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REVIEW

Mss116p
A DEAD-box protein facilitates RNA folding
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RNA folding is an essential aspect underlying RNA-mediated
cellular processes. Many RNAs, including large, multi-domain
ribozymes, are capable of folding to the native, functional
state without assistance of a protein cofactor in vitro. In the
cell, trans-acting factors, such as proteins, are however known
to modulate the structure and thus the fate of an RNA. DEAD-
box proteins, including Mss116p, were recently found to assist
folding of group | and group Il introns in vitro and in vivo.
The underlying mechanism(s) have been studied extensively
to explore the contribution of ATP hydrolysis and duplex
unwinding in helicase-stimulated intron splicing. Here we
summarize the ongoing efforts to understand the novel role of
DEAD-box proteins in RNA folding.

Introduction

Group I and group II introns are both large, multi-domain RNAs
that are capable of self-splicing. Like most RNAs, these introns
have to adopt a specific 3D architecture to be functional.''? In
vitro, most members of these two classes of introns were found
to depend on non-physiological ionic concentrations and elevated
temperature for optimal folding and in turn splicing.'**? In the cell
group I and II introns, however, require protein cofactors, such as
intron-encoded maturases or host-encoded splicing factors, to pro-
mote their own excision from the precursor RNA.">#% Among
these splicing factors is the nuclear-encoded protein Mssl16p, a
DEAD-box helicase, which is essential for splicing of all yeast
mitochondrial group I and II introns.?*3? This raises the question
of how these proteins shape the folding landscape of introns.
RNA typically encounters two significant folding problems:?
(1) Despite its apparent simplicity, RNA is prone to misfolding,
resulting in inactive, often long-lived conformations, whereby the
escape from the trapped state is the rate-limiting step in folding.
(2) On the other hand, the native, functional RNA conforma-
tion or on-pathway intermediate structures are not necessarily
thermodynamically stable and favored over other folding inter-
mediates. Different proteins have been described to be capable of
assisting RNA in overcoming their folding problem. For exam-
ple, specific RNA binding proteins are required for stabilization
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of the RNA tertiary structure and in turn to overcome the ther-
modynamic barrier of productive RNA folding.!>*%234%> These
proteins were found to recognize and bind a distinct sequence or
structure, thereby guiding folding and stabilizing the structure
of their target RNA.!>2272%34% Tp contrast, non-native interac-
tions can be as stable as native contacts, thus misfolded structures
are commonly long-lived (min to hours), trapping the RNA in
an off-pathway intermediate.'>">!®!522 The escape from such a
kinetic trap is facilitated by RNA chaperones.'>!>1¢8-22 Transient
binding of proteins with RNA chaperone activity destabilizes
misfolded conformations, enabling the transition between on-
and off-pathway intermediates (compare ref. 22). Recently, a
number of RNA helicases have also been implicated in stimulat-
ing RNA folding.”> Interestingly, one member of the RNA heli-
case family, Mss116p, has so far been found capable of assisting
RNA in overcoming both thermodynamic and kinetic barriers
of folding.*-6*

DEAD-box helicases are a ubiquitous protein family found in
all kingdoms of life and involved in virtually all aspects of RNA
metabolism, ranging from transcription, splicing and transla-
tion to mRNA decay.®® These enzymes show a strict prefer-
ence toward RNA as substrate and hydrolyze ATP only.%-® They
contribute to cellular RNA-dependent processes by promoting
RNA structural rearrangements and RNP remodeling in an
ATP-dependent manner.®** In contrast to other SF2 helicases
(e.g., NS3A and Nphll), members of the DEAD-box helicase
subfamily are non-processive.®® Interestingly, some DEAD-
box helicases (e.g., Ded1p, Mss116p) are not only able to unwind
RNA duplexes, but also to anneal RNA strands, whereby the lat-
ter activity is ATP-independent.>**7° While most mechanistic
insights were gained from studying helicases acting on model
RNA substrates, the function of the yeast mitochondrial DEAD-
box protein Mss116p has recently been examined for its cognate
RNAs as well.#86062 Mss116p as well as the RNA helicases
Dedlp from S. cerevisiae and Cytl9 from N. crassa have been
shown to promote folding and in turn splicing of autocatalytic
introns.”-% The insights gained on the novel role of RNA heli-
cases in facilitating RNA folding in vivo and at near-physiologi-
cal in vitro are discussed in this review.

The Architecture of DEAD-Box Helicases

Like other helicases, DEAD-box proteins are composed of two
globular domains that resemble the fold of the bacterial protein
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Figure 1. The DEAD-box helicase Mss116p and its conserved sequence
motifs. Upper panel: Schematic representation of the helicase core
region of the DEAD-box protein Mss116p. Mt, mitochondrial localization
signal, which is cleaved off after import; NTE, N-terminal extension; CTE,
C-terminal extension; C-tail, containing numerous basic amino acids.
Functional regions shown in black or white, respectively, are not part of
the 3D structure. Lower panel: Crystal structure of the Mss116p helicase
core, which consists of two RecA-like domains, and its helical C-terminal
extension. The conserved motifs are colored according to their primary
function: red, ATP binding and hydrolysis; blue, RNA binding; yellow,
communication between ATP binding and RNA binding sites. The
non-conserved regions of the helicase domains are in gray and the CTE
is shown in light-gray. The RNA is shown in pale yellow, the non-hydro-
lyzable ATP analog (AMPNP) in white and the Mg?* ion in green. This
figure has been adapted from references 68,72,80. Note: in some recent
helicase reviews on DEAD-box helicases, motif Ib has been renamed to
motif Ic, while the GG doublet has become motif Ib, thus we also refer
to the GG doublet as motif Ib and to the TPGRLID sequence as motif Ic
as described in references 64, 66 and 80.

