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Abstract
Multiple studies hypothesize that DEAD-box proteins facilitate folding of the ai5γ group II intron.
However, these conclusions are generally inferred from splicing kinetics, and not from direct
monitoring of DEAD-box protein-facilitated folding of the intron. Using native gel electrophoresis
and DMS structural probing, we monitored Mss 116-facilitated folding of ai5γ intron ribozymes
and a catalytically active self-splicing RNA containing full length intron and short exons. We
found that the protein directly stimulates folding of these RNAs by accelerating formation of the
compact near-native state. This process occurs in an ATP-independent manner, although, ATP is
required for the protein turnover. As Mss 116 binds RNA non-specifically, most of binding events
do not result in the formation of the compact state, and ATP is required for the protein to
dissociate from such non-productive complexes and rebind the unfolded RNA. Results obtained
from experiments at different concentrations of magnesium ions suggest that Mss 116 stimulates
folding of ai5γ ribozymes by promoting the formation of unstable folding intermediates, which is
then followed by a cascade of folding events resulting in the formation of the compact near-native
state. DMS probing results suggest that the compact state formed in the presence of the protein is
identical to the near-native state formed more slowly in its absence. Our results also indicate that
Mss 116 does not stabilize the native state of the ribozyme, but that such stabilization results from
binding of attached exons.
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INTRODUCTION
In order to perform their biological functions, RNA molecules must fold into functionally
active, native conformations. The folding pathway for a large RNA can be “smooth”
(Azoarcus group I intron 1; 2; 3 ai5γ group II intron 4; 5 6) or “rugged” with one or more
stable misfolded intermediates (“kinetic traps”)(Tetrahymena ribozyme 7; 8; 9, td group I
intron 10, B. subtilis RNase P 11). Recent studies have shown that many RNAs fold slowly
in vitro, with the rate-limiting step being either refolding from a kinetic trap 8; 12 or
formation and stabilization of on-pathway intermediates 1; 2; 3 4; 5. These obstacles are
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overcome with help of protein co-factors, which often guide RNA folding in vivo. Cofactor
proteins employ various strategies to facilitate RNA folding. RNA chaperone proteins (e.g.
StpA) transiently bind RNA and destabilize misfolded structures in an ATP-independent
manner 10; 13. Other proteins stabilize RNA structure through annealing activity (Hfq),
selective binding of otherwise transient on-pathway folding intermediates (Cbp2), or binding
and stabilization of tertiary structure (CYT-18) 13; 14.

Ribozymes derived from group II intron ai5γ fold slowly and directly to the near-native state
under near-physiological conditions (30 °C and 3-10 mM MgCl2)15. This process occurs
under kinetic control, with a very large energy barrier between the unfolded and near-native
states15. Under these conditions, the native state of the ribozyme is unstable and, although
the major intron scaffolding is maintained, catalytic domains dock only transiently within
the core 15. The catalytically-active native state can be stabilized in vitro by employing
conditions of elevated temperature (42 °C) and high magnesium (100 mM) and monovalent
(500 mM) ion concentrations.

Splicing of the ai5γ intron is essential for the survival of the host organism (Saccharomyces
cerevisiae), and it must occur at physiological concentrations of magnesium and monovalent
ions. We have therefore hypothesized that protein cofactors assist folding of the ai5γ intron
in vivo by using at least one of the following strategies15. They may accelerate formation of
the near-native state by stabilizing the transition state between unfolded and near-native
states and lowering the energy barrier between them. Alternatively, cofactors may stabilize
the native state of the ribozyme at physiological concentrations of magnesium ions.
However, direct information on these functions has been lacking.

It was recently demonstrated that DEAD-box proteins from S. cerevisiae and N. crassa (Mss
116, Ded1 and CYT-19) effectively stimulate splicing of the ai5γ intron both in vivo and in
vitro under near-physiological conditions in an ATP-dependent manner 16; 17; 18. Two
distinct mechanisms have been proposed to explain the function of these proteins. The first
model suggests that DEAD-box proteins facilitate splicing by unwinding misfolded
structures that form within the intron or the exons 18; 19; 20. The second model suggests that
DEAD-box proteins may have a broader role in RNA folding and that they may sometimes
stabilize folding intermediates 17. Multiple studies have generated experimental evidence in
support of both models. The first model is supported by the ability of CYT-19 and Ded 1
proteins to selectively destabilize misfolded intermediates formed by the Tetrahymena
ribozyme, resulting in kinetic redistribution between native and misfolded states 21 19. The
second model is supported by the smooth folding pathway of the ai5γ intron ribozymes 4; 5
6, as well as the ability of a helicase - deficient Mss 116 mutant to actively facilitate the ai5γ
intron splicing 17.

Although both mechanisms assume that DEAD-box proteins affect the ai5γ splicing at the
level of folding, no experiments have been carried out to monitor protein-facilitated folding
of the intron directly. Here we examine Mss 116-stimulated folding of various ai5γ intron
constructs under different ionic conditions using a combination of native gel electrophoresis
and biochemical structural probing. The results indicate that Mss 116 accelerates formation
of the compact intermediate state, but it does not stabilize the native state of the ribozyme.
The native state is stabilized by base-pairing interactions between the intron and adjacent
exon sequences. Surprisingly, Mss 116-facilitated folding of D1 and other ai5γ constructs is
not strictly ATP-dependent. In addition, Mss 116-promoted folding is severely impaired at
reduced magnesium ion concentrations. Taken together, these data suggest that Mss 116
stimulates formation of a structurally unstable critical folding intermediate that is essential
for productive compaction of ai5γ ribozymes.
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RESULTS
Mss 116 stimulates formation of the compact intermediate in D1 RNA

In order to elucidate the effect of Mss 116 on folding of the ai5γ group II intron, we first
determined whether the protein facilitates folding of intron Domain 1 (D1). D1 is the largest
domain, and it folds independently of the rest of the intron 5; 22. It serves as a scaffold for
docking of other domains (most importantly, catalytic domain 5 (D5)) and it recognizes 5’-
exonic substrates via base-pairing interactions 23. Importantly, multiple studies have
demonstrated that folding of D1 is the rate-limiting step in folding of the entire intron 5; 15;
24. Thus, if the protein helps folding of D1 RNA, it is likely to be important for folding of
the entire intron.

