mutations in the branch site (323), Prp28 and Prp16 suppress
splicing of 5’-ss mutants (324-327), and Prp22 primarily proofreads the 3’-ss (328).
Some of the helicases may also act with some promiscuity on structures that become
exposed due to their lower stability or to a lack of bound proteins. Thus, Prp43 can reject
or discard stalled intermediates in at least two steps of the spliceosome cycle, in addition
to disassembling the spliceosome to complete the native cycle (329, 330), while Prp22

can reject BP and 5°-ss mutants, although less efficiently than 3’-ss mutants (328).

SELF-SPLICING INTRONS: DEAD-BOX PROTEINS AS GENERAL RNA CHAPERONES

Group I and group II introns are autocatalytic RNAs that are broadly distributed
in nature and function by splicing themselves out of precursor RNAs, with some retaining
ancestral roles as mobile genetic elements (122). Several mitochondrial group I introns in
N. crassa require the DEAD-box protein CYT-19 for efficient folding (85), and all of the
S. cerevisiae mitochondrial group I and group II introns depend on Mss116, a CYT-19
homolog (121, 331). Group II introns in plant mitochondria and chloroplasts also require
DEAD-box proteins, suggesting a widespread role (332, 333). The versatility of these
DEAD-box proteins indicates that they are general RNA chaperones (85, 121), and
biochemical studies of these proteins and introns have been instrumental in elucidating
general features of the mechanisms by which DEAD-box proteins manipulate structured

RNA:s.
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Model group I introns have been used to probe how DEAD-box proteins promote
transitions away from misfolded structures. A ribozyme derivative of the Tetrahymena
thermophila group 1 intron (from the large subunit rRNA) misfolds to a single, dominant
conformation that is compact and includes extensive native structure but is thought to
have a non-native topology (145, 157). This misfolded conformation undergoes a slow
‘refolding’ rearrangement to the native state that is rate limited by extensive unfolding
(140, 145). CYT-19 accelerates refolding in an ATP-dependent manner, indicating that it
can use ATP to accelerate unfolding of the misfolded ribozyme (22). The function of
CYT-19 as a general chaperone, along with the non-cognate nature of the Tetrahymena
ribozyme, would suggest that CYT-19 accelerates this refolding reaction without
recognizing specific features of the misfolded ribozyme, and indeed CYT-19 can also
unfold the native ribozyme (127). CYT-19 also accelerates refolding of a misfolded
group I intron from the bacterium Azoarcus (116), and it promotes splicing of its cognate
introns in vitro, most likely by accelerating refolding transitions (85). These refolding
processes are known or suggested to require unfolding of tertiary structure, but DEAD-
box proteins have not been shown to disrupt RNA tertiary contacts. Recent work
indicates that CYT-19 disrupts tertiary structure in the Tetrahymena ribozyme using a
‘helix capture’ mechanism by trapping helical elements after they lose tertiary contacts
spontaneously and then using RNA unwinding activity to separate the strands of the
trapped helix (C. Pan et al., submitted).

Group I introns have also been valuable for probing how directionality in folding
can be conferred upon the inherently non-specific activity of these DEAD-box proteins.
For the Tetrahymena ribozyme, there is a correlation between global RNA stability and
the efficiency of unfolding by CYT-19, with less stable conformations being unfolded

more efficiently. The effect is that net folding proceeds from the less stable misfolded
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conformation to the more stable native state despite the absence of specific recognition
by CYT-19 (127). If the native structure is destabilized by mutations or by lowering Mg**
concentration, it is unfolded efficiently by CYT-19 and instead of the native ribozyme
accumulating, the misfolded conformation or unfolded conformations accumulate (127).
Mss116, which has greater RNA unwinding activity than CYT-19, can readily unfold the
native structure under a broader range of conditions (128, 129). Mss116 can also function
as a chaperone to promote conformational transitions between or following the two steps
of splicing for a model intron from yeast (334), most likely by disrupting structure non-
specifically, with directionality conferred by the functionally irreversible dissociation of
the intron from the ligated exons.

Group II introns also undergo slow folding transitions to the native state, and
these transitions can be accelerated in vitro by DEAD-box proteins (154). Two yeast
mitochondrial introns have been used most extensively in these studies. CYT-19
promotes native folding of the bI1 intron in an ATP-dependent manner and is dispensable
after the native state is reached, establishing that it chaperones folding of the RNA (126).
A second intron, alSy, and its ribozyme derivative (D135), fold slowly under near-
physiological conditions (74, 128), with D135 folding through multiple pathways on time
scales from minutes to hours (151, 335). Mss116 accelerates native folding of both the
intron and D135 ribozyme (74, 128, 151, 152), and further work with D135 has shown
that Mss116 accelerates two transitions, only one of which requires ATP (151, 153). The
ATP-dependent step is thought to reflect disruption of non-native structure, which
includes or is stabilized by exonic structure, analogous to the roles of DEAD-box proteins
in folding of other group I and II introns (137, 153). This step may also include
nucleotide-dependent dissociation of Mss116 from a folding intermediate (153). The

ATP-independent step is earlier in folding and is thought to include compaction of the
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largest domain of the intron, a transition that can limit folding for a subpopulation of the

ribozyme (335, 336).
GENERAL RNA CHAPERONES IN TRANSLATION

Eukaryotic translation requires multiple helicases, largely for rearrangements of
the 5° untranslated region (5’-UTR) in cap-dependent initiation. In this process, the pre-
initiation complex (PIC) is recruited to the 5° cap through interactions with the elF4F
complex, followed by 5’ to 3° scanning along the 5 UTR in search of the start codon
(337). Both PIC loading and scanning, the latter process involving up to thousands of
nucleotides, require disruption of RNA structures within the 5’UTR. Three helicases,
elF4A, Dedl and DHX29, are thought to clear the way for the PIC by resolving these
structures.