RecA involved in recombination.®*®-¢87! The covalently linked
globular domains typically consist of a B-sheet surrounded by
a-helices, whereby the number of B-strands and a-helices is to
some extent variable. For example, the N-terminal RecA-like
lobe of Mssl116p contains an 8-stranded [-sheet bounded by
11 a-helices, while its C-terminal RecA domain consists of a
7-stranded B-sheet and 5 a-helices.”? At least 11 characteristic
sequence motifs are located at conserved positions within the
two RecA-like domains (Fig. 1). While some of these motifs are
found in the entire SF2 family, others are only conserved within
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the DEAD-box family.®*% Notably, their name is derived from
motif I, consisting of the amino acid sequence D-E-A-D. The
N-terminal RecA-like domain (domain 1) harbors the ATP bind-
ing motifs Q and I, the ATP hydrolysis motifs IT and III (SAT)
and the RNA binding motifs Ia, Ib (GG) and Ic (TPGRxxD;
Fig. 1). The C-terminal RecA-like domain (domain 2) con-
tains the RNA binding motifs IV, QxxR (IVa), V and Vb, the
ATP binding motif VI and motif Va, which may coordinate
ATPase and unwinding activities.®® In the absence of ATP
and RNA the two helicase domains move freely with respect
to each other (open conformation), but cooperative binding of
ATP and RNA induces a compact helicase core structure (closed
conformation), rationalizing the RNA-stimulated ATPase activ-
ity.6460-687177 The two domains form a cleft into which the ATP
6466-6871 This ATP binding site is arranged in a
highly defined manner, explaining the strong conservation of

cofactor binds.

associated amino acids. In the crystal structures of a DEAD-box
helicase bound to ssRNA,>74767879 the RNA was found to be
situated opposite the ATP binding site and bound across both
domains®¢*-%7! (Fig. 1). In case of Vasa and Mss116p DEAD-
box proteins, the helicase core establishes contacts to five or six

nucleotides of the ssRNA molecule, respectively.”>”¢

Importantly,
the conserved helicase motifs mostly contact the RNA sugar-
phosphate backbone and several interactions are formed via the
peptide backbone, explaining the lower sequence conservation
within the RNA binding motifs. Importantly, the crystal struc-
ture of several DEAD-box proteins, including Vasa, Ddx19 and
Mss116p,’>7678 revealed a bend within the RNA induced by motif
Ic (TPGRxxD; formerly named motif 1b%4¢*8%) in domain 1.7*
76 As a consequence, the conformation, in which the ssRNA is
bound to the helicase core, is incompatible with a helical RNA
geometry. This kink may destabilize the RNA duplex as a first

727678 this however needs additional

step toward unwinding;
experimental evidence. Interestingly, in the case of Mss116p its
helical CTE extends the RNA binding site and introduces a sec-
ond bend in the bound RNA”? (Fig. 1). Truncation of the CTE
severely reduces the binding affinity of Mss116p to intron RNAs
(~10-fold or ~100-fold upon deletion of amino acids 569-664 or
551-664, respectively).®’ While ATP and RNA binding is well
characterized, the intriguing question of how the ATP and RNA
binding sites communicate is not fully understood. So far, motifs
III and Va have primarily been implicated in the communica-
tion between nucleic acid and NTP binding sites.**% Mutations
within these motifs impair coupling of ATP hydrolysis to RNA
binding and in turn unwinding.

In all DEAD-box proteins, the helicase core is flanked by
non-conserved C-terminal and N-terminal domains of variable
sequence and length (few to hundreds of amino acids).®® In
some cases, these terminal extensions harbor known motifs, such
as RRMs, Zn-fingers and tudor domains, among others.* These
auxiliary domains are thought to enable additional interactions
with the target RNA, to recruit accessory proteins and to be criti-
cal for the physiological role of RNA helicases.** As most struc-
tural studies have been performed on truncated proteins, it is
largely unknown how terminal domains are oriented with respect

to the helicase core.®*®¢-68717¢ For example, in case of the RNA
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helicase YxiN, smFRET studies revealed that the RBD of YxiN
lies on top of a slightly concave patch formed by flexible loops of
the C-terminal RecA lobe.® Interestingly, the same patch is part
of the interface between the DEAD-box protein elF4A and its
cofactor elF4G,% whereas the extensions of Mss116p and Hera

are oriented differently relative to the helicase core.”25788

Mechanistic Insights
into DEAD-Box Helicase Function

Although DEAD-box proteins are often part of large complexes,
like the nascent ribosome or the spliceosome, mechanistic stud-
ies mainly focused on the RNA helicase working in isolation or
in presence of a few cofactors. These structural and functional
studies lead to a model in which DEAD-box proteins apply a
mechanism of local duplex unwinding to achieve strand sepa-
ration.”*7%# In this model, RNA helicases introduce a kink in
the RNA backbone, thereby potentially destabilizing and locally
unwinding the helix;’*”® i.e., forcing the strands apart. However,
there is evidence that kinking of the RNA is not sufficient for
duplex unwinding but requires an additional step to complete
the catalytic cycle.””® Applying an elegant smFRET approach
Klostermeier and coworkers demonstrated that a conformational
change is required but not sufficient for RNA unwinding by the
RNA helicase YxiN.** While mutating the SAT motif of YxiN
slowed down ATP hydrolysis and RNA unwinding, but did not
affect the global structure of the close conformation, mutating
the conserved glycin residue in motif Va prevents complete clo-
sure of inter-domain cleft, thereby affecting ATP binding and
hydrolysis and being detrimental to unwinding.* Alternatively,
DEAD-box proteins may simply trap the ssRNA strand and in
turn inhibit duplex formation, thereby driving the overall reac-
tion to the unwound state.®”’