The rate-limiting event during D1 folding is the formation of a discrete, compact species that
migrates rapidly on a native polyacrylamide gel and has the same electrophoretic mobility as
native species15. It has previously been shown that this species represents an on-pathway
intermediate and it has been classified as the near-native state 5; 6; 15. We therefore
investigated the effect of Mss 116 on D1 folding by monitoring formation of this compact
state in the presence and in the absence of the protein. D1 compaction was examined using a
well-characterized electrophoretic assay that has been employed extensively for studying the
folding of large RNAs 15; 25; 26; 27. Experiments were carried out at 8 mM MgCl2, which is
the condition generally used for studying Mss 116-facilitated splicing of the ai5γ intron 17;
18.

In the absence of the protein, formation of the compact intermediate is very slow (Fig.1,
Table 1), as expected from previous studies.15 Notably, the unfolded species migrate on a
native gel as a broad smeary band (Fig. 1A), which is consistent with multiple populations
of unfolded molecules. Furthermore, when the fraction of the compact population is plotted
versus time over the course of 3-5 hours, the resulting curve is biphasic, further suggesting
that there are multiple populations of unfolded species, and that these form the compact state
with different rate constants. The faster population (0.23±0.06 min-1) represents only ~25%
of all RNA molecules (Fig. 1, Table 1), while most of the population folds with a half-time
of hours. Over the course of 24 hours all RNA eventually forms the compact state (Fig. 1
A). Compaction of the remaining RNA population, which occurs between 5 and 24 hour
time points, appears to be even slower than the slow-folding population, however, more
detailed study is needed to fully characterize it. All time courses reveal a small population
(~10%) that forms immediately after the addition of magnesium and monovalent ions (“0”
time point, Fig. 1A). This initial collapse occurs much faster than compaction of the fast-
folding population, and that it does not depend on the presence of Mss 116 or the
concentration of magnesium ions used in our experiments (see Fig. 2).

Upon addition of Mss 116 and ATP, formation of the compact state drastically accelerates:
after 1 minute of incubation, most of the RNA population has formed the compact state (Fig.
1, A). Under these conditions, the majority of molecules are fast-folding, suggesting that
Mss116 converts the slow-folding population into the fast-folding population (Fig. 1, Table
1). In addition, the folding rate constant for this population also increases (Table 1),
suggesting that Mss 116 does not merely capture a transiently-sampled state, but that it
influences the folding mechanism.

Surprisingly, Mss 116 facilitates compaction of D1 even in the absence of ATP (Fig. 1,
Table 1). In this case, the rate constant for folding of the fast population is almost identical
to that in the presence of ATP, although the fraction of the fast population is smaller (Table
1). Treatment with hexokinase and glucose does not abolish ATP-independent compaction
(Supplementary Fig. 1A), indicating that this effect is not caused by ATP contamination.
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These findings suggest that the mechanistic role of Mss116 in the folding pathway is
independent of ATP hydrolysis, and indeed fully independent of ATP. However, the low
reaction amplitude suggests that the amount of Mss116 present in the reaction mixture is
insufficient to fold the entire population of D1.

Protein-dependent compaction of D1 was also monitored in the presence of an Mss116
variant that contains mutations in catalytic motif III (Mss116SAT→AAA). The
(Mss116SAT→AAA) mutant retains normal levels of ATP and RNA binding, but displays
reduced ATPase activity17. RNA duplex unwinding by the mutant (helicase activity) is
greatly reduced, although Mss116SAT→AAA still supports robust Mss116-dependent splicing
of intron ai5γ17. In the presence of Mss116SAT→AAA and ATP, D1 compaction occurs
rapidly (Fig. 1A, Table 1). The rate constant for compaction of the fast population is
indistinguishable from that of WT Mss116 (Fig. 1, Table 1). However, as in the case of
Mss116 in the absence of ATP, the fraction of this population is small. Thus,
Mss116SAT→AAA appears to provide a second metric for monitoring the ATP-independent
reaction.

Although folding of D1 is central for assembly of the entire intron, it was of interest to
determine whether the protein-dependence of compaction changed when additional domains
of the intron were present. To this end, we monitored Mss116 and ATP-dependence of
compaction for the D1356 RNA, which includes the catalytically important domains 3, 5
and 615. As expected, compaction of D1356 displays protein dependence that is similar to
D1, suggesting that addition of the major catalytic domains does not change the basic
mechanism of Mss 116-facilitated folding (Table 1).

Protein-dependent compaction is sensitive to varying magnesium ion concentrations
It is well established that RNA duplexes and tertiary structures are destabilized by
reductions in ionic strength and reductions in magnesium ion concentration 28; 29; 30; 31. If
the major barrier to folding of group II introns is the presence of a stable, misfolded
structure, then reduction in magnesium ion concentration is expected to lower this barrier
and make it easier for the intron to fold32; 33. Likewise, if Mss116/ATP facilitates D1
folding by acting as a helicase and unwinding a stable, misfolded structure that disrupts the
folding pathway, then protein-dependent compaction is expected to be faster or more
effective at reduced magnesium ion concentrations. However, two conditions must be met in
order to test this hypothesis: First, it must be possible to maintain the compact state of D1 at
reduced magnesium ion concentrations. Second, the ATPase activity and RNA binding
capability of the protein should not be compromised at low concentrations of MgCl2.