The DEAD-box protein eIlF4A is a component of the eI[F4F complex, which also
includes elF4G and the cap-binding protein eIlF4E. Due to its localization to the cap,
elF4A is thought to promote PIC loading by disrupting RNA secondary structures in the
vicinity of the 5’ terminus (72, 337). A poor helicase on its own, elF4A is enhanced for
RNA unwinding by interactions with other initiation factors (92). elF4G binds and
modulates the orientation of the e[F4A core domains, and yeast e[F4G can bias elF4A to
unwind helices with 5’ overhangs, potentially generating an overall 5’ to 3” directionality
for e[F4A-mediated rearrangements of the 5’UTR (39, 89, 91, 338). elF4B binds to D2 of
elF4A and can interact with ssRNA via its RRM, potentially trapping ssSRNA produced
by elF4A (39, 42, 337). elF4B may also promote RNA unwinding by tethering elF4A to
RNA, analogous to the ancillary RNA-binding domains and extensions found in other

helicases (42).
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Following PIC loading, elF4A is also thought to disrupt downstream 5’UTR
structures to facilitate scanning. Consistent with this model, e[F4A and elF4B crosslink
to the mRNA up to 52 nt downstream from the cap (339). The much higher intracellular
concentration of elF4A than the other initiation factors and ribosomes suggests that
elF4A may carry out some functions independently, and that multiple e[F4A monomers
can act per mRNA (337, 340). However, Dedlp and DHX29 are also involved in
translation and are more potent helicases, suggesting that e[F4A may not be the primary
helicase during scanning (337). In addition to cap-dependent translation initiation, eI[F4G
and 4A are required for initiation at Type 1 and Type 2 IRES elements in viral mRNAs,
where they induce conformational rearrangements necessary for PIC loading and
initiation (341, 342).

Both the helicase and RNP remodeling activities of Ded1 are likely to play roles
in translation initiation. Ded1 interacts with eIF4G, and this interaction can both stimulate
and repress translation initiation (93). While the role of Dedl in repression is ATP-
independent, ATP is required for Ded1-mediated release of mRNAs from stress granules,
which reverses repression (93). As a helicase, Ded1 is thought to disrupt 5’UTR helices
to promote PIC loading and scanning of the 5’UTR, although these functions remain to
be established experimentally (337).

The DEAH/RHA helicase DHX29 is required for efficient translation of mRNAs
with highly structured 5’UTRs and is also important for overall translation (343, 344).
DHX29 interacts with the 40S ribosome in the PIC near the mRNA entry channel and
promotes disruption of double-stranded segments, allowing these sequences to enter the
ribosome (344). DHX29 may unwind these mRNA structures directly, or it may act

indirectly by remodeling the entry channel of the ribosome (344).
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Another helicase that promotes translation of specific groups of mRNAs is the
DEAH/RHA helicase RNA helicase A (RHA), which interacts with mRNAs containing
the 150 nt post-transcriptional control element (PCE) (345, 346). RHA also interacts with
other structures in 5’UTRs, including G-quadruplexes (347), and it presumably
destabilizes these structures to give the observed increases in polysome loading and
translation.

Finally, Vasa (DDX4) promotes translation of mRNAs encoding proteins that are
involved in embryogenesis and germline development in animals (348). Vasa interacts
with the initiation factor elF5B, which mediates ribosomal subunit joining (349, 350),
and the role of the helicase appears to be to promote elF5B loading to the PIC, perhaps
by removing repressors from the elF5B binding site (349, 350).

Although helicase functions have been best characterized in translation initiation,
a handful of RNA helicases function at later steps. The Ski2-like protein Slhl associates
with translating ribosomes and is important for translation (351). The DEAD-box protein
Dbp5 and its cofactors Glel and IP6 function in translation termination (148, 352). Based
on genetic data, Dbp5 is suggested to facilitate binding of release factors eRF1 and 3,
likely by promoting rearrangements of the ribosome (353). The translating ribosome may
also disrupt mRNA structures directly during elongation, analogous to the prokaryotic

ribosome (354, 355), limiting the requirement for helicases past the initiation stage.

RNA DECAY

Stable RNA structures and bound proteins can inhibit enzymatic RNA
degradation, and unsurprisingly RNases are often found to recruit RNA helicases (356).
The DEAD-box helicase RhIB is a component of the E. coli degradosome and promotes

degradation of RNAs with stable secondary structures by the exonuclease PNPase (357,
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358). Interactions with the degradosome have also been reported for other DEAD-box
poteins in E. coli, and DEAD-box components are found in the degradosomes of other
bacteria (266, 356).

