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ABSTRACT

RNAs must assemble into specific structures in order to carry out their biological functions, but in vitro RNA folding reactions
produce multiple misfolded structures that fail to exchange with functional structures on biological time scales. We used
carefully designed self-cleaving mRNAs that assemble through well-defined folding pathways to identify factors that
differentiate intracellular and in vitro folding reactions. Our previous work showed that simple base-paired RNA helices form
and dissociate with the same rate and equilibrium constants in vivo and in vitro. However, exchange between adjacent
secondary structures occurs much faster in vivo, enabling RNAs to quickly adopt structures with the lowest free energy. We
have now used this approach to probe the effects of an extensively characterized DEAD-box RNA helicase, Mss116p, on a
series of well-defined RNA folding steps in yeast. Mss116p overexpression had no detectable effect on helix formation or
dissociation kinetics or on the stability of interdomain tertiary interactions, consistent with previous evidence that intracellular
factors do not affect these folding parameters. However, Mss116p overexpression did accelerate exchange between adjacent
helices. The nonprocessive nature of RNA duplex unwinding by DEAD-box RNA helicases is consistent with a branch
migration mechanism in which Mss116p lowers barriers to exchange between otherwise stable helices by the melting and
annealing of one or two base pairs at interhelical junctions. These results suggest that the helicase activity of DEAD-box
proteins like Mss116p distinguish intracellular RNA folding pathways from nonproductive RNA folding reactions in vitro and
allow RNA structures to overcome kinetic barriers to thermodynamic equilibration in vivo.
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INTRODUCTION

The ability of RNAs to adopt precise three-dimensional
structures is critical for biological processes ranging from
viral genome replication and protein synthesis to RNA pro-
cessing, gene silencing, and chromosome maintenance.
Although RNAs rapidly assemble into the correct functional
structures in vivo, RNAs tend to adopt multiple nonfunction-
al structures in vitro with exchange kinetics that are slower
than most RNA’s biological lifetime (Fedor and Uhlenbeck
1990; Uhlenbeck 1995; Treiber and Williamson 1999;
Woodson 2000). Our previous work has shown that the
same RNAs that become kinetically trapped in stable mis-
folded structures during transcription in vitro rapidly adopt
thermodynamically favored structures in vivo (Mahen et al.
2005, 2010). Results of whole-genome structure analyses
and large-scale RNA folding studies have also revealed con-
siderable differences between RNA folding outcomes in
vivo, in vitro, and in silico (Ding et al. 2014; Yang and

Zhang 2014) and highlight the importance of RNA structural
dynamics (Kertesz et al. 2010; Underwood et al. 2010; Lucks
et al. 2011; Li et al. 2012; Wan et al. 2012; Incarnato et al.
2014; Rouskin et al. 2014). Comparisons of RNAs designed
to adopt specific alternative structures with precisely calibrat-
ed differences in thermodynamic stability suggest that a very
narrow window of free energy limits conformational ex-
change (Mahen et al. 2010).
The mechanisms that ensure proper RNA folding in vivo

are not well understood. ATP-dependent DEAD-box RNA
helicases have been implicated in almost every aspect
of RNA metabolism including transcription, mRNA and
tRNA processing, protein synthesis, RNA nuclear export,
and RNA degradation, and certain DEAD-box helicases
have been shown to facilitate splicing and translation of a
variety of RNAs in vivo and in vitro (Russell et al. 2013;
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Jarmoskaite and Russell 2014). DEAD-box proteins exhibit
little substrate specificity in vitro, but are usually found in
large macromolecular complexes in vivo, such as spliceo-
somes and degradosomes, which direct their activities to
specific pathways. However, some DEAD-box helicases
have been shown to mediate nonspecific RNA unwinding
both in vitro and in vivo (Rössler et al. 2001; Yang and
Jankowsky 2005; Uhlmann-Schiffler et al. 2006; Halls et al.
2007; Del Campo et al. 2009), suggesting that they might
act generally to promote RNA rearrangements (Herschlag
1995; Schroeder et al. 2002; Rajkowitsch et al. 2007; Chu
andHerschlag 2008; Russell 2008; Russell et al. 2013; Jarmos-
kaite and Russell 2014). The general increase in mRNA struc-
ture observed in yeast after ATP depletion (Rouskin et al.
2014) is consistent with the idea that ATP-dependent pro-
cesses such as helix unwinding modulate RNA secondary
structures.
We developed a system to investigate general features of