In order to evaluate the first condition, we tested the ability of D1 RNA to exist in a compact
state at lower magnesium ion concentrations by folding it to the native state at 100 mM
MgCl2 and subsequently diluting the sample to lower magnesium ion concentrations (0.5 to
20 mM MgCl2). We found that D1 can exist in a compact state even at 1 mM MgCl2,
however, it immediately reverts to the unfolded state at 0.5 mM MgCl2 (Supplementary Fig.
2A), which is consistent with previously published results obtained for the D1356 RNA 15.

The second condition has been partly addressed in previous work, which demonstrated that
ATPase activity of Mss 116 does not decrease and even slightly increases upon lowering
magnesium ion concentration from 8 to 1 mM MgCl2 18. We have observed the same trend
as well (Supplementary Fig. 3). Thus, ATPase activity of the protein is not compromised at
low magnesium ion concentrations.

To evaluate the magnesium ion dependence of RNA binding by Mss116, we measured
dissociation constants for the Mss116-D1 complex at 1, 3 and 8 mM MgCl2. Mss 116 binds
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D1 RNA tightly at 8 mM MgCl2 (Kd = 1.2 ± 0.2 nM), which is in good agreement with
previously published data on Mss 116 interactions with other RNAs 34. At 1 and 3 mM
MgCl2, the affinity of Mss116 remains strong (Kd = 1.3 ± 0.3 and 1.9 ± 0.3 nM,
respectively), indicating that RNA binding properties of the protein are unaffected under
these conditions. In addition, according to previously published results,18,35 Mss 116
efficiently unwinds RNA duplexes at 1 mM and even 0.5 mM MgCl2.

Taken together, all these results indicate that mechanistic insights can be gleaned by
studying Mss 116-facilitated compaction of D1 at different magnesium ion concentrations.
If Mss 116 accelerates compaction of D1 RNA by unwinding kinetic traps, then lowering
magnesium ion concentrations from 8 to 1 or 3 mM should stimulate Mss 116-facilitated
compaction of D1 RNA. Conversely, if the protein stimulates the formation of unstable
substructures that are obligate intermediates along the D1 folding pathway, decreasing the
magnesium ion concentration should severely impair protein-assisted compaction of D1.

Compaction was first monitored in the absence of protein, at varying concentrations of
MgCl2 (1, 3 and 8 mM, Fig. 2). The results indicate that a small population of D1 benefits
from the destabilizing effect of lowering [MgCl2]: the rate constant for compaction of this
population is ten-fold faster at 1 and 3 mM MgCl2 than at 8 mM MgCl2 (~ 25%, Fig. 2A,
Tables 1 and 2). However, most of the population remains unfolded at 1 mM MgCl2 or it
folds very slowly at 3 and 8 mM MgCl2 (Fig. 2A).

D1 compaction was then monitored in the presence of Mss116 and ATP, at 1, 3 and 8 mM
MgCl2. At 8 mM MgCl2, Mss116 converts almost the entire slow-folding population into a
very fast-folding population (Fig. 2B), thereby increasing the folding rate-constant for most
of the RNA molecules by more than 60-fold. By contrast, Mss 116 has very little influence
on the overall extent or rate-constant of reaction at 1 mM MgCl2 (Fig. 2B, Table 2).
Similarly, Mss116 has only a small stimulatory effect at 3 mM MgCl2 (Fig. 2B, Table 2). At
these low concentrations of MgCl2, the rate constant and amplitude of the fast-folding
population is almost the same as that in the absence of the protein and ATP (Fig. 2 A and B,
top, Table 2), indicating that Mss116 has no additional influence on the folding mechanism
of that population. Taken together, these data indicate that reduced (<8 mM) magnesium ion
concentrations adversely affect protein-facilitated compaction of D1 RNA.

There is an alternative explanation for the adverse effect of low MgCl2 concentration on
protein-induced compaction of D1: Lower MgCl2 concentrations are known to stimulate
duplex unwinding (helicase) activity of Mss 116 18. Under these conditions, Mss116 may
destabilize the compact state by unwinding RNA helices that are essential for the native D1
structure. To test this assumption, we preassembled the compact state of D1 RNA at 1, 3 and
8 mM MgCl2 and we monitored unfolding over time upon addition of Mss 116 and ATP
(Fig. 3, Supplementary Fig. 4). We observe that the compact state remains stable at all
MgCl2 concentrations tested, even after 2 hours of incubation with the protein (Fig. 3,
Supplementary Fig. 4). This indicates that the adverse effect of low magnesium ion
concentrations cannot be attributed to unfolding of the compact state by the protein.

ATP is required for enzyme turnover (recycling)
Recent studies have suggested that ATP hydrolysis is not required for helicase activity of
Mss 116 and related DEAD-box proteins 35. Rather, these proteins are thought to require
ATP binding for the unwinding mechanism and ATP hydrolysis is required only for the
protein dissociation from the products of unwinding and rebinding to new RNA substrates
(protein recycling) 35. Recycling of the protein is essential when unwinding is carried out
under conditions of substrate excess, in which Mss116 acts as a multiple-turnover enzyme.

Fedorova et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2010 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In order to determine whether Mss 116-assisted compaction of D1 requires ATP hydrolysis
for protein recycling, we carried out D1 compaction experiments under multiple turnover
conditions. Thus far, the experiments in this study were carried out under single turnover
conditions, with a 20-fold excess of Mss116 over RNA. In the multiple-turnover
experiments, D1 RNA (20 nM) was present in four-fold excess over Mss 116 (5 nM). To
facilitate compaction of the entire D1 population under these conditions, Mss 116 must
dissociate from the compact RNA and rebind an unfolded RNA.