The eukaryotic exosome primarily utilizes helicases from two regulatory
complexes: Ski2 helicase of the cytoplasmic Ski complex and the closely related Ski2-
like helicase Mtr4 of the nuclear complex TRAMP (359). Both helicases appear to
unwind structured RNAs and channel ssRNA into the exosome for degradation (247,
360). Directional 3’-5’ unwinding by these Ski2-like helicases is thought to promote
coupling of unwinding and degradation, which also proceeds 3’ to 5. An interesting
interplay has been observed between Mtr4 and the poly(A) polymerase component of
TRAMP. The polymerase promotes Mtr4 loading on RNAs by adding oligo(A) tails, and
once bound, Mtr4 inhibits the polymerase, thus controlling the length of the tail (247,
361). The RHAU helicase can also transiently interact with the exosome and promote
degradation of AU-rich element-containing mRNAs, likely by disrupting RNA structures

or protein binding (362).
OTHER RNA CHAPERONE AND REMODELING ACTIVITIES

Transcription

It has long been known that the DEAD-box proteins p68 and p72 function in
transcription by recruiting transcription regulators to RNA polymerase II, including the
tumor suppressor p53 (363). This function appears to be carried out at the level of DNA,
but recent results suggest a general RNA chaperone function for the S. cerevisiae
homolog Dbp2. Dbp2 was shown to promote clearance of cryptic RNA transcripts from
chromatin, apparently by remodeling RNA co-transcriptionally and promoting binding of

decay factors (364). Dbp2 probably remodels the RNA indiscriminately, as it also
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promotes loading of export factors to native transcripts (365). Whether p68 and/or p72
play similar roles remains unknown, but there is evidence for their localization to regions

of elongation in transcription (363).

Nuclear export

Several DEAD-box proteins have been implicated in the RNP remodeling events
that occur as mRNA is exported through the nuclear pore complex (NPC). Dbp5 is
localized to the cytoplasmic face of the NPC and is required for dissociation of several
export factors, contributing to the directionality of mRNA export (103, 366). The ATPase
activity of Dbp5, which is required for protein displacement, is regulated by the activator
Glel and co-activator IP6, while the nuclear pore component Nup159 promotes recycling
of nucleotide-free Dbp5 after ATP hydrolysis (254). Inside the nucleus, UAP56 (Sub2)
plays an incompletely understood, ATP-dependent role in mRNA export as a component
of the TREX complex (367, 368). Furthermore, multiple human helicases are used by
viruses during export of viral RNAs, including DEAD-box proteins DDX3 (the human
homolog of Dedl) and DDX1, as well as the DEAH/RHA helicase RHA (369).

Editing

[lustrating the diversity of SF2 helicase-dependent processes, RNA helicases
have been implicated in small RNA-guided pre-mRNA editing that occurs in the
mitochondria of some protozoa (370). During editing, the 5’ region of a short guide RNA
(gRNA) pairs with pre-mRNA, while the partially complementary 3’ region serves as
template for uridine insertions and deletions by the editosome. Editing creates new
complementarity between the pre-mRNA and the 5’ region of another gRNA, resulting in
a 3’-5’ cascade of editing events. In Trypanosoma brucei, the sequential binding and
dissociation of gRNAs is promoted by the DEAD-box helicase REH1, which appears to
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dissociate gRNAs after editing (371). A second helicase, REH2 (related to DEAH/RHA
and Ski2-like families), associates with the editosome and may promote RNA

rearrangements during editing (372).

CONCLUSIONS

It is now clear that SF2 helicase proteins function throughout RNA biology,
playing a diverse set of roles and using a diverse set of mechanisms. The list of helicases
that function to rearrange or remodel RNAs or RNPs is large and growing. Still, despite
remarkable progress in recent years, we have very limited knowledge of the interaction
sites for helicases on their biological RNA and RNP substrates, and we know little about
the structural rearrangements that they promote. Mechanistically, the available data
suggest a general model in which DEAD-box proteins act locally, disrupting or in some
cases promoting RNA structure without significant translocation, while DEAH/RHA and
Ski2-like proteins load onto ssSRNA and translocate 3’-5°, disrupting RNA structures and
displacing proteins as they translocate. In the coming years, it will be fascinating to
continue to learn about the structures and dynamics of the RNA and RNP substrates and

the mechanisms used by helicases to manipulate them.
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Figure 6.1: Superfamily 2 (SF2) families involved in RNA chaperoning and RNP
remodeling.

(4) Arrangement of conserved structural domains. Conserved motifs of the helicase core
are shown in dark gray. The domain arrangements of DEAH/RHA and Ski2-like families
shown are based on Mtr4 and Prp43 structures, respectively (domains not to scale). The
winged helix (WH) and ratchet domains are conserved in DEAH/RHA and Ski2-like
helicases, and the oligonucleotide/oligosaccharide-binding fold (OB-fold) domain is
conserved in DEAH/RHA helicases, whereas the arch domain is present in only a subset
of Ski2-like helicases. The N-terminal domains (NTD), shown for Mtr4 and Prp43, are
variable. Some individual proteins from all three families include other, nonconserved

domains that are not shown here. (B) Crystal structures of Ski2-like (Mtrd) (241),
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DEAH/RHA (Prp43) (243) and DEAD-box (Mssl16) (55) helicases. Domains are
colored as in panel 4. The nucleotide (ADP for Mtr4 and Prp43 and AMP-PNP for
Mss116) is shown in red, and cocrystallized single-stranded RNA (ssRNA) bound to
Mtr4 and Mss116 is shown in black. The B hairpin within D2 in Ski2-like and
DEAH/RHA helicases that is thought to function as a pin during RNA unwinding is

highlighted in pink.

167



Dbp4
Dbp8
Fal1
ssU  Rp3
Rok1
Dhr1
Dhr2

Figure 6.2: Helicases that function in eukaryotic ribosome biogenesis.

(4) Saccharomyces cerevisiae helicases that function in biogenesis of the small ribosomal
subunit (SSU) and large ribosomal subunit (LSU). Essential helicases are shown in bold.
DEAD-box, DEAH/RHA, and Ski2-like helicases are shown in green, blue, and orange,
respectively. (B) Known and proposed roles of RNA helicases in ribosome biogenesis.
Small nucleolar RNA (snoRNA)-related rearrangements include promoting binding and
dissociation of snoRNAs as well as rearrangements associated with snoRNA-guided

cleavage events. Helicases indicated as promoting snoRNA-independent rearrangements
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facilitate pre-rRNA cleavage at specific snoRNA-independent processing sites.
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Figure 6.3: Helicase-mediated rearrangements in splicing.