RNA folding pathways directly and quantitatively in living
cells using chimeric mRNAs with hairpin ribozyme inserts
(Donahue and Fedor 1997; Donahue et al. 2000; Watson
and Fedor 2009, 2011, 2012). We previously screened large
numbers of hairpin ribozyme sequence variants to identify
those with precisely tuned secondary structure stabilities
that would enable us to monitor the kinetics and equilibria
of well-defined steps in the assembly of a functional ribo-
zymes (Donahue et al. 2000; Yadava et al. 2001, 2004;
Mahen et al. 2005, 2010; Watson and Fedor 2009, 2011,
2012). In this approach, intracellular folding and cleavage
rates of self-cleaving ribozymes are quantified by comparing
the turnover rate of chimeric mRNA containing a self-
cleaving ribozyme, which decays through cleavage and en-
dogenous mRNA degradation pathways, to the turnover
rate of the same mRNA with a mutationally inactivated ri-
bozyme insert, which decays only through endogenous
mRNA degradation pathways (Fig. 1A). While minimal and
natural hairpin ribozymes catalyze the same chemical re-
action (Fig. 1B), structural differences in the nature of an
interhelical junction between the two forms lead to distinct
kinetic mechanisms. Remarkably, our previous studies
showed that base-paired RNA helices form and dissociate
with virtually identical rates and equilibrium constants in
vivo and in vitro provided that in vitro reaction conditions
recapitulate an intracellular ionic environment (Donahue
et al. 2000; Yadava et al. 2001, 2004). Despite the overall
similarity between intracellular and in vitro folding path-
ways, however, certain secondary structure exchange steps
reached thermodynamic equilibria much more quickly in
vivo than in vitro (Mahen et al. 2005, 2010). Thus, some fea-
ture unique to the intracellular environment appears to alle-
viate kinetic traps by facilitating RNA secondary structure
exchange.
We have now made use of this approach to investigate

whether the action of DEAD-box RNA helicases on kineti-
cally trapped folding intermediates might account for this

distinction between intracellular and in vitro folding out-
comes. We focused on Mss116p, a DEAD-box helicase
found in yeast mitochondria that has been particularly well
characterized in vitro (Huang et al. 2005; Tijerina et al.
2006; Del Campo et al. 2007; Chen et al. 2008; Liu et al.
2008; Del Campo and Lambowitz 2009; Markov et al. 2009;
Karunatilaka et al. 2010; Henn et al. 2012; Mallam et al.
2012; Russell et al. 2013; Jarmoskaite et al. 2014; Pan et al.
2014). Our findings are entirely consistent with previous
studies of the effects of Mss116p on RNA folding reactions
in vitro and suggest that DEAD-box helicase activity might
account for the unique discrepancy in the kinetics of second-
ary structure exchange exhibited between hairpin ribozyme
pathways in vitro and in yeast.
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FIGURE 1. Chimeric ribozyme mRNAs as reporters of intracellular
RNA folding. (A) Quantitative analysis of RNA folding in yeast.
Ribozyme sequences (green) are inserted into the 3′ UTR (yellow) of
the yeast PGK1 gene and transcribed under the control of the GAL1-
10 upstream activation sequence, UASGAL (aqua), to allowmeasurement
of chimeric mRNA decay kinetics after glucose inhibition. Self-cleaving
mRNA decays both through self-cleavage (kcleavage) and through the
normal mRNA degradation pathway (kdegradation), so self-cleavage accel-
erates decay by an amount that corresponds to the intracellular cleavage
rate. (B) The two forms of hairpin ribozymes. Natural ribozymes (left)
consist of two helix-loop-helix elements that assemble in the context of a
four-way helical junction, whereas minimal ribozymes (right) assemble
in the context of a two-way helical junction. Reversible cleavage of the
reactive phosphodiester bond in Loop A is indicated by arrows.
Defined nucleotides represent conserved sequences important for cata-
lytic activity. (C) The hairpin ribozyme self-cleavage pathway. The min-
imal hairpin ribozyme (left) has two helix-loop-helix domains, A and B,
that dock to form the active site, which catalyzes reversible cleavage of a
specific phosphodiester bond in Loop A. Cleavage product dissociation
occurs through unwinding of the intermolecular H1 helix. Diagrams
adapted from Watson and Fedor (2009) and Mahen et al. (2010).
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RESULTS

Overexpression of Mss116p in Saccharomyces
cerevisiae does not affect RNA folding
nonspecifically

Chimeric mRNAs containing ribozymes were expressed in
yeast under the control of a glucose-repressible promoter,
which enables quantification of RNA turnover rates after
transcription inhibition (Fig. 1A). The Mss116p coding se-
quence was cloned under the control of the constitutive
TEF1 promoter with a Flag-tag at the C terminus to facilitate
Western blot analyses. Its mitochondrial targeting sequence
(mts) was deleted to allow Mss116p colocalization with chi-
meric self-cleaving mRNAs. ATP binding is required for
RNA unwinding by DEAD-box proteins, whereas ATP hy-
drolysis is primarily required for enzyme turnover (Chen
et al. 2008; Liu et al. 2008). To determine whether unwinding
activity was required for any observed effects on chimeric
mRNA folding behavior, we compared the effects of the func-
tional Δmts Mss116p DEAD-box helicase to that of the pro-
tein with an inactivating mutation (E268Q) in motif II that
disrupts the DEAD sequence. In a related DEAD-box protein,
Dbp5, this mutation abolishes ATPase activity, but does not
affect ATP binding (Hodge et al. 2011).