In the presence of small quantities of Mss 116 and excess ATP, D1 compaction proceeds to
completion. In the presence of Mss116 and the absence of ATP, D1 compaction is
incomplete, proceeding only to the extent observed in the absence of the protein (Fig. 4A).
Similarly, the ATPase-deficient Mss116SAT→AAA mutant17 has only a small effect on the
reaction extent (Fig. 4A). These results suggest that there is an ATP requirement for
recycling of the protein and for multiple-turnover activity of Mss116.

Previous studies suggest that Mss 116 binds RNA non-specifically 18; 34. Thus, many of
D1-Mss 116 complexes are likely to result from nonproductive binding that plays no role in
folding and does not lead to the formation of the compact state. In these cases, ATP will be
required for the protein to dissociate from the nonspecific complex and rebind the RNA in a
productive manner, forming an active complex. It is therefore notable that Mss 116-
facilitated compaction in the absence of ATP of is inefficient even at a 1:1 RNA-protein
ratio (20 nM RNA and 20 nM protein) (Fig. 4B). This suggests that initial binding of Mss
116 to D1 results in a relatively small fraction of productive RNA-protein complexes.

Mss 116 strongly stimulates compaction of a self-splicing intron construct
Although we have shown that Mss 116 stimulates compaction of D1 RNA, which is the rate-
limiting step during folding of the entire intron, it was important to determine whether
Mss116 facilitates compaction of a more complete, catalytically active intron construct. To
address this issue, we monitored compaction of a self-splicing construct that contains the
entire intron RNA (D123456) flanked by short (28 and 15 nt, respectively) 5’- and 3’-exonic
sequences (SE RNA).

The various populations of compacted SE RNA are more complex than observed for D1.
Unfolded RNA first gives rise to compact intermediates, which then evolve into spliced
lariat and linear intron molecules (Supplementary Fig. 5). In the absence of Mss116 and
ATP, compaction of SE RNA is remarkably slow (the rate constant for the majority of the
population is 0.00075±0.00003 min-1), compact intermediates do not accumulate, and, as
they form, they almost immediately react resulting in lariat and linear introns (Fig. 5). The
fast-folding population in this case is very small (less than 10%, Table 3). Upon addition of
Mss 116 and ATP, the formation of compact intermediates accelerates by a thousand-fold
(the rate constant for the main population is 0.8±0.1 min-1) and the compact species rapidly
accumulate. Mss116 substantially increases the amplitude of lariat formation: all the
compact intermediate is transformed into splicing products (lariat and linear intron, Fig. 5).
However, the effect of the protein on the rate constant of lariat formation is rather modest
(Fig. 5, Table 3). These data clearly show that the primary role of Mss 116 is to accelerate
the formation of compact, near-native intermediates and not to stimulate the subsequent rate
constant for splicing or to stabilize the native state of the ribozyme.

Although we observe multiple bands that correspond to compact intermediates of SE RNA,
we did not quantify them separately because they form and react at the same time (Fig. 5),
suggesting that they are equally active in splicing. These various compact species are likely
to represent different isoforms of the same active species, which is supported by DMS
structural probing (see below).
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Remarkably, Mss 116 substantially facilitates compaction of SE RNA even in the absence of
ATP (Fig. 5). ATP-independent compaction of the SE RNA is not abolished by hexokinase
treatment, suggesting that it is not catalyzed by trace amounts of ATP in the system
(Supplementary figure 1B). ATP-independent compaction of SE RNA is unlikely to involve
unwinding of kinetically trapped species, because such a mechanism would require at least
the binding of ATP 35. Note that Mss116 and related DEAD-box proteins require ATP, but
not necessarily ATP hydrolysis, for the unwinding of RNA duplexes 35. Interestingly, the
ATP-independent effect on compaction of SE RNA is more prominent than that observed
for D1 RNA (compare time courses in the absence and in the presence of Mss 116 (no ATP)
in Fig. 1 and Fig. 5).

Reduction in [MgCl2] inhibits Mss 116-stimulated folding of SE RNA
Reduction in magnesium ion concentration has an adverse effect on Mss 116-facilitated
compaction of D1 RNA, which is consistent with an important stabilizing role for both
Mg2+ and Mss116 in the folding of D1. To determine if these same principles apply to
folding of the intact intron, we monitored compaction of SE RNA at 3 mM MgCl2 in the
absence and in the presence of protein and ATP (Fig. 6). The majority of SE RNA
population is unfolded at 3 mM MgCl2, and Mss 116/ATP does not display any stimulatory
effect under these conditions (Fig. 6).

To interpret these results, it was essential to determine whether the compact intermediate
was simply inherently unstable at 3 mM MgCl2. Compact intermediate states were first
generated by incubating SE RNA with Mss 116 and ATP in the presence of 8 mM MgCl2.
Samples were then diluted to 3 and 1 mM MgCl2, respectively. At 3 mM MgCl2, the SE
compact state is stable and does not spontaneously unfold (Supplementary Fig. 2B),
although at 1 mM MgCl2, compact intermediates partly revert to the unfolded state
(Supplementary Fig. 2B). These data indicate that, despite the fact that compact
intermediates are ultimately stable at 3 mM MgCl2, the protein cannot facilitate the process
of SE compaction under these conditions. Therefore, as in the case of D1, Mss 116
facilitates the kinetic folding pathway of SE RNA by stimulating the formation of unstable
structural intermediates.