Even though the precise mechanism by which RNA helicases
unwind duplexes remains elusive, it is evident that these proteins
do not unwind helices by translocating along the RNA %9892
This explains the fact that DEAD-box RNA helicases are only
capable of unwinding short helices (10-12 bp up to two helical
turns) in a non-processive manner and are sensitive to duplex sta-
bility.#0:64689193:94 Notably, the helix length in cellular RNAs and
RNPs rarely exceeds one helical turn. RNA helicases load directly
onto the duplex and then separate the strands,***?
lack of a strict unwinding polarity.® Single-stranded elements or
even structured RNA flanking the duplex facilitate loading of the
RNA helicase.®®¢"#92 Independent of the duplex length, a single
ATP molecule is required per unwinding event.””” In contrast
to ATP binding, ATP hydrolysis is not a pre-requisite for strand

98,9

explaining the

separation.”?*%%% Instead, ATP hydrolysis is necessary for the
fast release of DEAD-box proteins from the RNA and thus for
substrate turnover,”?7*1% a5 the affinity of DEAD-box helicases
to RNA decreases strongly in the ADP-bound state.”?¢1°1102 T
fact, the YxiN helicase was shown to maintain a closed confor-
mation during ATP hydrolysis.”® Re-opening of the inter-domain
cleft might be coupled to phosphate release and disrupts the bi-
partite RNA binding interface and in turn triggers the release of
the unwound RNA %8100
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In addition to unwinding, several DEAD-box proteins, like
Mss116p and Dedlp, display strand annealing activity in vitro
in an ATP-independent manner and are capable of dislodging
a protein bound to RNA#¢770105105 The annealing reaction is
however not the reverse of unwinding'® and protein displace-
ment from RNA is independent of unwinding.'®'** These seem-
ingly unrelated processes facilitate RNA and RNP remodeling of
diverse complexes in cells. Essentially, annealing by RNA heli-
cases may facilitate RNA folding, the intramolecular version of
strand annealing,'”® while their unwinding mode appears to be
well-adapted for local structural changes in assembled RNAs and

RNPDs.

A DEAD-Box Protein Stimulates Splicing
of Mitochondrial Introns in Yeast

MSS116 was identified in a screen for nuclear mutants that are
unable to grow by respiration on non-fermentable carbon sources
when their mtDNAs contain introns.®" Except for one group I
intron, which is located in the large rRNA, these mitochondrial
introns are all found in the coxI and cob genes. As expected from
its core sequence, the crystal structure of Mss116p revealed that it
adopts the typical fold of an RNA helicase (Fig. 1), whereby the
C-terminal extension protruding from the second RecA-like lobe
appears to be involved in RNA binding’* (Fig. 1). In line with its
helicase fold, Mss116p displays unwinding and annealing in vitro
and hydrolyzes ATP stimulated significantly by RNA>#6089101
Most intriguing, however, was the fact that, like for stabilizing
RNA cofactors, Mss116p was observed to reduce the [Mg*] nec-
essary for intron folding in vitro’** To understand Mss116p’s
function as splicing factor, the importance of its conserved motifs
involved in ATP hydrolysis, RNA binding and unwinding has
been dissected (Table 1 and Fig. 2).

The role of ATP hydrolysis and unwinding by Mss116p in
intron splicing. Mutating the conserved lysine (K158) in the
Walker A motif revealed that ATP hydrolysis by Mss116p is
required to promote intron splicing both in vitro and in vivo. 3460
In contrast, it has been a matter of debate whether unwinding is

also critical for this process.®>">8:60:¢

? Upon disrupting the exten-
sive network of interactions critical for ATP binding and hydroly-
sis as well as unwinding, Caprara and coworkers recently revealed
that the efficiency of ATP hydrolysis by Mss116p variants cor-
relates with their ability to stimulate mitochondrial splicing;
in contrast efficient unwinding is not sufficient for promoting
intron splicing® (Table 1 and Fig. 2). For example, Q412A
of the QxxR motif (IVa) disrupts the stabilizing inter-domain
interaction with R190 of motif Ia, which directly interacts with
the RNA near its bending point,”* suggesting that this mutant
might interfere with local strand separation. However, only a
moderate effect on unwinding was observed (2.3-fold decrease
in £,).” Also, the growth on a non-fermentable carbon source
(YP-Glycerol) and splicing of mitochondrial introns as well as
ATP binding and hydrolysis appeared to be almost unaffected
in the Q412A mutant.”’ In contrast, abolishing the direct con-
tact between R245 in motif Ic (TPGRxxD; formerly named
motif 1b®¢%%) and RNA (near the kink)” strongly reduces
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Table 1. Effects of mutations on Mss116p function