Wild-type Mss116p, the mutant lacking the mitochondrial
localization sequence (Δmts), and the D-E-A-D motif mu-
tant (Δmts E268Q) were expressed at similar levels in yeast,
evidence that the modifications used to ensure cytoplasmic
localization and disrupt ATPase activity, respectively, did
not interfere with Mss116p synthesis or turnover (Fig. 2).
Mss116p overexpression did not affect yeast growth or viabil-
ity; yeast harboring Mss116p expression vectors displayed
similar growth curves, with a doubling time of ∼4 h (data
not shown). Thus, Mss116p overexpression had no deleteri-
ous effects on RNA metabolism or any other pathways re-
quired for yeast viability. Coexpression of wild-type and
mutant proteins with chimeric mRNAs had no detectable

effect on protein expression levels (shown for yeast carrying
HP44 and Mss116p Δmts E268Q in Fig. 2). Furthermore,
Mss116p overexpression did not affect chimeric mRNA ex-
pression levels or alter the rate at which chimeric mRNAs
were degraded through endogenous mRNA degradation
pathways (Fig. 3). Thus, our analyses of the effects of
Mss116p on ribozyme folding and catalysis were not compli-
cated by nonspecific effects of Mss116p overexpression on
RNA metabolism or yeast viability.
Intracellular ribozyme folding and self-cleavage rates were

calculated from the difference between decay kinetics of self-
cleaving and mutationally inactivated chimeric mRNAs de-
termined using decay time course experiments and from
measurements of chimeric mRNA abundance taken at steady
state, as described previously (Yadava et al. 2001; Mahen et al.
2005, 2010; Watson and Fedor 2009). The intracellular cleav-
age rate for a given ribozyme equals the difference between
decay rates of uncleaved self-cleaving mRNAs and chimeric
mRNAs with a G+1A mutation that inactivates self-cleavage
(Fig. 1A). At steady state, both self-cleaving and inactive chi-
meric mRNAs are transcribed at the same rate, but the self-
cleaving version decays both through cleavage and through
intrinsic degradation pathways, whereas its inactive counter-
part only decays through intrinsic degradation pathways.
When intrinsic degradation rates are known, therefore, self-
cleavage rates can also be calculated from the relative abun-
dance of self-cleaving and mutationally inactivated chimeric
mRNAs at steady state. Comparison of cleavage rates deter-
mined using both methods provides further assurance that
self-cleavage rate measurements are not complicated by ex-
perimental artifacts.

Mss116p promotes exchange between adjacent
secondary structure elements in vivo

Intracellular cleavage of chimeric mRNAs was examined in
yeast expressing various forms of Mss116p to reveal the
role of this DEAD-box protein in RNA folding. In minimal
ribozymes, the A and B helix-loop-helix elements form the
arms of a two-way helical junction and dock in a noncoaxial
orientation to create the active site (Fig. 1C). Self-cleavage
within loop A gives 5′ and 3′ products that associate through
complementary base pairs in helix H1 (Fig. 1C). The nature
of the helical junction and the length and sequences of the
base-paired helices are not essential for catalytic activity
and can be manipulated to probe specific RNA structure–
function relationships. HP210, a minimal hairpin ribozyme
construct, cleaved at the same rate in yeast with or without
Mss116p overexpression (Figs. 3, 4). We also observed simi-
lar self-cleavage rates for this ribozyme in yeast carrying
wild-type or mutationally inactivated Mss116p or an empty
vector (Figs. 3B–D, 4). The rate of ∼0.08 min−1 measured
for HP210 self-cleavage agreed well with the rate of 0.082
min−1 reported previously for chimeric HP210 mRNA in
yeast with no protein expression plasmid (Mahen et al.

FIGURE 2. Wild-type and mutant Mss116 proteins were expressed at
similar levels in yeast. Immunoblot of Flag-tagged wild-type (WT)
Mss116p, Mss116p lacking the mitochondrial targeting sequence
(Δmts), Mss116p lacking the mitochondrial targeting sequence with
an inactivating mutation in the DEAD motif (ΔmtsE268Q), and
Mss116p lacking the mitochondrial targeting sequence with an inacti-
vating mutation in the P-loop (ΔmtsK158A). Coexpression of chimeric
self-cleaving mRNA (HP44) with Mss116p (Δmts) did not affect
Mss116p expression. After normalization using PSTAIRE protein load-
ing controls, results obtained with different samples of the same yeast
culture and with different yeast cultures varied less than twofold.
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2010). These results are consistent with our previous evi-
dence that no feature of the intracellular environment,
including endogenous DEAD-box helicase activity, alters
folding kinetics or equilibria of simple hairpin ribozyme
cleavage reactions relative to reactions carried out in vitro un-
der conditions that approximate intracellular ionic condi-
tions (Donahue et al. 2000; Yadava et al. 2001, 2004).
In our previous work, we introduced competing structures

into minimal ribozymes to probe thermodynamic and kinet-
ic determinants of partitioning among alternative RNA fold-
ing outcomes in vivo (Mahen et al. 2005, 2010). Specifically,
a sequence that complements one strand of the essential
H1 helix was inserted adjacent to the ribozyme sequence
to create the potential to form an alternative H1 helix
(AltH1) that inhibits cleavage by preventing the assembly