The compact state is structurally similar in the absence and presence of Mss116
Up to this point, the study has focused on the kinetic behavior of D1, D1356 and SE RNAs
as they fold in the presence and absence of Mss 116. To complement and interpret these
experiments, it was necessary to examine the structural features of the compact intermediate
states that arise during folding of these RNAs. We utilized chemical probing with dimethyl
sulfate (DMS) to monitor specific changes in the secondary and tertiary structure of D1,
D1356 and SE RNAs as they formed the compact state. DMS methylates N1 and N3 atoms
of adenosine and cytidines residues, respectively, when they are not involved in hydrogen
bond formation.

Compact intermediates of D1, D1356 and SE RNAs were preassembled in the presence and
in the absence of the protein at 8 mM MgCl2 as described above. Because the compact state
of SE RNA reacts immediately to form free intron, we probed the structure of lariat intron in
the case of SE. Samples were treated with DMS, subjected to primer extension and
visualized on a high-resolution polyacrylamide gel. For all the RNAs tested, compact
intermediate species that form in the presence and in the absence of the protein appear to be
identical (Fig. 7, Supplementary Fig. 6). Notably, the compact species formed by the SE
RNA exhibit the same DMS protection pattern as the lariat intron. Analysis of the DMS
protection patterns shows that the compact species contain all the known long-range tertiary
interactions critical for the function of the intron (Fig. 7, Supplementary Fig. 6).

Fedorova et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2010 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We have previously shown that, at magnesium ion concentrations lower than 100 mM, the
native state of the D1356 ribozyme is not stable, and it adopts the near-native state with
transiently docked catalytic domain 5 15. Interestingly, at 8 mM MgCl2 compact
intermediates of the SE RNA contain a docked domain 5: the tetraloop receptor in D1 (ζ)
and the tetraloop (ζ’) and bulge of D5 are well protected against DMS modification (Fig. 7).
This suggests that the presence of exons helps stabilize docked D5 in the ribozyme active
site. Interestingly, the addition of exonic substrate in trans does not facilitate docking of D5
in the D1356 construct (Fig. 6). Therefore the results suggest that covalently attached exons
help to stabilize the native state of the ribozyme. By forming EBS-IBS duplexes, cis-exons
may facilitate positioning of D5 binding sites in D1 (ζ and κ) closer to the 5’-splice site and
D5, thus stabilizing the native conformation of the ribozyme.

DISCUSSION
Mss116 plays a direct role in RNA folding

Although it has long been presumed that Mss116 stimulates group II intron self-splicing by
influencing the RNA folding pathway, the effect of Mss116 on folding had never been
studied previously. By monitoring the formation and architectural features of ai5γ folding
intermediates, we now show that Mss116 plays a direct role in facilitating proper folding of
the intron. Here we show that Mss116 facilitates the very first step in the folding process:
the collapse of D1 to form a compact intermediate state that serves as an obligate scaffold
for subsequent rapid steps along the folding pathway (Fig. 1, Table 1) 5; 15. Importantly, the
protein promotes formation of the same compact state that forms, albeit more slowly, in the
absence of the protein.

Under the near-physiological conditions employed here, and in related studies of Mss116-
stimulated splicing (8 mM MgCl2 and 30°C), the intron is almost incapable of folding in the
absence of protein 15; 17; 18. The compact state eventually forms, but it occurs over a
timescale of hours rather than minutes. Importantly, an alternative set of reaction conditions
can mimic the stimulatory effect of the protein: At high concentrations of MgCl2 (100 mM),
the same obligate compact intermediate state forms rapidly and completely in the absence of
protein 5. This intermediate state has been well-characterized and is known to result from the
formation of unstable secondary and tertiary interactions within a specific junction region
within intron Domain 1 24; 36. Thus, the first step during intron folding is the collapse of
Domain 1, and it can be stimulated either by high [Mg2+] or by the Mss116 protein.

The mechanism of Mss116-stimulated folding of ai5γ
Having established that Mss116 operates specifically along the folding pathway, it was
important to explore the mechanistic basis for its effect. Previous studies of Mss116-
stimulated splicing have suggested two different roles for the protein: One mechanism
suggests that the protein acts as a helicase, which unwinds misfolded intermediates that
kinetically obstruct the productive RNA folding pathway 18. The other mechanism suggests
an opposite role for Mss116, whereby the protein promotes formation of weak substructures
that are crucial for the formation of on-pathway folding intermediates 17.

While it is becoming increasingly clear that DEAD-box proteins can play diverse roles in
the folding of even the same RNA (vida infra), a specific role for Mss116 in the folding of
ai5γ is suggested by several lines of evidence

A first clue is provided by the simple fact that high [Mg2+] (100 mM) and Mss116 protein
have the same effects on the folding pathway. Any RNA substructure that forms at high
[Mg2+] and not at low [Mg2+] is typically unstable and it requires an optimal electrostatic
environment for its formation. The literature on ribozymes and RNA binding proteins is full
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of examples where the electrostatic requirements of an RNA structure are met
interchangeably with high [Mg2+] or a positively-charged protein 37; 38; 39.

A second clue to the mechanism of Mss116 is provided by the fact that ATP is not required
for protein-stimulated compaction or folding of any group II intron RNAs that were
investigated in this study. We show that ATP plays an important role in the compaction of
Mss116, but only by facilitating turnover and recycling of the enzyme, as shown for other
DEAD-box proteins. A comparison of single and multiple-turnover experiments shows that
ATP facilitates Mss116-stimulated folding when the RNA is in excess, or when the RNA is
large and contains numerous nonspecific binding sites for the protein. Mss116 binds RNA
with very high affinity, and it is therefore not surprising that ATP or ATP hydrolysis may
function as a conformational switch, enabling release of the protein and providing another
opportunity for the formation of productive complexes. These findings have important
implications for the folding mechanism since duplex unwinding by Mss116 has been shown
to be strictly dependent on ATP binding (if not ATP hydrolysis) 35. It is therefore unlikely
that Mss116 promotes formation of the compact intermediate state by functioning as a
helicase and unwinding kinetic traps; in some instances such as described here, Mss116
behaves like an actively-stabilizing RNA-binding protein.