DEAD-box proteins are shown in green, DEAH/RHA proteins in blue, and Ski2-like
proteins in orange. Abbreviations: BP, branchpoint (shown as an A in the cycle); Bbp,
branchpoint-binding protein (also known as Msl5); BSL, branchpoint stemloop; SL,
stemloop. The direction of translocation by Prp2, Prp22, and Brr2 is indicated by red

arrows.
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Appendix A

Appendix A contains supporting figures for Chapter 2.
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Figure Al: Cumulative isotherms for Mg?**-dependent ribozyme folding.

The ribozymes were folded for ~24 h at 25 °C, in the presence of 50 mM Na-MOPS, pH

7.0, 10% CYT-19 buffer (v/v), and 2 mM ATPeMg?". Different symbols indicate data

from individual experiments. Note that at 10 mM Mg?*, the wild-type-ribozyme does not

reach equilibrium during the ~24 h incubation due to the slow refolding of the long-lived

misfolded intermediate, thus reducing the fraction of native ribozyme at this Mg*"

concentration (140).
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Figure A2: Unfolding of tertiary contact mutant ribozymes by CYT-19 at 2 mM Mg**,
100 uM ATPeMg?".

(4) Representative time courses of native ribozyme unfolding in the absence of CYT-19

or with 100500 nM CYT-19. Colors correspond to different CYT-19 concentrations, as

shown in the top middle panel. (B) Dependences of unfolding rate constants on CYT-19

concentration. In cases where systematic deviations from linearity were observed, upper
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limits (slope of green lines) and lower limits (slope of blue lines) of CYT-19 efficiency
were obtained for the range of 0-500 nM CYT-19. For the L5b mutant, the gray data
points indicate the rate constants of the slow second phase of unfolding, which are
indistinguishable from the rate constant of spontaneous unfolding, indicating loss of
CYT-19 activity on long time scales. Error bars indicate standard error from at least two

independent determinations.
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Figure A3: Ribozyme unfolding rate dependences on CYT-19 concentration at 2 mM
Mg?*, 2 mM ATPeMg*".

Blue and green lines represent lower and upper limits of CYT-19 efficiency for the 0-500

nM range, respectively.
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Unfolding time courses are shown at 2 mM Mg?" in the absence of CYT-19 (black) or
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Figure AS: Correlation between native ribozyme stability and the rate constant of
spontaneous unfolding at 2 mM Mg**,

The unfolding rate constants were determined from the progress curves in Figures 2.2B
and A2A4 as described in Materials and Methods. Both the stabilities and the rate
constants of unfolding shift slightly from 100 uM to 2 mM ATPeMg?* as a result of
small changes in free Mg?* concentration. Error bars indicate standard error from at least
two determinations. The L9 mutant is not included in the first plot because the unfolding

amplitude was too small for accurate determination of the rate constant.
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Figure A6: ATPase stimulation by tertiary contact mutants of the Tetrahymena
ribozyme.

(4) Representative time courses of ATP hydrolysis in the presence of wild-type (black),
L9.1 (orange), ARB (red) and quintuple mutant (gray) ribozymes (200 nM ribozyme, 500
nM CYT-19, 2 mM Mg?"). Background P; that was present in the y->*P-ATP stock (2.5 %
in this experiment) has been subtracted from all data points. (B) CYT-19 concentration
dependence of ATP hydrolysis in the presence of representative ribozyme mutants: L9
(purple), L9.1 (orange), and ARB (red) (200 nM ribozyme, 2 mM Mg*"). Triangles

indicate ATP hydrolysis in the absence of RNA.
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B

Figure A7: Mg”*-concentration dependence of ATPase stimulation by the wild-type and

mutant ribozymes and oligonucleotide helices.

(A) The ribozymes were incubated for ~24 h at 0-10 mM Mg?**, and the ATPase
stimulation was measured in the presence of 200 nM ribozyme, 500 nM CYT-19 and 100
uM ATP (see Materials and Methods). With the exception of the quintuple mutant, the
data points are connected only to guide the eye. The quintuple mutant data were fit to a
quadratic binding equation, and the fitting parameters were used during normalization of
the data for the other mutants to extrapolate the ATPase rates to each Mg®" concentration.

The normalization accounted for the tertiary-folding independent increase in ATP
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hydrolysis rates with increasing Mg?" concentrations, which was observed both in
ribozyme mutants and with oligonucleotide RNAs (181). (B) The oligonucleotide helices
(200 nM final), corresponding to secondary structure elements in the ribozyme, were
incubated for 5 min at 10 mM Mg®" and 25°C and transferred to the final Mg
concentrations indicated. ATPase rates were determined with 500 nM CYT-19 and 100

uM ATP as above.
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Figure A8: Decreased native ribozyme stability corresponds to lower average
compactness of ribozyme mutants at equilibrium (2 mM Mg?").

The color scheme is as in Figure 2.1, with the diamond indicating the L.2.1 mutant to

distinguish it from the L9.1 mutant of the P13 tertiary contact. Error bars indicate

standard error from multiple determinations. The stabilities on the X-axis were derived

from folding equilibria at 2 mM Mg?" in the absence of ATP. These values are the same

within error of those measured with 100 uM ATP, see, e.g., Fig. 2C.
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Figure A9: Probing the effects of helix truncations on native ribozyme stability and
activity.