of a functional ribozyme. Sequences
needed to form AltH1 helices were locat-
ed either downstream from the ribozyme
(3′AltH1, Fig. 5A), where they were tran-
scribed only after the entire ribozyme se-
quence had an opportunity to fold, or
upstream of the ribozyme (5′AltH1, Fig.
6A), where the nonfunctional AltH1
had the potential to fold before the com-
plete ribozyme sequence was transcribed.
By systematically varying the relative
thermodynamic stabilities of H1 and
AltH1, we defined a narrow threshold
of thermodynamic stability that deter-
mines whether RNAs adopt the thermo-
dynamically favored structure or become
kinetically trapped in the first helix that
can form during transcription. These
studies revealed that RNAs with adjacent
H1 and AltH1 helices with calculated
thermodynamic stabilities near −15
kcal/mol (62.8 kJ/mol) can undergo ex-
change and adopt the most thermody-
namically favored structure, whereas
RNAs with helices with calculated ther-
modynamic stabilities near −17 kcal/
mol (71.1 kJ/mol) did not exchange
and remained trapped with the 5′ helix
that folds first during transcription
(Mahen et al. 2010). These results define
a very narrow range, on the order of 2
kcal/mol (8.4 kJ/mol), that limits the
ability of RNA secondary structures to
exchange within the biological lifetime
of the chimeric mRNA. This folding
behavior of chimeric mRNAs in vivo
contrasts strongly with the folding out-
comes we observed for transcription re-
actions in vitro where a helix with
a calculated thermodynamic stability

of −15 kcal/mol (62.8 kJ/mol) was sufficiently stable to pre-
vent any thermodynamic equilibration with downstream
structures (Mahen et al. 2005).
In order to test whether the Mss116p DEAD-box helicase

promotes conformational equilibration of otherwise stable
RNA secondary structures in vivo, we examined the effect
of Mss116p overexpression on the folding behavior of a ribo-
zyme with an upstreamH1 helix that is normally too stable to
allow equilibration with a nonfunctional downstream AltH1
helix that has greater thermodynamic stability. HP210-310
is a minimal ribozyme variant with an H1 helix that has
a calculated thermodynamic stability of −17.3 kcal/mol
(72.4 kJ/mol), which is located upstream of an AltH1 helix
that has a calculated thermodynamic stability of −20.5
kcal/mol (85.8 kJ/mol) (Fig. 5A; Mahen et al. 2010). The
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FIGURE 3. Mss116p did not affect chimeric mRNA stability or self-cleavage activity nonspe-
cifically in yeast. (A) Secondary structure of HP210, which does not contain a complementary
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ability of the HP210-310 ribozyme variant to adopt a
functional structure with the H1 helix despite competition
from a downstream AltH1 helix with greater stability was re-
flected in its intracellular self-cleavage rate that was just two-
fold below the rate observed for HP210, its counterpart with
no competing helices (Figs. 3, 4; Mahen et al. 2010). This
evidence that HP210-310 was kinetically trapped in the
functional structure contrasts with the behavior of ribo-
zyme constructs with intermolecular helices that had lightly
lower thermodynamic stabilities, which did undergo thermo-
dynamic equilibration with stable downstream helices
(Mahen et al. 2010).

HP210-310 self-cleavage rates decreased eightfold in yeast
expressing the active Mss116p DEAD-box helicase (Figs. 4,
5B). This loss of self-cleavage activity suggests that Mss116p
overexpression allowed the AltH1 helix to compete with
the upstreamH1 helix to reach the catalytically inactive struc-
ture that is more thermodynamically favorable. HP210-310
exhibited virtually the same intracellular self-cleavage rate
in yeast expressing mutationally inactivated Mss116p and
the empty expression vector as reported previously in exper-
iments with no Mss116p (Figs. 4, 5C,D). Thus, Mss116p
overexpression reduced the thermodynamic threshold that
limits exchange by ∼2 kcal/mol (8.4 kJ/mol) so that the H1
helix in HP210-310, with a calculated thermodynamic stabil-
ity of−17.3 kcal/mol, was able to exchange with amore stable
helix located downstream.

Mss116p overexpression did not affect folding or intra-
cellular cleavage activity of HP210-510, a ribozyme variant
with a very stable AltH1 helix (−20.2 kcal/mol) (84.5 kJ/
mol) upstream of an H1 helix that has lower thermodynamic
stability (−17.2 kcal/mol) (72.0 kJ/mol) (Fig. 6). HP210-510
exhibited no detectable self-cleavage activity with or without

Mssp116p overexpression, evidence
that it remained kinetically trapped
in a nonfunctional structure with
the more stable upstream AltH1
(−20.2 kcal/mol) (84.5 kJ/mol)
(Figs. 4, 6B–D; Mahen et al. 2010).
Thus, Mss116p overexpression facili-
tated thermodynamic equilibration
of HP210-310, in which the down-
stream helix had lower thermody-
namic stability, but it did not change
the folding outcome in the HP210-
510 variant in which the most stable
helix was located upstream.