A final clue to the role of Mss116 is provided by experiments in which protein-stimulated
compaction was monitored at sequentially reduced concentrations of magnesium ion. We
reasoned that, if Mss116 serves to unwind stable, misfolded structures that obstruct
formation of the compact state, it should be more effective at reduced [Mg2+], as observed in
other kinetically-trapped systems 32; 33. For example, the related DEAD-box protein Cyt-19
is more effective at unwinding RNA tertiary structures at 1 mM MgCl2 than at 5 mM
MgCl2.21 We therefore conducted our experiments at magnesium ion concentrations that are
lower than the 8 mM Mg2+ that is optimal for Mss116-stimulated splicing (1 and 3 mM
MgCl2). We observe that reduced MgCl2 concentrations are highly detrimental for Mss 116-
assisted compaction of both D1 and SE RNAs (Fig. 2 and 6, Table 2) and that this effect is
not attributable to Mss116-stimulated unwinding of the native, compact state. Together with
the other lines of evidence, these findings indicate that the transition to the compact
intermediate state by the main population of the intron RNA requires structural stabilization,
rather than destabilization, and that this is provided by Mss116 at moderate (8 mM)
concentrations of magnesium ion (Fig. 8).

Although the compaction experiments are consistent with a stabilizing role for Mss116
during the ai5γ folding pathway, our results do not exclude the possibility that unwinding by
Mss 116 may still play an important role during folding of constructs with longer exons,
which are likely to form misfolded structures at least some of the time. In addition, our data
show that ~25% of the D1 RNA population does benefit from some destabilization for
efficient formation of the compact state (Fig. 2, Table 2). Therefore, the unwinding activity
of Mss116 may facilitate folding by a subpopulation of intron molecules.

Mss 116 guides the D1 RNA on a one-way path to the compact state
Recent studies of CYT-19-facilitated folding of the T. thermophila-derived group I intron
indicate that this DEAD box protein assists folding by promoting kinetic redistribution
between misfolded and native ribozyme structures 21. The protein can unfold both misfolded
and native states to the intermediate state, but it unfolds the misfolded state more efficiently.
The intermediate then gets a new chance to refold to the native state. The authors have
shown, that although CYT-19 is incapable of unfolding the native state at 5 mM MgCl2, it
could do it at 1 mM MgCl2 as the native structure becomes less stable.
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By contrast, our results show that Mss 116 cannot unfold the compact state of the D1 RNA
even at 1 mM MgCl2 (Fig. 3). The compact state is not exceptionally stable under these
conditions (ΔG=0.7 kcal/mol) 15, and upon further decrease of magnesium ion concentration
to 0.5 mM MgCl2 it immediately reverts to the unfolded state (Supplementary figure 1A).
This suggests that, rather than promoting kinetic redistribution, Mss116 guides D1 RNA
along a one-way path to the compact state: once the RNA reaches the compact state, it does
not unfold (Fig. 8). Although Mss 116 facilitates the formation of unstable folding
intermediates, the subsequent cascade of tertiary structure formation (e.g. pairing of α and
α’) appears to result in the formation of a stable compact state. Thus, every productive
binding event results in formation of the compact state followed by splicing. Even if the
majority of protein binding events is non-productive, this folding pathway gives Mss116 a
chance to eventually convert all unfolded intron molecules into splicing products. This
mechanism is potentially more biologically relevant than kinetic redistribution between
native and misfolded states, because the latter involves refolding of misfolded intron RNAs,
which usually degrade rather than refold in vivo 40.

The native state of the intron is stabilized by exon binding
Although this study focuses on the first folding intermediate along the pathway (the compact
state), experiments on SE RNA provide additional insights into the stability of the native
state. We have previously shown that the native state of D1356 is unstable under
physiological ionic conditions. This is based on the observation that, in the absence of
protein, docking of catalytic domain 5 within the active site is only transient 15. Docking of
D5 is the final stage of native-state formation and it is critical for group II intron catalysis.
Based on these findings, we hypothesized that a protein cofactor must stabilize the native
state of the intron in vivo15.

However, in the present study we observe that, while Mss 116 greatly accelerates formation
of compact intermediates by the SE RNA (as with all the constructs), it does not appear to
influence later stages in the folding pathway or to influence the rate constant for lariat
formation (Fig. 5, Table 3). Mss116 accelerates formation of SE compact intermediates by a
thousand-fold (Fig. 5, Table 3) and increases the amplitude of lariat intron formation (Fig.
5), but has little effect on the rate constant of lariat formation (Fig. 5, Table 3), suggesting
that the primary role of Mss 116 is to lower the energy barrier between unfolded and
compact states (Fig. 8).

Furthermore, DMS probing shows that, in the compact state of SE RNA, D5 is fully docked
and protected within the active site (Fig. 7). These findings suggest that, while Mss116
stimulates the early compaction phase, native-state stabilization of SE RNA is provided by
RNA elements within the construct.

The major difference between SE RNA and any other construct studied thus far is that it
contains flanking short exons. The presence of these exons and their covalent attachment to
D1 appears to be important because the addition of exon-like oligonucleotides in trans does
not stabilize the native state of D1356 RNA (Fig. 7). When the exons are present in-cis, it is
possible that the resulting EBS-IBS interactions optimize the proper docking of D5 within
the core. Thus, the protein does not facilitate formation of the final native state; rather, this
function is performed by elements of an intact splicing construct.