(A) [Mg?*]-dependences for native folding determined by the discontinuous ribozyme
activity assay (see Materials and Methods). (B) Time courses of substrate cleavage by
ribozymes equilibrated below and above the Mg?" folding midpoint (0.5 mM and 2 mM
Mg?*, respectively). The observed increase in the fraction of the native AP8 and triple
mutant ribozymes at 0 mM Mg?" in panel 4 is most likely a result of an increased fraction
that rapidly folds to the native state in the folding quench, perhaps from stabilization of
the core helix P3 due to a C-G base pair that was introduced at the P8 truncation site
(146). While this behavior introduces some uncertainty to the stabilities of these mutants,
it does not affect the overall conclusion that any effects on native ribozyme stability are
modest and that the presence of unfolded ribozyme is not expected to contribute

significantly to ATPase stimulation by these mutants at 2 mM Mg?",
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Appendix B

Appendix B contains supporting data and figures for Chapter 4.
All experiments and analysis for Mss116 were performed by Anna Mallam,

except for ATPase assays in Table BS, performed by Inga Jarmoskaite and Serena Chen.

A Full-length Mss116p Mss116p/AC-tail Mss116p/ANTE Mss116p/ANTE+AC-tail

Figure B1: Reconstructions of SAXS data for Mss116p using modeling with chain-like
dummy residues.

Low-resolution envelopes calculated from the SAXS data by GASBOR are shown for

full-length Mss116p (dark blue), Mss116p/AC-tail (light blue), Mss116p/ANTE (green)

and Mss116p/ANTE+AC-tail (red) for (4) proteins in the absence of ligands and (B)

proteins bound to ADP-BeFx and Ujo-RNA. Views rotated by 90 ° about the vertical axis

are shown for each model.
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Figure B2: Far ultra-violet circular dichroism spectra of full-length Mss116p and
deletion proteins.

Spectra are shown in units of mean residue ellipticity (MRE). Secondary structure
content was calculated from the experimental far-UV CD data by the DichroWeb on-line
server (210) using the CDSSTR analysis program with the SP175 reference data set
(209). The results of this analysis are shown in Table B4. The fit of the theoretical far-UV
CD spectra from the analysis to the experimental data (black circles) is shown for (4)
full-length Mssl116p (blue), (B) Mssl16p/AC-tail (light blue), (C) Mssl16p/ANTE
(green) and (D) Mss116p/ANTE+AC-tail (red). Normalized-root-mean-square-deviation

(NRMSD) values were less than 0.025 for all fits.
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Figure B3: Size and shape distributions of optimized ensembles for full-length Mss116p
and deletion proteins.

An optimized ensemble of the 100 models that best describe each scattering profile was
selected from a pool of 10,000 random conformers using the EOM. The distributions for
the R (left panel) and Dmax (right panel) of the models in the optimized ensembles for (4)
full-length Mss116p (blue), (B) Mssl16p/AC-tail (light blue), (C) Mssl16p/ANTE
(green) and (D) Mss116p/ANTE+AC-tail (red) are shown compared to those of the
corresponding random pool (black). The average values for the Ry and Dmax of the

optimized ensembles and the random pool are shown in equivalent colors.
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Figure B4: Equilibrium binding of Mss116p to Ujo-RNA.

Fluorescein-labeled FAM-U;o-RNA (20nM) was incubated with increasing
concentrations of Mss116p/ANTE in the presence of ADP-BeFx (0.5 mM) and bovine
serum albumin (0.1 mg/ml) in the SAXS buffer of 20 mM Tris-HCI1 (pH 7.5), 500 mM
KCl, 10% glycerol, 1 mM DTT, 5 mM MgCl: for 30 min at 22 °C. The fraction of bound
RNA was measured by monitoring the change in fluorescence at 510 nm after excitation
at 480 nm. Incubations of longer than 30 min gave no additional change in fluorescence,
indicating that this time was sufficient to reach equilibrium. The solid line represents the
fit of the data to a one-site binding model to give an upper limit for the value of the

dissociation constant, K4, of ~20 nM.

184



2.0
8+
Thyroglobulin
7 a
2 6 ‘b |
C N .
; B-amylase
£ 5+ : C Alcohol dehydrogdnase
0 —
© T 16f
PRk : : id <
5} : : : : D
& : - : : S
£ 3 t g i€
3 A 1.4F Carbonic anhydrase\e
< 2 3 f
1 A ‘g
H A : Cytochrome c®
‘. ' 12 o
0+ ! h
10 15 20 25 1.0 1.5 20
Elution volume (mL) VeV

Figure BS: Purification and characterization of Mss116p-nucleic acid complexes using
size exclusion chromatography.