wt +++ +++ +++ +++ +++ +++ +++ +4++
K158A - +++ - v v +++ - il +++ i v
K158R ND + v - v +++ - i ND v
R245E - +1 +1 - ND -/+ P ND ND
S305A +++1 +++1 ++1 ++ 1 ND ++1 ND ND
T307A +1 +++! -i +i ND -i i ND
S305A/T307A ND +++ /2 (g +++ 1 + i ND <[+ *C
Q412A 4+ +4+ +++ 1 +1 ND +4+ +4 1 ND
A569-664 Vi +++ ND +++ - - +4++ +++ +++
A551-664 Vi - ND ND ND - - ND ND
Knockout - i NA NA NA NA -/+ vid NA NA

-, < 25% of wt growth, activity or affinity; +, 25-50% of wt growth, activity or affinity; ++, 51-75% of wt growth, activity or affinity; +++, > 75% of wt

growth, activity or affinity; ND, not determined; NA, not applicable. ' Bifano et al., 2010 (ref. 49); 'Bifano et al., 2008 (ref. 48); iPotratz et al., 2011 (ref. 58);
vSolem et al., 2006 (ref. 60); 'Del Campo et al., 2007 (ref. 51); ViLiebeg et al., 2010 (ref. 56); Sachsenmaier and Waldsich, unpublished; “iMohr et al., 2008
(ref. 81); ViiHuang et al., 2005 (ref. 30); *Zingler et al., 2010 (ref. 62). *Unwinding was measured either at 8 mM Mg?*/100 mM KCl using a 13 bp RNA duplex
(ref. 51) or at 7 mM Mg?*/100 mM NaCl using a 17 bp RNA/DNA duplex (ref. 48). In case of biphasic kinetics, the data for the larger population were
compared (ref. 49). "The effect of the R245E mutation in Mss116p on the in vivo splicing activity varies for different introns with no correlation between
group | and Il introns (ref. 49). <ai5y pre-RNAs with long exons are more affected by mutating the SAT motif than those with short exons (refs. 62 and
58). Data were taken from reference 62. 4In an mss116-knockout strain, splicing of the ai5y intron is almost abolished (< 1%; ref. 56), while splicing of the
bl5 intron is only reduced to 40% (Sachsenmaier and Waldsich, unpublished).

ATP binding and hydrolysis (3—4 x effect on K and £_) and in
turn growth on YP-Glycerol, splicing and duplex unwinding are
strongly impaired in the R245E mutant.”

Uncoupling ATP hydrolysis from RNA binding. The coupling
energy between ATP and RNA binding was calculated to be 7.5
kJ/mol (1.8 kcal/mol) and 5.4 kJ/mol (1.3 kcal/mol) for the heli-
cases YxiN and DbpA, respectively.®'”” Mutating the conserved
glycine in motif Va (G303A in YxiN) or the SAT motif (S182A,
T184A in YxiN), this coupling is reduced to ~3—4 kJ/mol (-0.7—
1.0 kcal/mol).®3 Thus, such helicase variants prove useful in decou-
pling ATPase from unwinding activities. Like for other helicases,
the SAT motif mutant of Mss116p (T307A) was found to bind
ATP at a comparable level to wt Mss116p (K of 180 + 4 uM and
167 + 20 pM for T307A and wt Mss116p, respectively”), while
its rate constant for ATP hydrolysis is 8-fold reduced (£_, of 3.66
+ 0.27 min and 29.78 + 3.62 min for T307A and wt Mss116p,
respectively®). In line with the fact that solely ATP binding, but
not ATP hydrolysis, is essential for duplex unwinding,” the T307A
mutant displays only a 3.5-fold effect on the observed rate constant
for unwinding.” However, the amplitude of unwinding is very
small (< 20%).” This reduction in unwinding efficiency might
be the result of a weakened RNA binding affinity, as observed
for Ded1p.®? As merely ATP hydrolysis is strongly affected in the
T307A mutant, this appears to be the underlying cause for the
observed growth inhibition.” Notably, the T307A mutation seems
to strongly interfere with splicing in vivo in a yeast strain harbor-
ing all mt introns.”” On the other hand, a S305A/T307A double
mutant reduced splicing in vivo to ~50% in a strain devoid of all
introns except ai5y.”® As the S305A mutation does not interfere
with Mss116p function in vivo, this implies that T307 is the cen-
tral player in motif II1.#%1% Thus, these seemingly opposing

74 RNA Biology

results could indicate that the SAT motif and in turn unwinding
plays a role in the coordination of the individual splicing events,
as processing of the coxI and cob transcripts containing seven or
five introns, respectively, might dependent on temporal and struc-
tural regulation by a helicase. In vitro, the double mutant S305A/
T307A, which binds ATP at wt level, is incapable of hydrolyzing
ATP efficiently and barely unwinds RNA substrates in the size of a
helical turn, which could be due to the somewhat reduced affinity
for RNAJM Nevertheless, this double mutant retains its ability
to promote intron splicing in vitro,* which is consistent with the
observation that Mss116p-promoted intron compaction is ATD-
independent;*** potentially the C-terminal domain makes up for
the reduced RNA binding affinity and ATP hydrolysis-dependent
protein recycling is less important during single turnover reaction
conditions. These in vitro results on the S305A/T307A double
mutant further lend support to the idea that the observed splicing
inhibition in the T307A mutant strain® is related to functional
timing of Mssl116p. As T307 of motif III forms contacts with
H462 of motif VI, involved in RNA binding, and with D270 of
motif II, which is critical for ATP hydrolysis,” this mutant appears
to effectively uncouple ATP binding and hydrolysis and in turn
ATPase and unwinding activities. As Caprara and coworkers used
a yeast strain harboring all mitochondrial introns, this suggests
that both classes of self-splicing introns were affected to the same
extent by the Mss116p mutants.”