Mss 116 is a multi-functional RNA-binding protein
It has been proposed that Mss 116 and other similar DEAD-box proteins (Ded1, CYT-19)
assist RNA folding exclusively via their helicase activity, which results in unwinding of
“kinetic traps”, thereby giving misfolded RNA a chance to refold 18; 19; 20; 21. Strong
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experimental evidence supports this mechanism for Ded1 and CYT-19-stimulated folding of
the Tetrahymena ribozyme 19; 21. However, recent studies have demonstrated that, in
addition to helicase activity, many DEAD-box proteins can have other functions, such as
strand annealing activity 41, protein displacement activity 42; 43; 44 and stabilization of the
exon junction complex 45; 46. Specifically, our results suggest that DEAD-box protein Mss
116 facilitates folding of the ai5γ-derived RNA constructs using a different mechanism,
which involves a stabilizing rather than destabilizing function of the protein. This implies
that Mss 116 and other DEAD-box proteins as well, are not just helicases, but general ATP-
dependent RNA-binding proteins, which may use different mechanisms to assist folding of
various RNAs.

Mss 116 is not the only example of an RNA-binding protein that exhibits different modes of
interaction with different RNAs. The mitochondrial tyrosyl-tRNA synthetase CYT-18 from
N. crassa is a bifunctional protein, which, in addition to aminoacylation of its cognate
tRNA, has also adapted to facilitate folding of N. crassa mitochondrial group I introns via
stabilization of the RNA tertiary interactions 47; 48; 49. Although biochemical studies
indicated that the protein recognizes a tRNA-like structure within group I introns 47, recent
crystallographic studies indicate that the protein uses completely different binding surfaces
to interact with tRNA and group I intron RNAs 49. Interestingly, CYT-18 does not have the
same effect on all group I introns; it may facilitate or inhibit splicing depending on the
intron structure 50. Similarly, Mss 116 facilitates splicing of yeast mitochondrial group I
introns but inhibits splicing of the Tetrahymena intron 18. Together, all recent findings
suggest that Mss 116, CYT-18 and probably other RNA-binding proteins as well have
adapted to perform dual functions on different RNAs, which facilitates their involvement in
a wide variety of biological processes.

MATERIALS AND METHODS
RNA and protein preparation

The D1356, D1 and SE RNAs were transcribed as previously described from plasmids
pEL30, pLJS1 and pAS10, which were linearized with BamHI (pEL30) and Hind III (pLJS1
and pAS10)51. All RNAs were purified on a denaturing 5% polyacrylamide gel. The 5’-end
labeling of D1 and D1356 RNAs and internal labeling of SE RNA was carried out as
described 51. Expression and purification of Mss 116 protein was carried out as previously
described 17.

Analysis of global compaction
To analyze compaction of D1, D1356 and SE RNAs in the absence of protein, RNA (1 nM)
was denatured in 80 mM MOPS, pH 7.0 at 95 °C for 1 minute and cooled down to 30 °C.
Then KCl (50 mM) and MgCl2 (1, 3 or 8 mM) were added and the samples were incubated
at 30 °C in the final volume of 60 μl. Aliquots (3 μl) were taken at indicated time points (see
Figures 1-5) and analyzed on a native 6% polyacrylamide gel that contained 3 mM MgCl2 in
34 mM Tris-66 mM Hepes, 0.1 mM EDTA as described previously, and then imaged by
Phosphorimager scanning.

In order to study Mss116-facilitated compaction of D1, D1356 or SE (1 nM), the RNAs
were first denatured, and then KCl and MgCl2 were added as described above. ATP-MgCl2
was then added (1 mM final concentration, ATP and MgCl2 were present at equimolar
ratios), together with Mss116 (20 nM final concentration). The samples were then incubated
at 30 °C and 3 μl aliquots were removed at various time points. To facilitate electrophoresis,
the 3 μl sample aliquots were pre-treated with 1 μl of proteinase K (30 mg/ml stock) for 45
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sec at 30 °C before addition of a pre-chilled loading buffer. Electrophoresis and
radioanalytic imaging were conducted as described above.

Compaction rate constants for the fast-folding and slow-folding populations of D1 and
D1356 RNAs were obtained by fitting the resultant data to a double exponential equation as
described previously 52. Compaction rates for the SE RNA were obtained by fitting the data
to equations for a sequential reaction with one intermediate. Experimental errors were
determined by calculating standard deviation from the mean values, obtained from at least
three independent experiments.

To analyze global compaction under multiple turnover conditions, D1 RNA and Mss116
were present at 20 nM and 5 nM, respectively. Analysis of compaction at a 1:1 RNA:protein
ratio was performed at 20 nM D1 RNA and 20 nM Mss116. Samples were prepared and
analyzed as above.

Binding of Mss 116 to RNA
D1, D1356 or SE RNA (5 pM final concentration) was denatured in a buffer of 80 mM
MOPS, pH 7.0 at 95 °C for 1 minute and then cooled to 30 °C. Then KCl (50 mM), MgCl2
(1, 3 or 8 mM MgCl2), and Mss116 (0.05, 0.1, 0.25. 0.5, 1, 2, 3, 5, 10, 15, 20, 30, 50, 100 or
250 nM) were added and the samples (final volume of 50 μl) were incubated at 30 °C for 30
minutes in the presence or in the absence of equimolar ATP-MgCl2 mix (1 mM final
concentration). Aliquots of 40 μl were removed and analyzed by filter binding as previously
described 17; 53. Data were fit to 1:1 binding isotherm and Kd values were calculated as
described previously 54.