SEC was performed using a Superdex 200 10/300 GL column (GE Healthcare) and a
BioLogic DuoFlow chromatography system (Bio-Rad) in the SAXS buffer of 20 mM
Tris-HCI (pH 7.5), 500 mM KCIl, 10% glycerol, 1 mM DTT, 5 mM MgCl,. (4) SEC data
are shown for Mss116p/ANTE+AC-tail and were measured using absorbance at 280 nm
(black) and 260 nm (red). Example elution profiles for (a) free protein in the absence of
ligands (elution volume, Ve = 15.1 ml; peak position 1), (b) Uio-RNA-protein-ADP-BeFx
complex (Ve = 15.6 ml; peak position 2), (¢) RNA-DNA-duplex 1-protein-ADP-BeFx
complex (Ve = 14.8 ml; peak position 3), (d) RNA-DNA-duplex 2-protein-ADP-BeFx
complex (Ve = 14.8 ml; peak position 3), (¢) RNA-DNA duplex 1 (Ve =17.9 ml), (f) Ujo-
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RNA (Ve = 19.8 ml) and (g) ADP-BeFx (Ve = 21.4 ml). Fractions corresponding to the
center of the elution peak of the complexes were collected for analysis by SAXS. The
stability of the complexes was confirmed by a reanalysis of the isolated complex by SEC
to check for dissociation, an example of which is shown in (h) for Ujo-RNA-
Mss116p/ANTE+AC-tail-ADP-BeFx (Ve = 15.6 ml; peak position 2). The absence of
peaks corresponding to either U1o-RNA or ADP-BeFx indicated that the complex remains
intact. The ratio of Ae/A280, which is approximately 0.5 for free protein and 2 for
protein-nucleic acid complexes, was also used as an indicator of complex formation. (B)
A calibration curve for the SEC column used in these experiments showing the logarithm
of the hydrodynamic radius, Ry, as a function of the relative elution volume, Ve/V,, where
Vs is the void volume of the column. The hydrodynamic radii for the free proteins and
complexes of full-length Mss116p and deletion proteins, which are shown in Table B2,
were determined by a comparison of their relative elution volumes to those of standard

proteins with known hydrodynamic radii (Equation S1).
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Figure B6: SAXS data for chimeric nucleic acid substrates.

(4) Scattering profiles, (B) normalized distance distribution functions, and (C) low-
resolution DAMMIN reconstructions for RNA-DNA duplex 1 (top panels) and RNA-
DNA duplex 2 (bottom panels). The red solid line in (4) represents the fit of the
simulated scattering curve for the DAMMIN envelopes shown in (C) to the experimental
data (y = 1.02 and 0.43 for RNA-DNA duplex 1 and RNA-DNA duplex 2, respectively).
Atomic models for each substrate, colored according to the sequences in Figure 4.1C,
were generated using the nucleic acid structure prediction program RNABuilder (373,

374), and were manually placed inside the low-resolution SAXS envelopes.
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Figure B7: Scattering data for CYT-19.

Scattering profiles were measured for proteins (4) in the absence of ligands, (B) bound to
ADP-BeFx and Uj0-RNA, and (C) bound to ADP-BeFx and larger nucleic acid substrates.
SAXS data are shown as the logarithm of the scattering intensity, / (black dots), as a
function of the momentum transfer, g = 4z sin(6)/4, where 26 is the scattering angle and 4
is the X-ray wavelength. In (4) and (B), the solid curves represent the expected scattering
profiles of the corresponding BUNCH atomic models or, in the case of Ujo-RNA-CYT-
19/AC-tail-ADP-BeFx, the homology model of the closed-state CYT-19. In (C), the fits of
the multiphase ab-initio model obtained by MONSA for complexes that contain RNA-
DNA duplex 1 (solid line) and RNA-DNA duplex 2 (dashed line) are displayed. In panels
(4-O), fits shown in green are for full-length CYT-19 and those shown in red are for
CYT-19/AC-tail.
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Figure B8: Duplex extensions enhance the efficiency of ATPase stimulation more
strongly for wild-type CYT-19 than for protein lacking the C-tail.

ATPase assays were performed with wild-type CYT-19 (left) or CYT-19/AC-tail (right).
The RNA-dependent ATPase activity was measured in the presence of duplex 1 (blue),
duplex 2 (green) or an 11 nt RNA oligonucleotide corresponding to the single-stranded
RNA region of duplex 1 and duplex 2 constructs (CCCUCUAAAAA). The
measurements were performed at 100 uM ATP, 5 mM MgCl,, 100 mM KCIl, 50 mM Na-
MOPS (pH 7.0), 25 °C, using 500 nM WT CYT-19 or 250 nM CYT-19/AC-tail. The
ATPase assays were performed with trace 3P-y-ATP and analyzed by thin-layer

chromatography.

189



2F 02k L'0¥2'SE L'0F2'SE = s 8'9L *498-dAQV-6-LAD Ybua[-|Inj-Z xa|dnp YNG-VYNY
2¥92L 1'0¥9'9¢ L'0FZ9€E = = 892 *488-dav-61-LAD Uibual-|nj-| xe|dnp YNO-YNY
2F6LL L'0OFEVE L'OFL'EE = VEFELS 60, | *498-dQV-!B-OV+3LNV/dgL L SSW-Z X8jdnp YNQ-VNY
ZFSEL 1'0F9'LE 20F1'9¢ = LV FLES 0’62 *498-dav-3LNV/dg | LSSW-Z X8jdnp YNA-YNY
Z2F8LL L'0F0vE Z20FZEE = €GFG'L6 6'0L | *488-dav-el-OV+3LNV/dg) LSSW-| X|dnp YNA-VYNY
z2F02ZL L'0OF1'9E vy'0F09¢E - 6'v ¥6'26 06 *498-dav-3LNV/d9} LSSW-| X8|dnp YNA-VNY
2¥G6 L'0¥G.2 L'0OF¥'LC = = 2’19 *49g-daVv-IIel-OV/6L-LAD-YNY-'N
2¥60L L'0F0LE L'0F¥'0€ - - ¥'29 *428-dav-61-LAD Uibual-inFyNy-2'n
2¥28 L1'0¥6'SC 20¥€92 - 8'L ¥5°09 S'L9 *498-dav-1el-OV+3.LNV/dgL L SSW-YNY-°'N
2¥2LL 1'0F8LE L'0F€0€ - €EFTL9 9'69 *49g-daVv-3LNV/dg} LSSW-YNY-°'N
2¥20L €0 %862 L'0¥6'62 - YZ¥299 6'29 *48g-dav-I1el-Ov/dgL L SSN-YNY-°' N
cFLLL 20F0ve L'0 ¥ 8'€EE - SL¥92LL 6'GL *488-dAav-d9} | SSW Yibual-InyvNY-"' N
saxa|dwod pIoe. 2j8|oNu-ujajold
- = 8'0F97ClL = L'LFOYL o€ VYNY-°'N
g = AR 1 = €0F9LL o4 (veay ssloy) 0 BUHOIGIOIRD
2¥08 20*%9€e €0FL'EC 0'LFO€EL S'0¥809 yelL Z x8|dnp YNQ-VNY
2¥S8 LOFLYe 20F9¥C 0'LFPEL €0%229 yel | xo|dnp YNQ-VYNY
Z2FSLL AV EXA % L1'0¥92¢ +6S = 2'8S 11B}-OV/61-1LAD
z2Feet L'0¥6°9€ L'0F9'9€ +89 = 6'€9 61-LAD Yibual-|ng
Z2FSLL L'0FLEE L'0¥82¢ V'EFPES 6'C ¥ €08 1’88 I1B3-OV+3 LNV/dgL LSS
c¥2EL €0¥F1'8¢ 20%6'9¢E L'CFL'6S 'L ¥295 1’99 JINV/dgL LSS
2¥02L COFLYE €0FTYe S'EFV'6S 0'€ ¥6'SS ¥'¥9 11B}-OV/dgL LSS
2FSEL 1’0 ¥6'8€ 20¥08€e 0EF¥EL YZ¥F1'69 S2L dg| | ss yibusj-|ing
PIoE 2j8jonu pue ujejoid aai4