Mss116p does not accelerate
product dissociation

We examined the effect of Mss116p
expression on helix dissociation kinet-
ics using HP44, a variant of the natu-
ral form of the hairpin ribozyme

(Fig. 7; Yadava et al. 2001). Relative to minimal ribozymes,
natural hairpin ribozymes contain two additional helices
and assemble in the context of a four-way helical junction
(Fig. 1C). While minimal and natural ribozymes catalyze
the same chemical reaction and have the same active sites
(Fig. 1B), they exhibit distinct kinetic mechanisms (Fedor
1999, 2009). They exhibit higher cleavage rate constants
compared to minimal ribozymes both in vitro and in yeast,
and also strongly favor ligation of bound products relative
to cleavage (Fig. 1B; Fedor 1999; Yadava et al. 2001).
Observed intracellular cleavage kinetics for HP44 reflect
partitioning between helix dissociation and re-ligation of
bound products. Careful comparison of four-way junction
ribozymes with many different H1 stabilities previously
showed that re-ligation of bound products causes observed
cleavage rates to decrease as H1 stability increases, both
in vitro and in yeast, and cleavage products dissociate from
four-way junction ribozymes more slowly than from mini-
mal ribozymes (Fedor 1999; Yadava et al. 2001). HP44,
with a carefully calibrated sequence of 4 base pairs (bp) in
H1, exhibits product dissociation kinetics on the same order
as the kinetics of re-ligation of bound products, on the order
of 3 min−1 (Fig. 7A). Nearly equal partitioning between re-
ligation and product dissociation reduces observed cleavage
rates, by approximately twofold relative to four-way junction
ribozymes with shorter or less GC-rich product RNAs that
dissociate rapidly. This makes HP44 a particularly sensitive
reporter of any effect of Mss116p overexpression on helix dis-
sociation kinetics.
If Mss116p accelerated complete helix dissociation, intra-

cellular cleavage rates for HP44 would increase, as rapid dis-
sociation and dilution of ribozyme–product complexes
would prevent re-ligation. Alternatively, observed cleavage
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rates might decrease if Mss116p accelerated helix annealing
to drive assembly of ribozyme–product complexes that can
undergo ligation. However, HP44 exhibited virtually the
same self-cleavage kinetics in yeast overexpressing active
Mss116p, mutationally inactivated Mss116p, or carrying an
empty vector (Figs. 4, 7B–D). Observed intracellular self-
cleavage rates agreed well with previous measurements (Ya-
dava et al. 2001). Thus, Mss116p overexpression had no
detectable effect on product dissociation kinetics, consistent
with the possibility that Mss116p did not accelerate unwind-
ing of the H1 helix of HP44 or that it affected winding
and unwinding equally. These results are consistent with
our previous evidence that no feature of the intracellular
environment accelerates dissociation or annealing of base-
paired RNA helices relative to ribozyme complex formation

in vitro provided that in vitro reactions
approximate intracellular ionic con-
ditions (Donahue et al. 2000; Yadava
et al. 2001, 2004).

Mss116p does not destabilize
ribozyme tertiary structure

The enhanced ligation activity of a four-
way junction ribozymes relative to a min-
imal ribozyme reflects its enhanced ter-
tiary structure stability, which is likely
to stabilize the positioning of cleavage
product termini in the orientation need-
ed for the ligation (Walter et al. 1999;
Fedor 2009). To investigate whether
Mss116p affects ribozyme tertiary struc-
ture stability, we examined the effect of
Mss116p overexpression on HP420, a ri-
bozyme with a four-way helical junction
and 20 bp in its H1 helix (Fig. 8A).
HP420 exhibits very slow intracellular
self-cleavage kinetics because a ribo-
zyme–product complex with 20 bp in
the intermolecular H1 helix does not dis-
sociate within the intracellular lifetime of
HP420 chimeric mRNA (Yadava et al.
2001). Thus, HP420 cleavage kinetics re-
flects the internal equilibrium between
cleavage and ligation of bound cleavage
products, which reports on tertiary struc-
ture stability (Fig. 8A).

If Mss116p destabilizes ribozyme
tertiary structure and shifts the inter-
nal equilibrium away from ligation to
favor cleavage, we would expect to ob-
serve faster HP420 self-cleavage when
Mss116p is overexpressed. However, ob-
served HP420 cleavage rates were the
same in yeast overexpressing active or

mutant Mss116p or containing the empty vector (Figs. 4,
8B–D) and matched rates measured previously in yeast
with no protein expression vector (Yadava et al. 2001). The
absence of any change in the internal equilibrium between
ligation and cleavage of bound products upon Mss116p
overexpression suggests that Mss116p chaperone activity
does not destabilize RNA tertiary structures nonspecifically.
The absence of an effect of Mss116p overexpression on
HP420 cleavage kinetics also supports the conclusion from
experiments with HP44 that Mss116p does not accelerate
complete helix dissociation. If Mss116p overexpression accel-
erated dissociation of the intermolecular H1 helix with 20 bp
in HP420, faster product dissociation would have prevented
re-ligation of bound products and increased observed cleav-
age rates.
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FIGURE 5. Mss116p promoted equilibration between H1 and AltH1 helices in vivo. (A) HP210-
310 has the potential to adopt a functional structure with an H1 helix that has a calculated free
energy of −17.3 kcal/mol (72.4 kJ/mol) or a nonfunctional structure with a 3′AltH1 that has a
calculated free energy of −20.5 kcal/mol (85.8 kJ/mol). Chimeric mRNAs with HP210-310
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(ΔmtsE268Q), or (D) empty vector. HP210-310 chimeric mRNAs in yeast with active
Mss116p exhibited eightfold lower intracellular cleavage rates than HP210-310 chimeric
mRNAs that were coexpressed with catalytically inactive Mss116p (ΔmtsE268Q) or empty vector.
Plots display results from a representative pair of experiments with functional (▪) and mutation-
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DISCUSSION