Unfolding experiments on the pre-assembled, D1 compact state
D1 RNA was first folded to the native state at 100 mM MgCl2 and 50 mM KCl as
previously described 15. Then the RNA was diluted to 1, 3 or 8 mM final concentration of
MgCl2 with one of the following solutions: 80 mM MOPS, pH 7.0, 50 mM KCl (“no
protein” samples), 80 mM MOPS, pH 7.0, 50 mM KCl, 20 nM Mss 116 (final concentration
after dilution) (“Mss 116, no ATP” samples) or 80 mM MOPS, pH 7.0, 50 mM KCl, 1 mM
ATP (final concentration after dilution; ATP alone or equimolar ATP-MgCl2 mix was used
in this experiment, the results were identical), 20 nM Mss 116 (final concentration after
dilution) (“Mss 116 plus ATP” samples). Resulting samples were incubated at 30 °C,
aliquots were taken after 0, 30 min. and 2 h and analyzed on a 6% native gel as above.

DMS footprinting
DMS footprinting of the compact state in the absence of the protein was carried out as
previously described 15. In order to probe the compact state formed in the presence of
protein, D1, D1356 or SE RNA (50 nM final concentration) were denatured in 80 mM
potassium cacodylate (pH 7.0), and then MgCl2, equimolar ATP-MgCl2 mix and Mss 116
were added to 8 mM, 1 mM and 50 nM final concentrations, respectively. Samples were
incubated at 30 °C for 60-90 min, then a DMS solution in ethanol (1:500 final dilution) was
added. The resulting mixture was incubated at room temperature for 20 min, the reaction
was quenched by β-mercaptoethanol, ethanol precipitated and analyzed by reverse
transcription as described 55. Samples that were treated with Proteinase K (see above) prior
to quenching of the reaction produced the same results as untreated samples.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the D1 RNA compaction time course at 8 mM MgCl2 and 30 °C in the
presence and in the absence of Mss 116. Protein-facilitated compaction was studied in the
presence and in the absence of ATP. D1 compaction was monitored by native gel
electrophoresis (A), fraction of the compact population was plotted versus time (B) and fit to
a double-exponential equation to obtain compaction rate constants and amplitudes shown in
Table 1.
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Figure 2.
Compaction of the D1 RNA at lower magnesium concentrations (a) without Mss 116 and (b)
in the presence of the WT Mss 116 and ATP. Smaller graphs on top show the first 20
minutes of respective time courses. Kinetic parameters are listed in Table 2.
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Figure 3.
Mss 116 does not facilitate unfolding of the preassembled compact D1 RNA. Compact D1
RNA was obtained by folding to the native state at 100 mM MgCl2 and subsequent dilution
of the samples to 1 mM MgCl2. Samples were incubated with WT Mss 116 in the presence
and in the absence of ATP over the course of 2h and analyzed by native gel electrophoresis.
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Figure 4.
Kinetic analysis of Mss 116-facilitated compaction of D1 RNA under multiple turnover
conditions and at 1:1 RNA:protein ratio. Comparison of the compaction time courses at 5
nM (A) and 20 nM (B) Mss 116 and 20 nM D1 RNA for the WT Mss 116 protein in the
presence and in the absence of ATP (A, B) and SAT:AAA mutant in the presence of ATP
(A).
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Figure 5.
Comparison of the SE RNA compaction time course at 8 mM MgCl2 in the presence and in
the absence of Mss 116. Protein-facilitated compaction was studied in the presence and in
the absence of ATP. SE compaction was monitored by native gel electrophoresis (A),
fraction of the unfolded precursor, compact population and lariat intron was plotted versus
time (B) and fit as described in Materials and Methods to obtain compaction rate constants
and amplitudes shown in Table 3.
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Figure 6.
Comparison of the SE RNA compaction time course at 3 mM MgCl2 in the presence and in
the absence of Mss 116. Protein-facilitated compaction was studied in the presence of ATP.
SE compaction was monitored by native gel electrophoresis (A), fraction of the compact
population was plotted versus time (B) and fit as described in Materials and Methods. The
rate constants for the fast-folding population (9±1%) in the absence and in the presence of
Mss 116 were 3.1±0.3 and 4.1±0.4 min-1, respectively. The rate constant for the slow-
folding population (11±1% in the absence of the protein and 8±3% in the presence of the
protein) was 0.03± 0.01 min-1 both in the absence and in the presence of the protein.
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Figure 7.
DMS structural probing of compact intermediates formed at 8 mM MgCl2 in the presence
and in the absence of Mss 116 by D1, D1356 and SE RNas. A, representative sequencing
gels showing A and C residues in Domain 1 of the intron identically protected against DMS
modifications in all three RNAs (red arrows) and A residues that become protected only in
the presence of cis-exons in the SE RNA (purple arrows). B, representative sequencing gels
showing A residues in Domain 5 of the intron that become protected only in the presence of
cis-exons in the SE RNA (purple arrows). Sequencing lanes showing the position of A and
C residues are highlighted in blue. RT, samples untreated with DMS that show natural RT
stops in respective RNA molecules; U, unfolded RNA; C, compact RNA formed in the
absence of the protein; C+S, compact RNA formed in the absence of the protein and in the
presence of 24-mer exonic substrate added in trans; P, compact RNA formed in the presence
of Mss 116. C, the secondary structure map showing A and C residues identically protected
in all three RNAs (red), protected only in D1356 and SE RNAs (green) and only in SE RNA
(purple). Residues that are involved in the RNA secondary structure and thus not modified
by DMS in the unfolded state are shown in grey. See Materials and Methods for
experimental details.
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Figure 8.
A, a scheme illustrating the mechanism of the Mss 116-assisted folding for the main
population of the ai5γ group II intron RNA. B, a scheme of a hypothetical free energy
diagram for the ribozyme folding to the near-native and native state in the presence and in
the absence of Mss 116.
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