v v v e/ Bt zwoy e/

qelep aosuanbaes

SXVS wou wouy

(sisAjeue (sisAjeue paujuuajap paujuuajep

WOND) Jajuing) yBram yBram
xeug 5y Y] Je|noajo «2/(0)] say Jejnoajo ajdwesg

190



Table B1: Structural parameters for DEAD-box proteins calculated from SAXS data.

* The forward scattering intensity, /(0), normalized against protein concentration, c,
measured in mg/ml. Error estimates are the standard errors calculated from linear
regression.

b Particle molecular weights of samples with homogeneous components were estimated
using Equation S3 and standards of cytochrome ¢ and Ujo-RNA for protein and nucleic
acid samples, respectively. The errors were estimated by propagation of the error
calculated for 7(0)/c.

* Molecular weights for CYT-19 samples were determined from SAXS using the
calculated Porod volume (375).

The error estimates for R, values calculated by Guinier and GNOM analyses are the
standard error for linear regression and the standard deviation evaluated by GNOM,
respectively. Errors for the maximum particle dimension, Dmax, are the estimated range

for the optimum solution.
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Sample R 2 Ry ®

1A IA
Free protein
Full-length Mss116p 35.0 38.0+0.2
Mss116p/AC-tall 32.0 34.2+0.3
Mss116p/ANTE 34.3 36.9+0.2
Mss116p/ANTE+AC-tall 31.1 328+0.1
Protein-nucleic acid complexes
Ui0-RNA-full-length Mss116p-ADP-BeFx 33.2 33.8+0.1
U10-RNA-Mss116p/AC-tail-ADP-BeFx 30.7 29.9+0.1
U10-RNA-Mss116p/ANTE-ADP-BeF« 31.8 30.3+0.1
U10-RNA-Mss116p/ANTE+AC-tail-ADP-BeFx 28.5 26.3+0.2
RNA-DNA duplex 1-Mss116p/ANTE-ADP- 35.4 36.0+04
BeFx
RNA-DNA duplex 1-Mss116p/ANTE+AC-tail- | 32.8 33.2+0.2
ADP-BeFx
RNA-DNA duplex 2-Mss116p/ANTE-ADP- 36.0 36.1+0.2
BeFx
RNA-DNA duplex 2-Mss116p/ANTE+AC-tail- | 33.2 33.1+0.1
ADP-BeFx

Table B2: Hydrodynamic radii and R, values for Mss116p SAXS samples

# The hydrodynamic radius, Ru, was calculated using SEC (Equation S1 and Figure BS).
The error in the value for Ry is estimated to be approximately =5 %, which is based upon
the standard error in the calibration curve shown in Figure B5B.

® Radii of gyration are shown here for comparison and are taken from Table B1.
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Parameters for the ab-initio and rigid-body models constructed from SAXS

data

Table B3
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For ab-initio modeling, DAMMIN was used for SAXS reconstructions of homogeneous
samples, GASBOR for reconstructions of homogeneous protein samples and MONSA for
reconstructions of complexes that contain significant amounts of nucleic acid (indicated
by an *). Ujo-RNA-protein-ADP-BeFx complexes (which comprise less than 5 % nucleic
acid) were assumed to be single-component systems of uniform electron densities.
Reconstructions from individual runs were compared and averaged using the
DAMAVER suite of programs (216) to obtain a value for the average normalized spatial
discrepancy (NSD) and an estimate of the standard-deviation error between models. The
NSD gives an indication of the stability and uniqueness of the shape reconstructions, and
values close to unity indicate that the individual solutions are very similar. The final
DAMMIN models represent a refined averaged structure, while final GASBOR and
MONSA models represent the most typical structure with the lowest NSD value
compared to the others. Values for y are for the fit of the calculated scattering profile of
the final model to the experimental data.