Here, we have demonstrated the ability of the Mss116p
DEAD-box helicase to promote rapid exchange between ad-
jacent base-paired helices. While Mss116p might interact
transiently and reversibly with RNA secondary and tertiary
structures, we detected no overall effects on helix annealing
or dissociation kinetics or on tertiary structure stability.
Effects of Mss116p overexpression were limited to reactions
in which a kinetically trapped structure could exchange
with a more thermodynamically stable structure through a
helical junction; Mss116p did not act broadly to completely
unwind long RNA helices or reduce tertiary structure stabil-
ity. Our ability to detect an effect of Mss116p overexpression

only when unfolded RNA was able to
adopt an alternative stable structure is
consistent with our previous findings
that the kinetics and equilibria of simple
helix annealing and dissociation steps
and the internal equilibrium between
cleavage and ligation were virtually the
same in vivo and in vitro despite the
ubiquity of endogenous DEAD-box pro-
teins (Donahue et al. 2000; Yadava et al.
2001, 2004; Mahen et al. 2005, 2010;
Watson and Fedor 2009, 2011, 2012). In-
deed, Mss116p only accelerated the kind
of RNA conformational exchange reac-
tion that we previously found to exhibit
very different kinetic behavior in vitro
and in yeast (Mahen et al. 2005, 2010).
Thus, Mss116p can enable an RNA to
adopt the lowest free energy structure
within a biological timeframe by acceler-
ating exchange of adjacent RNA helices,
but it does not stabilize or destabilize
RNA structures nonspecifically. The abil-
ity of DEAD-box RNA helicases, such
as Mss116p, to facilitate equilibration
among otherwise stable RNA secondary
structures likely accounts, at least in
part, for the differences in chimeric
mRNA folding outcomes in vitro and in
yeast that we reported previously (Mahen
et al. 2005, 2010).
The shift we observed in the thermo-

dynamic barrier to secondary structure
exchange resulted from overexpression
of Mss116p, but it is entirely consistent
with the chaperone activities previously
attributed to DEAD-box proteins under
physiological conditions in vitro and in
yeast deficient in these proteins (Russell
et al. 2013; Jarmoskaite and Russell
2014). Mss116p, CYT-19, and Ded1

DEAD-box helicases have been shown to facilitate assembly
of functional group I and II intron structures by disrupting
non-native structures through a mechanism that does not re-
quire recognition of specific RNA structures or sequences
(Huang et al. 2005; Tijerina et al. 2006; Del Campo et al.
2007; Potratz et al. 2011; Russell et al. 2013). Mss116p binds
diverse RNA substrates and exhibits high RNA helicase activ-
ity in vitro (Mohr et al. 2006; Halls et al. 2007; Del Campo
et al. 2009), supporting a model in which DEAD-box pro-
teins serve as general RNA chaperones by unfolding RNA
structures nonspecifically to give RNAs the opportunity to re-
fold into their native states.
Our finding that Mss116p overexpression promoted ex-

change between adjacent secondary structures but did not
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accelerate RNA helix dissociation generally is consistent with
the limited processivity characteristic of DEAD-box helicases.
Unlike processive helicases that unwind duplexes through
ATP-dependent translocation, DEAD-box helicases unwind
just a few base pairs (Russell et al. 2013; Jarmoskaite and
Russell 2014). Upon binding an RNA helix and a single mol-
ecule of ATP, DEAD-box proteins undergo a conformational
change that results in strand separation (Henn et al. 2012;
Russell et al. 2013). One ATP cycle may be enough to unwind
short, relatively unstable helices, but not more stable struc-
tures. ATP hydrolysis is not necessary for unwinding, but
it does promote release of the RNA, which may contribute
to the protein’s ability to unfold more complex structures.
Our results support a model in which Mss116p facilitates ex-
change between adjacent secondary structures through a
branchmigrationmechanism that lowers barriers to interhel-
ical exchange through sequential melting of several base pairs
at interhelical junctions (Fig. 9).
Apart from DEAD-box RNA helicases, additional intracel-

lular factors certainly contribute to the ability of RNAs to
avoid the kinetic traps that block assembly of functional
RNA structures in vitro. RNA secondary structures with the