Genetic variation of Mss116p. In an high-throughput genetic
screen Lambowitz and coworkers also identified conserved motifs
associated with ATP and RNA binding or with inter-domain
interactions as functionally important regions of Mss116p-

80

stimluated splicing.®® In addition, previously unidentified ele-

ments, which are located within surface loops, were implicated

Volume 10 Issue 1



Figure 2. Interactions of the ATP analog and ssRNA with the helicase core. Left panel: Amino acids that were mutated to dissect Mss116p’s function in
splicing of yeast mitochondrial introns are highlighted: K158, violet; S305, cyan; T307, dark cyan; Q412, blue; R245, red; 1551, green; K569, orange; the
RNA is colored in pale yellow and AMPNP in white. The Mg?* ion is represented as bright yellow sphere. Note that 1551 and K569 are shown to indicate
the start site of truncations in respective Mss116p mutants. Right panel: Conserved amino acids of the RecA-like domains contacting the non-hydro-
lyzable ATP analog (AMPNP; upper right panel) and RNA (lower right panel), respectively.

in Mss116p’s role as splicing factor and may function in protein-

protein interactions.® Interestingly, several sequence variants of

motif III, which couples ATP hydrolysis with RNA binding,*
were identified in their genetic selections as well. This suggests
that in vivo Mss116p tolerates a rather large number of sequence
variations within the SAT motif and might be less dependent on
this motif than other DEAD-box proteins due to the contribu-
tion of other protein domains to RNA binding, 81110

Recycling of Mss116p. Since ATT hydrolysis is equally impor-
tant for splicing of all yeast mt introns and releases Mss116p from
its substrate RNA, this implies that recycling and turnover is
absolutely critical for Mss116p function as a splicing factor and
perhaps also for its role in RNA processing and translation in
mitochondria.” As a consequence ATPase-deficient Mssl16p
variants might be sequestered on their target RNAs, thus limit-
ing the available protein for participating in folding (and process-
ing) of other RNA molecules. In turn, this “depletion” of the
Mssl116p pool might not only result in an increased population
of thermodynamically unstable RNA intermediate, but also in
a larger fraction of misfolded intron molecules and in turn an
elevated need for unwinding activity of these mutant Mss116p
variants. As Mss116p stimulates splicing of structurally distinct
introns (requiring different additional protein cofactors) and sup-
ports mitochondrial RNA processing and translation, it has to be
emphasized that it is difficult to assess the functional relevance of
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motifs associated with ATP binding and hydrolysis, unwinding
as well as RNA binding in these distinct processes in vivo.

Stabilization of an Early Folding Intermediate
along the Group Il Intron Folding Pathway

In vitro, the yeast mitochondrial group II intron ai5+y follows a
sophisticated folding pathway under non-physiological ionic con-
141114 The ai5+y ribozyme
first collapses slowly to a compact intermediate state followed by

centrations and elevated temperature.

rapid progression to the native conformation.!""** This slow col-
lapse is controlled by the k- element, which is the anchor site for
the catalytic center.!'>!

region is rate-limiting in vitro, this is an elegant way to ensure
14,112-114 It

As formation of an active site docking

proper folding of the intron core and faithful splicing.
is however known that in yeast mitochondria the RNA helicase
Mss116p is essential for ai><y splicing. In the past years, signifi-
cant progress has been made in understanding how this DEAD-
box protein facilitates intron folding.

Initially, mechanistic insights were inferred from the analysis
of splicing kinetics of the ai5y group II intron in the presence of
Mss116p and mutant variants thereof. This lead to two models
as to how Mss116p facilitates RNA folding: it might function as
a splicing factor by acting in an RNA chaperone-like fashion’">
or by providing stability to the intron RNA.%° To obtain the first

RNA Biology 75



fast

U I*

unfolded state transition state

+ATP
fast

I N

near-native state native state

Figure 3. Mss116p-facilitated folding of the ai5+y intron in vitro. The DEAD-box protein accelerates compaction of intron domain D1 to a near-native
folding intermediate, by stabilizing a specific structure at the core of this intron domain early in the ai5+y folding pathway. Subsequently, other intron
domains can dock rapidly onto the D1 scaffold, whereby Mss116p does not stabilize the native state and is recycled upon ATP hydrolysis. D1 is shown
in blue shades except for the k-{ element colored in purple shades, D3 is in green, D5 in red and D6 in yellow, while D2 and D4 are depicted in gray.
Exons are outlined as thick black lines. Mss116p is indicated as orange ellipse. This figure has been adapted from references 52 and 53.