For rigid-body modeling, the final BUNCH models shown in Figure 4.2, Figure 4.3 and
Figure 4.5 represent the most typical structures from multiple runs that have the lowest
average NSD value when compared to all the others. The value for  represents the
difference between the calculated scattering profile of the final model and the
experimental data. In the case of the Ujo-RNA-Mssl16p/ANTE+AC-tail-ADP-BeFx
complex where the crystal structure is already known, the y-value is the difference
between the predicted scattering profile of the crystal structure calculated using CRYSOL
(220) and the experimental scattering data of the complex. This low y value is a good
indication that the complex formed in solution resembles that seen in the crystal structure

of Mss116p. In addition, the R, value calculated by CRYSOL for the crystal structure is
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25.8 A, which is in good agreement with the value of 26.3 A calculated from the SAXS

data for the equivalent complex by Guinier analysis (Table B1).
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Construct Residues % helix % sheet % turns and

unordered
Full-length Mss116p 37-664 33 (36) 14 (14) 53 (50)
Mss116p/AC-tail 37-597 43 (41) 13 (15) 44 (44)
Mss116pANTE 88-664 41 (40) 14 (15) 45 (45)
Mss116pANTE+AC-tall 88-597 51 (45) 12 (17) 37 (38)
Crystal structure 88-596 45 17 38

Table B4: Secondary structure analysis of far ultra-violet circular dichroism spectra for
Mss116p

The far-UV CD spectra shown in Figure B2 were analyzed using the CDSSTR algorithm
with the SP175 data set implemented by the DichroWeb on-line server for deconvolution
of circular dichroism spectra (209, 210). Normalized-root-mean-square-deviation
(NRMSD) values between the calculated and experimental CD data were less than 0.025
in all cases. Protein concentrations ranged from 1.1-2.5 mg/ml and far-UV CD data from
175-260 nm were used in the analysis. The secondary structure content of the crystal
structure of Mss116p (PDB code 315X) was computed using the PROMOTIF program
(376). The numbers in brackets indicate the expected secondary-structure content
assuming that residues 37-87 (NTE) and 597-664 (C-terminal basic tail) are unstructured,
and residues 88-596 adopt the same secondary structure as seen in the crystal structure.
The good agreement between the % of turns and unordered regions calculated by analysis
of the far-UV CD spectra and that expected if the NTE and C-tail extensions are assumed
to be disordered is consistent with these extensions existing as unstructured polypeptide
chains. Conditions: 20 mM Tris-HCI (pH 7.5), 500 mM KCI, 10% (v/v) glycerol, | mM
DTT, 5 mM MgCl; at 25 °C.
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keo/Kn enhancement relative to ssSRNA

Duplex 1 Duplex 2
WT CYT-19 8x 4x
CYT-19/AC-tail 2x 2x
WT Mss116 8x 12x
Mss116/AC-tail 3x 3x

Table BS: Duplex extensions provide greater enhancement of RNA-dependent ATPase

activity in wild-type than AC-tail proteins.

kea/Km values were determined from linear fits to the subsaturating region of the

oligonucleotide concentration dependences of ATPase activity. The values are reported

relative to the kc./Kn value for ssRNA without duplex extensions, corresponding to the

ssSRNA portion of duplex 1 and duplex 2 (Figure 4.1). ATPase assays with CYT-19 were

performed at 100 pM ATP, 5 mM MgCl, 100 mM KCI, 50 mM Na-MOPS (pH 7.0), 25

°C, using 500 nM WT CYT-19 or 250 nM CYT-19/AC-tail protein. For Mss116, the

conditions were adjusted to capture the subsaturating region for all oligonucleotides and

were as follows: 500 nM ATP, 5 mM MgCl,, 200 mM KCI, 50 mM Na-MOPS (pH 7.0),

and 200 nM Mss116 (WT or AC-tail). The ATPase assays were performed with trace 3°P-

v-ATP and analyzed by thin-layer chromatography.
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Appendix C

Calculation of difference in scattering contrast between ribozyme and CYT-19 (based on data in Table 5.1)

Forward scattering intensity: |,=kc(Ap)?2(MW)? K: proportionality constant
c: concentration
Ap: scattering contrast

MW: molecular weight

lo, RnA “KCrNA(APRNAA(MWiya)? Crva(APRNA)A(2XMWayrsg)? (APrNA)?X22,

lo, cvymo  KGgyr19(APcyT-19)2(MWeyr.40)? 4AxCrna(APcyT10)A(MWenygao)?  AX(APcyT.10)?

lo, RnA 1 APgrna

———=—=77
oy 043

N7.7 =28

APcyt-19

Derivation of the enhancement in forward scattering intensity for an RNA-protein complex vs.
a non-interacting mixture

lg=Kc(Ap)X(MW)?
Non-interacting mixture:

lo, mixture=K((CRNA(APRNA)Z(MWRNA)2)+\(CCYT-1Q(APCYT-19)2(MWCYT-19)2}))

Y
negligible
A complex with 1:1 stoichiometry :

_ 2
lo, complex=KCoomplextAPRNAMWrNa+APcyT.19MWeyT.19)

lo, complex=KCcomplex( (APrNAMWrNa)2+2(AprnaMWena) (APcyT.1oMWeyt10)+H APy T.16MWeyt.10)?)

Enhancement for a complex vs. a non-interacting mixture (assuming that all RNA and CYT-19 are in complex):

IO. complex'lo. mixture— 2chomplex (ApRNAMWRNA) (ApCYT-19MWCYT—19)

Relative enhancement of scattering by a 1:1 complex vs. ribozyme alone :

2RComplex (XPRRAMWeNa) (APcyT.1sMWeyT.19) 2 (APovaaoMPWeyaao)
— =0.36
Kerna (BSPRIAMWena) (APrRNAMWiNA) (2.8%Aprye4g) (CXMWeyg o) (greater for >1 CYT-19
per ribozyme)
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