potential to form within upstream sequences during tran-
scription are clearly favored relative to structures that require
interactions with downstream sequences that are transcribed
later (Mahen et al. 2005, 2010), a process that is facilitated by
sequence-specific transcriptional pausing (Pan et al. 1999;
Pan and Sosnick 2006; Wong et al. 2007; Perdrizet et al.
2012). Interactions with specific RNA-binding proteins and
small ligands have also been shown to “capture” certain
RNA conformations (Weeks and Cech 1996; Haller et al.
2011). Heterogeneous nuclear ribonucleoproteins (hnRNPs)
are a large and diverse class of proteins that interact with RNA
polymerase II transcripts in nuclei (Dreyfuss et al. 1993;
He and Smith 2009; Singh et al. 2015). Many hnRNPs exhibit
RNA chaperone activity in vitro and in vivo suggesting that
cotranscriptional binding of hnRNPs might modulate as-
sembly of stable RNA structures within nascent transcripts
(Karpel et al. 1982; Herschlag et al. 1994; Belisova et al.
2005). A second class of nonspecific nucleic acid–binding
proteins with basic, intrinsically disordered domains destabi-
lize RNA structures and have been reported to promote re-
folding of misfolded RNAs in vitro without the use of ATP
(Tompa and Csermely 2004). Some members of this class,
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FIGURE 7. Mss116p did not promote helix dissociation in vivo. (A) Kinetic mechanism of a natural ribozyme with 4 bp in H1, HP44, which par-
titions equally between dissociation and re-ligation of bound products (Donahue et al. 2000). Chimeric HP44 mRNAs were coexpressed in yeast with
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including ribosomal and HIV nucleocapsid proteins, have
also been shown to rescue activity of misfolded self-splicing
introns in vivo (Rajkowitsch et al. 2007; Chu and Herschlag
2008; Russell 2008). However, these basic, disordered pro-
teins generally exhibit RNA unfolding activity over a narrow
range of concentrations in vitro and many of them, such as
histones and ribosomal proteins, have other primary func-
tions. Future studies will be needed to establish whether these
proteins also function to promote exchange among alterna-
tive RNA structures in a biological context.

MATERIALS AND METHODS

Plasmids
Plasmids containing the PGK1 gene and hairpin ribozyme sequence
variants were used for chimeric ribozymemRNA expression in yeast

as described previously (Donahue et al. 2000; Yadava et al. 2001;
Mahen et al. 2010). Briefly, the ribozyme sequence was inserted
into the 3′ UTR of the yeast PGK1 gene in pGAL28, a pRS316 deriv-
ative in which the PGK1 gene is fused to the GAL1 promoter.
Plasmids were propagated in Escherichia coli strain DH5α or in S.
cerevisiae strain HYF114 (MATa ade2-1 his3-11,15 leu2-3 112 trp1-
1 ura3-1 can1-100).

The Mss116p coding region was amplified from yeast genomic
DNA (S. cerevisiae strain HYF114, MATa ade2-1 his3-11,15 leu2-3
112 trp1-1 ura3-1 can1-100) using primers BamHI-MSS116F and
MSS116-Flag-Spe R (Table 1). The amplicon containing Mss116p,
a Flag tag, and a triple stop codon was cloned into the pRS313 vector
using BamHI and SpeI restriction sites. To express the protein con-
stitutively, a truncated TEF1 promoter was amplified from yeast ge-
nomic DNA using primers TEF1XhoI and TEF1BamHI (Table 1)
and cloned into the pRS313 plasmid using XhoI and BamHI restric-
tion sites. The plasmid containing the full-length Mss116p coding
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region and TEF1 promoter was named pTMF. The Mss116p mito-
chondrial targeting sequence (amino acids 2–26) was deleted from
pTMF using QuickChange mutagenesis (Stratagene) and oligonu-
cleotides TEF1MSS116 -22 and TEF1MSS116 102 (Table 1) to create
pTMFmts. A catalytically inactive version of Mss116p contained an
E268Q mutation in the D-E-A-D motif. An E268Q mutation in the
D-E-A-D motif was introduced using oligonucleotides MSS116 781
and MSS116 820 (Table 1) to create pTMFmts E268Q. All experi-
ments were performed with Mss116p lacking the mitochondrial
localization sequence to ensure cytoplasmic colocalization with chi-
meric HP mRNAs.
Plasmid templates for T7 RNA polymerase transcription of the

32P-labeled probes used to quantify yeast chimeric mRNAs con-
tained sequences complementary to both chimeric PGK1 and actin
mRNAs to maximize accuracy and precision. The ACT1 sequence
was amplified using the primers DualActinF and DualActinR
(Table 1) and Q5 High Fidelity 2X Master Mix (NEB), which added
NdeI and NarI restriction sites to the 5′ and 3′ ends of the amplicon.
The digested amplicon was inserted downstream from the chimeric
PGK1 sequence into probe template plasmids used previously
(Yadava et al. 2001; Mahen et al. 2010).

Ribozyme names reflect the important features of the ribozyme
structure including the interdomain junction (two-way or four-
way), the number of base pairs in H1, the location of the comple-
mentary insert, if any (5′ or 3′), and the number of base pairs in
AltH1, if present. For example, HP210-310 is a ribozyme variant
with a two-way helical junction that has 10 bp in H1 and a comple-
mentary insert located on the 3′ side of the ribozyme with the poten-
tial to form a 3′AltH1 with 10 bp, whereas HP420 is a variant with a
four-way helical junction that has 20 bp in H1 and no AltH1.