structure-based insights into Mss116p’s mechanism of action, Pyle
and coworkers directly monitored DEAD-box protein-facilitated
folding of the ai5vy intron in vitro.”* Mss116p was found to directly
stimulate ai5y folding by accelerating the intron’s collapse to the
near-native state through electrostatic stabilization of an early
folding intermediate at near-physiological conditions in vitro”
(Fig. 3). This work was further corroborated by a single molecule
study on Mssl16p-assisted ai5y ribozyme folding by Rueda and
coworkers.”> Mss116p was observed to stimulate dynamic sam-
pling between states along the ai5y folding pathway, an effect
previously observed only at high Mg?* concentrations. Notably,
facilitation of the intron collapse is independent of ATP, whereas
ATP hydrolysis is required for the protein turnover.®7102
Importantly, Mss116p was not observed to stabilize the native
state of the ai5vy intron, but stabilization comes from binding of
flanking exon sequences.’>’

Most recently, an elegant, chemogenetic approach was
employed to identify specific intron functional groups that par-
ticipate in Mss116p-facilitated folding of an ai5vy splicing precur-
sor.” In line with previous observations for the ai5y ribozyme, in
which the exons are deleted, compaction of the ai5y pre-RNA is
also limited by the k-{ substructure in D1, which serves as dock-
ing site for the active site center during later stages of intron fold-
ing>»!">1" Most importantly, the helicase was found to stabilize
the k-{ element and in turn the early, obligate folding intermedi-
ate within intron domain 1, thereby laying the foundation for
productive folding to the native state. In fact, nucleotide analogs
that destabilize helices showed strong interferences in the pres-
ence of Mssl16p, while analogs known to stabilize RNA heli-
ces displayed strong enhancements, suggesting that these atomic
modifications interfere with or facilitate Mss116p-assisted ai5y
folding, respectively.”? In addition, the exonic IBS2 region and
the terminal intron sequence were implicated as important sites
during folding of ai5y pre-RNA.* This raises the question of
whether long exons might interfere with correct structure forma-
tion at or close to the splice-sites.
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Mss116p-Facilitated Ai5y Folding
in Yeast Mitochondria

Given the disparate environments during in vitro refolding and
intracellular RNA structure formation,” a comprehensive com-
parison of RNA folding in vivo, and under non-physiological
conditions in vitro is of tremendous interest. Therefore, we deter-
mined the intracellular structure of the ai5vy intron in different
yeast genetic backgrounds using an in vivo structural probing
technique.’®' By monitoring Mss116p-induced conformational
changes within the group II intron RNA in vivo, we gained the
first detailed mechanistic insights into how this protein shapes
folding of its target RNA in living cells. While the intron adopts
the native conformation in the wt yeast strain, we found that
ai5y is able to form most of its secondary structure, but lacks its
tertiary fold in the absence of Mss116p. Thus, the ai>+y intron
appears largely unfolded in the mss/I6-knockout strain and
depends on the DEAD-box protein at an early step of folding in
vivo as well. Since the majority of the Mss116p-induced confor-
mational changes reside within domain D1, Mss116p appears to
assist in the formation of this largest domain, which is the scaf-
fold for docking of other intron domains. These findings imply
that Mss116p assists the ordered assembly of the ai5+y intron in
vivo®® and reveal interesting parallels between intracellular and
in vitro Mss116p-promoted folding of a group II intron. So far, a
stable misfolded structure has not been observed within the ai5y
intron in vivo,’® but it cannot be ruled out yet whether the exons
could interfere with correct folding of the splice sites.

Unwinding of Inhibitory Exon Structures
and Non-Native Interactions by DEAD-Box Proteins

In general, the flanking sequence context is known to impact on
RNA folding. For example, certain group I introns and RNase
P RNA were found to become trapped in non-native conforma-
tions depending on the length and sequence of their flanking
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exons."'? In other words, studying RNA folding out of context
might influence the folding pathway of an RNA. Indeed, while
folding of the ai5<y ribozyme is devoid of kinetic traps,'* abolish-
ing the unwinding activity of Mss116p (mutant S305A/T307A)
strongly affected splicing of a pre-RNA with long exons but not
with short exons, indicating that unwinding is essential for exon
unfolding, but not for intron folding.®* Accordingly, Mss116p
appears to play a dual role in intron folding in vitro, namely
stabilization of the intron core and unwinding of inhibitory
exonic elements trapping the pre-RNA in a splicing-incompetent
conformation.®>8¢

Aside from non-native interactions involving the exons, it has
been suggested that Mss116p assists in folding of ai5y and other
introns by unwinding misfolded secondary structure elements
that interfere with assembling the native, splicing competent
conformation.’”">**® This model is supported by the observa-
tion that the DEAD-box proteins Cyt19 and Dedlp, which are
able to functionally replace Mss116p in vivo and in vitro,*"*>4102
destabilize non-native contacts in the Zetrahymena group I ribo-
zyme.”** Recently, Russell and coworkers proposed that maximal
folding of the ai5y ribozyme and its pre-RNAs with either long or
short flanking exons requires an ATP-dependent RNA unwind-
ing by Mss116p.>® This interpretation was based on the observa-
tion that the SAT mutant (S305A/T307A) promotes splicing of
ai57y less efficiently than the wild type Mss116p protein in vitro
and in vivo and by the functional homology to Cyt19, which is
capable of kinetically redistributing native and misfolded group I
intron RNAs.” Importantly, if the reduced RNA binding affin-

6062 their results

ity of this double mutant is taken into account,
agree reasonably well with previously published data,®®¢* which
suggest that the unwinding deficiency is not the causal factor.
Notably, Russell and coworkers obtained their results using a
trans-cleavage system, in which the ai5y ribozyme needs to bind
and cleave a single-stranded substrate RNA. This complicates the
interpretation of the data, because Mss116p binds ssRNA with
high affinity,>*¢ and it is likely to compete with the ribozyme for
binding the substrate RNA. Of course, adding ATP to the reac-
tion enhances protein turnover, thereby potentially increasing
the fraction of substrate bound to the ribozyme. In brief, without
structural evidence for misfolding within ai><y (or any other yeast
mt intron) and the action of Mss116p at the misfolded site, it
remains possible that unwinding is not important for intron fold-
ing except for its role in resolving inhibitory structures at splice-
sites and within exons.