Immunoblot analysis

Protein extracts were made by vortexing yeast with glass beads in ly-
sis buffer (100 mM Tris pH 6.5, 2% SDS, 20% glycerol, 100 mM
DTT, and 1 mM PMSF). After cells were boiled for 5 min, glass
beads were added and the mixture was vortexed for 5 min. The glass
beads were removed and the lysates were boiled again for 5 min. Cell
debris was pelleted by brief centrifugation. Protein concentrations
were determined by absorption at 280 nm. Extracts were fractionat-
ed using 10% sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride membranes by semidry
blotting. Membranes were blocked with 10% nonfat dry milk in
TBST (Tris-buffered saline, 0.25% Tween 20) and incubated in
primary antibody (1:2000 in 5% nonfat dry milk in TBST) for 1 h
to overnight followed by secondary antibody (1:5000 in 5% nonfat
dry milk in TBST) for 1 h. Antibodies used were anti-Flag (M2,
Sigma), anti-mouse IgG-horse radish peroxidase produced in goat
(Sigma), and anti-PSTAIRE to control for protein loading (kindly
provided by Curt Wittenberg, The Scripps Research Institute, La
Jolla, CA) (Ma et al. 2014). Signals were detected on film by en-
hanced chemiluminescence (Super Signal West Dura, Pierce).

Intracellular cleavage kinetics

Intracellular cleavage rates were calculated from decay time course
experiments and from measurements taken at steady state as
described previously, except that hybridization probes contained se-
quences complementary to both chimeric PGK1 and actin mRNAs
for improved accuracy (Yadava et al. 2001; Mahen et al. 2005, 2010;
Watson and Fedor 2009). 2P-labeled RNAs used as hybridization
probes were transcribed from linearized pGEM-4Z derivatives
(Promega). Yeast cultures were grown at 30°C in galactose minimal
medium to log phase overnight. Aliquots were taken at time zero

G
°,

 k
ca

l/m
ol

AltH1

0

-6

 4

15

H1

B
A

H1

5'

3'

B

5'

3'

3’AltH1

B

5'

3'

B

5'

3' B

5'

3' B

5'

3'

HI dissociation

Branch
migration

AltHI annealing

FIGURE 9. Free energy model of secondary structure exchange
through RNA chaperone-assisted branch migration. RNA chaperone
proteins, likeMss116p, that unwind 1–2 bp per ATP cycle could catalyze
the exchange between adjacent RNA helices through small steps with
low energy barriers to facilitate assembly of RNA structures with the
lowest free energy. Diagram adapted from Mahen et al. (2010).

TABLE 1. Oligonucleotides used for plasmid constructions

Name Sequence

BamHI-MSS116F 5′-GAGAGAGAGAGGATCCATGTTGACCTCTATATTGATAAAAGGTCGC
MSS116-Flag-Spe R 5′-AGAGAGAGAGACTAGTCTATCACTACTTGTCATCGTCGTCCTTGTAGTCATATATGTTGCTGTTTCTACTGGAG
TEF1XhoI 5′-GACAGACTCGAGCATAGCTTCAAAATG
TEF1BamHI 5′-AGACAGGGATCCAAAACTTAGATTAG
TEF1MSS116 -22 5′-TAATCTAAGTTTTGGATCCATGAACCATATTACTTGGGCTGTTTC
TEF1MSS116 102 5′-GAAACAGCCCAAGTAATATGGTTCATGGATCCAAAACTTAGATAA
MSS116 781 5′-GTAGATTACAAAGTGCTAGATCAAGCTGACAGATTGCTA
MSS116 820 5′-CTAGCAATCTGTCAGCTTGATCTAGCACTTTGTAATCTA
DualActinF 5′-GAGACTCAGGCGCCTTCAATTCAATTCAATTTATTTCTTTTCGG
DualActinR 5′-TGAGTCTCCATATGAGATATTGAGTGAACGTGGTTACTC
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before yeast were transferred to glucose minimal medium to inhibit
transcription. After transfer, aliquots were taken at the indicated
times and total RNA was extracted from yeast pellets. Ribozyme
cleavage was quantified using RNase protection assays performed
under acidic conditions at low temperature to suppress further
self-cleavage activity during the analyses. Uncleaved 32P-labeled
self-cleaving RNA was added to one yeast pellet and subjected to ex-
traction and analysis procedures as a control experiment to exclude
the possibility that self-cleavage occurred in vitro during extraction
and analysis of yeast RNA rather than in yeast. In all reported exper-
iments, <10% of the uncleaved ribozyme RNAs underwent cleavage,
confirming that conditions used for RNase protection assays did not
support ribozyme activity. Uncleaved chimeric mRNA levels were
normalized to the abundance of ACT1 mRNA.

Decay rates for intracellular chimeric mRNAs were determined by
fitting a single exponential rate equation to the data. Cleavage rates
calculated using both methods typically agreed within 30% and nev-
er varied more than twofold. Plots represent results of a single decay
time course experiment. Reported values represent the mean and
standard deviation obtained from two or more experiments.
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