How Does Mss116p Promote Folding
of Structurally Distinct Intron RNAs?

The yeast mitochondrial genome encompasses both group I and
group II introns, all of which depend on Mss116p for efficient
splicing in vivo.*® These two classes of autocatalytic RNAs do not
share any sequence conservation and their structural organiza-
tion is very different as well. Thus, it is of interest to understand
whether this DEAD-box protein acts in a comparable manner on
group II and group I introns. Since counterion-mediated com-
paction is an essential step in folding of all RNAs studied to date,
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this might argue for a conserved mechanism underlying the stim-
ulation of intron splicing. However, splicing of the ai5vy intron is
virtually abolished in an mss/16-knockout strain, whereas group
I introns display only a reduced splicing activity in the mss/16-
knockout strain and depend on additional protein cofactors for
efficient splicing in vivo.?32730:355:48126-151 Eqor example, efficient
bI5 intron splicing requires two nuclear-encoded proteins, namely
Cbp2 and Mssl16p, in vivo.?*3'# In a chp2-knockout strain
splicing of the bI5 intron is virtually abolished (< 1%), while only
40% of the cob pre-RNA are dependent on Mss116p, suggesting
that Mss116p applies distinct mechanisms of action to promote
folding of the ai5y group II intron and the bI5 group I intron in
vivo (Sachsenmaier and Waldsich, unpublished). In vitro Cbp2,
which is a basic protein without any known motifs, chases the
RNA from the collapsed state to the native state by capturing
a compact, near-native bl5 folding intermediate.***1311% So far,
the role of Mss116p in b5 splicing remains enigmatic both in
vitro and in vivo, but involves ATP-dependent steps.” Notably,
as Cbp2 cannot discriminate between misfolded and correctly
folded bI5," this could explain the need for the DEAD-box heli-
case Mss116p; i.e., to resolve a trapped bI5-Cbp2-RNP complex.

Another yeast mitochondrial group I intron, named ai5@ and
located within the coxI pre-RNA, was found to be dependent on
at least five nuclear-encoded proteins in vivo.'”” In vitro, however,
two of these cofactors, Mrslp and Mss116p, are sufficient to pro-
mote efficient ai5B splicing.*® While the protein Mrslp stabilizes
the intron structure and assists in the first step of splicing, the
RNA helicase Mss116p specifically enhances exon ligation in an
ATP-dependent manner. Thus, Mssl16p appears to utilize its
ATPase function to coordinate the successive transesterification
steps in splicing. It is also noteworthy that another DExH/D-
box protein, Suv3p, is involved in promoting efficient ai5@ intron
splicing.'?® In Suv3p-deficient yeast strains stable, excised group
I intron RNPs accumulate, thereby sequestering Mrslp, which
is crucial for splicing of both ai53 and bI3 mt group I introns,
and in turn reducing splicing of aI5B. In brief, coordination of
the individual steps in RNT assembly is likely to be crucial for
efficient splicing of coxI and cob pre-RNAs, which harbor 7 and
5 of the 13 yeast mitochondrial introns, respectively, all of which
depend on Mss116p. This raises the question of how “functional-
timing” of DEAD-box protein action is achieved and whether it
could be a limiting cofactor for splicing of some of these introns.

In case of the ai5@ group I intron, Mss116p plays an entirely
different role in promoting intron splicing compared with its
function in ai5y folding. However, it is not yet known whether
a distinct mechanism is applied in stimulating splicing of other
group I introns as well. Along this line, it also remains enigmatic
whether Mss116p stabilizes early folding intermediates of other
yeast mt group II introns.

Other DEAD-Box Proteins with a Basic C-terminal
Extension and Their Role in RNA Folding

Aside from the conserved helicase motifs, Mss116p contains a
helical C-terminal extension followed by an arginine-rich, posi-
tively charged C-tail. This C-terminal domain is shared by only
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a few other DEAD-box proteins, like Cyt19 and Ded1p.®"'% In
fact, the V. crassa mitochondrial helicase Cyt19 as well as the
S. cerevisiae non-mitochondrial protein Dedlp can functionally
substitute for Mss116p, rescuing splicing of yeast mt group I and
group II introns in an mssl16-knockout strain. "> Studying
the function of Dedlp on its natural target RNAs revealed that
its primary function may not involve stimulation of RNA fold-
ing per se. Instead, this DEAD-box protein modulates transla-
tion by facilitating assembly and remodeling of the intermediate
translation initiation complex elF4F-mRNA."’ Notably, the
initial step in activating translation, in which Dedlp directly
interacts with e[F4G to assemble a Ded1-mRNA-elF4F com-
plex, is ATP-dependent. A basic mechanistic framework for
Dedlp-facilitated RNA structure conversion was provided by
Jankowsky and coworkers.!” On the one hand, Dedlp is able
to disassemble RNA strands in an ATP-dependent manner,
enabling the conversion of more stable into less stable RNA con-
formations. In the other pathway, Ded1p stabilizes intermediate
structures in an ATP-independent manner. The latter activity
could be responsible for Ded1p’s ability to promote intron fold-
ing by stabilizing an early folding intermediate along the ai5y
folding pathway in place of Mss116p and without requiring ATP
hydrolysis.”

Unlike Dedlp, the DEAD-box protein Cytl9 was identified
to function in concert with Cytl8, a tyrosyl-tRNA synthetase,
to promote group I intron splicing in vitro and in V. crassa
mitochondria.""! While Cyt18 guides intron folding by stabiliz-
ing on-pathway intermediates and preventing the formation of
36:4243142 Cy 19, was proposed to desta-
bilize non-native conformations along the Cyt18-assisted RNA-

misfolded conformations,

folding pathway in an ATP-dependent manner."! Interestingly,
Cytl9 can act on several non-cognate intron RNAs, thereby
stimulating their splicing and reverse splicing activities.*>7>*¢!
Russell and coworkers demonstrated that Cyt19 mediates ATP-
dependent unfolding of both the native conformation and a
long-lived misfolded intermediate of the Tetrahymena group 1
intron.”” The efficiency of unfolding was found to depend on the
stabilities of the respective RNA species. Upon Cyt19-mediated
unfolding, the RNA has a chance to refold and reach the splic-
ing-competent state.” This observation is reminiscent of the
way the RNA chaperone StpA resolves misfolded RNA struc-
tures.”> In the same vein, both Cyt19 and Mss116p accelerate
refolding of the Azoarcus group I intron in an ATP-dependent
manner, presumably by resolving a misfolded, yet to be identi-
fied structural intermediate.”” While the splicing stimulation of
all these introns depends on ATP hydrolysis by Cytl9, it has
not been determined whether discrete ATP-independent steps
in promoting RNA folding precede the ATP-dependent fold-
ing transition, as it is the case for Mss116p in facilitating ai5y
folding. %535

Conclusion
RNA helicases have proven to be truly fascinating, versatile

enzymes playing a role in nearly all aspects of RNA metabo-
lism. With the discovery that DEAD-box proteins cannot only

78 RNA Biology

remodel RNA and RNP complexes, but are able to assist RNA
in folding to its native conformation, a new, exciting aspect was
added to RNA helicase function. In line with their action on
model RNA substrates, which is their annealing and unwind-
ing activity, some members of the DEAD-box protein family
facilitate RNA folding by conferring stability to thermodynami-
cally unstable conformations as well as by resolving misfolded
intermediates. The later observation is related to the function of
RNA chaperones. In contrast to RNA chaperones, DEAD-box
proteins, however, require an external energy source to release
their target RNA molecule after unwinding and many of the
RNA helicases depend on a loading platform.”® So far, all
proteins with RNA chaperone activity described to date fulfill a
152912043 [yt a protein that
merely functions as an RNA chaperone has not been identified.

variety of primary functions in cells,

Perhaps RNA chaperones were lost during evolution due to the
rise of RNA helicases, which proved to be excellent enzymes in
numerous cellular processes. Their diversity in reactions and
task-dependent regulation by trans-acting ligands, such as other
proteins in large RNP machineries, like the spliceosome or dur-
ing ribosome biogenesis, might have been a selective advantage.
Thus, proteins with RNA chaperone activity may be remnants of
an ancient world. The finding that a protein known for unwind-
ing of RNA is also able to stabilize RNA structure broadens the
spectrum of how DEAD-box proteins are able to shape RNA
folding landscapes and to influence RNP architecture and rear-
rangements. This is of interest specifically in light of the poten-
tial function of helicases in nuclear intron splicing, including
the spliceosome assembly pathway, and in self-splicing of group
II introns, which are considered to be the ancestors of nuclear

introns.'4

Perspectives

RNA metabolism in yeast mitochondria is tightly associated
with the DEAD-box protein Mss116p. This helicase stimulates
splicing of structurally distinct introns and is involved in mito-
chondrial RNA processing and translation.®® Therefore, it is
essential that the role of Mss116p in these possibly intertwined
processes is defined as much as to explore the mechanism under-
lying Mss116p function in splicing of the different introns. For
example, it has to be addressed whether Mss116p applies dis-
tinct mechanisms of action to promote splicing of group I and
group 11 introns, or even for each intron. Thus, it is of utmost
importance to dissect the functional relevance of motifs associ-
ated with ATP binding and hydrolysis, unwinding and anneal-
ing as well as RNA binding in these distinct processes and for
the different intron RNAs. Also, Mss116p most likely needs
to co-opt with other splicing factors known to assist folding
of specific introns.”>* Given the multiple tasks of Mss116p
in yeast mitochondria, deciphering the functional timing is a
major milestone along the way of understanding DEAD-box
protein-assisted RNA folding and processing as well as transla-
tion. Processing and splicing of transcripts intervened by several
group I and group II introns is likely to require temporal co-
ordination. In other words, folding of an intron might depend
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on different helicase motifs (and flanking extensions) than

refolding of exons to allow splicing of the neighboring intron.
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