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Abstract
The RNA-catalyzed splicing of group I and group II introns is facilitated by proteins that stabilize
the active RNA structure or act as RNA chaperones to disrupt stable inactive structures that are kinetic
traps in RNA folding. In Neurospora crassa and Saccharomyces cerevisiae, the latter function is
fulfilled by specific DEAD-box proteins, denoted CYT-19 and Mss116p, respectively. Previous
studies showed that purified CYT-19 stimulates the in vitro splicing of structurally diverse group I
and group II introns and uses the energy of ATP binding or hydrolysis to resolve kinetic traps. Here,
we purified Mss116p and show that it has RNA-dependent ATPase activity, unwinds RNA duplexes
in a non-polar fashion, and promotes ATP-independent strand-annealing. Further, we show that
Mss116p binds RNA non-specifically and promotes in vitro splicing of both group I and group II
intron RNAs, as well as RNA cleavage by the aI5γ-derived D135 ribozyme. However, Mss116p also
has ATP-hydrolysis-independent effects on some of these reactions, which are not shared by CYT-19
and may reflect differences in its RNA-binding properties. We also show that a non-mitochondrial
DEAD-box protein, yeast Ded1p, can function almost as efficiently as CYT-19 and Mss116p in
splicing the yeast aI5γ group II intron and less efficiently in splicing the bI1 group II intron. Together,
our results show that Mss116p, like CYT-19, can act broadly as an RNA chaperone to stimulate the
splicing of diverse group I and group II introns and that Ded1p also has an RNA chaperone activity
that can be assayed by its effect on splicing mitochondrial introns. Nevertheless, these DEAD-box
protein RNA chaperones are not completely interchangeable and appear to function in somewhat
different ways using biochemical activities that have likely been tuned by coevolution to function
optimally on specific RNA substrates.
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Introduction
Group I and group II introns splice via RNA-catalyzed transesterification reactions that are
facilitated by proteins.1 Some of these proteins are RNA splicing factors that bind specifically
to the intron RNA and stabilize the catalytically active RNA structure, while others are RNA
chaperones that bind RNAs without apparent specificity and disrupt stable inactive structures
that are “kinetic traps” during RNA folding. RNA splicing factors for group I and group II
introns include both intron-encoded maturases and a variety of host-encoded proteins that act
on different introns.1–3 The intron-encoded maturases are related to proteins that function in
intron mobility, DNA endonucleases for group I introns and reverse transcriptases for group
II introns, and the host proteins include aminoacyl-tRNA synthetases and other dually
functional cellular proteins. The host-encoded splicing factors for group I and group II introns
differ among organisms, and many if not all appear to be cellular proteins that adapted
secondarily to function in RNA splicing. Studies using protein-dependent in vitro splicing
systems have shown that splicing factors promote formation of a catalytically active RNA
structure by tertiary-structure nucleation, tertiary-structure capture, or some combination of
these mechanisms.1,4,5

Although a variety of proteins that bind RNA non-specifically have been shown to function as
RNA chaperones in vitro or when over-expressed in vivo,6–8 recent findings show RNA
chaperone function for splicing mitochondrial (mt) group I and group II introns in Neurospora
crassa and Saccharomyces cerevisiae is fulfilled by specific DEAD-box proteins, denoted
CYT-19 and Mss116p, respectively.9,10 DExH/D-box proteins, also referred to as RNA
helicases, are a large and ubiquitous protein family, members of which use the energy of ATP
binding and hydrolysis to mediate RNA structural rearrangements in a variety of cellular
processes, including translation, ribosome assembly, RNA degradation, and RNA splicing.
11–13 All DExH/D-box proteins contain a core RNA helicase region, which consists of two
RecA-like domains with a series conserved sequence motifs involved in RNA binding and
ATP hydrolysis. Three subfamilies, denoted DEAD, DEAH, and DExH, are named according
to the amino acid sequence of a conserved motif II involved in ATP binding.13 In many DExH/
D-box proteins, the core helicase region is linked to different N- and/or C-terminal domains,
and in some cases, these appended domains have been shown to target the proteins to their
sites of action via protein-protein or protein-RNA interactions.11–13

In N. crassa, the efficient splicing of a subset of mt group I introns requires both the mt tyrosyl-
tRNA synthetase (mt TyrRS; CYT-18 protein), which stabilizes the catalytically active RNA
structure,14,15 and the DEAD-box protein CYT-19, which functions to resolve kinetic traps.
9 The requirement for CYT-19 in group I intron splicing was demonstrated both genetically
and biochemically. A mutation in the cyt-19 gene (cyt-19-1) inhibits the splicing of all CYT-18-
dependent group I introns, and purified recombinant CYT-19 functions in conjunction with
CYT-18 to promote group I intron splicing in vitro.9 As expected for its RNA chaperone
function, the requirement for CYT-19 is pronounced at 25°C, the normal physiological growth
temperature of N. crassa, but progressively less pronounced at higher temperatures, which
provide an alternate means of overcoming the high activation enthalpy for disruption of stable
inactive RNA structures.9 RNA-structure mapping experiments using the Tetrahymena
thermophila LSU-ΔP5abc intron, whose splicing at low Mg2+ concentrations is dependent
upon CYT-18, showed directly that CYT-19 plus ATP resolves a predominant misfolded
intermediate that is rate-limiting for splicing in that RNA.9 Recent studies using a ribozyme
derivative of the T. thermophila intron reinforce the conclusion that CYT-19 functions by
resolving non-native RNA structures and provide additional mechanistic insight into how this
is accomplished.16 In addition to its group I intron splicing defects, the cyt-19-1 mutant is also
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defective in some RNA processing reactions and likely in mt translation. 9,17,18 Thus, CYT-19
appears to have multiple RNA-related functions.

In S. cerevisiae, the mt TyrRS does not function in group I intron splicing, and instead a variety
of other proteins have evolved to stabilize the active structure of group I and group II intron
RNAs, including intron-encoded maturases, the mt LeuRS, and the well-studied protein Cbp2p,
which functions in splicing the group I intron bI5 (reviewed in Lambowitz et al.1). Yeast
mitochondria also contain a DEAD-box protein, Mss116p, whose core helicase region has 52%
similarity to that of CYT-19 but more divergent N- and C-terminal domains.10,19 The
disruption of the MSS116 gene inhibits splicing of all S. cerevisiae mt group I and group II
introns, some RNA processing reactions, and translation of a subset of mt mRNAs, and all of
these defects can be suppressed by the expression of CYT-19.10 Experiments using the yeast
group II intron aI2, which requires an intron-encoded maturase for structural stabilization,
indicated that DEAD-box protein activity accelerates a step after maturase binding, likely the
resolution of stable folding intermediates or non-native structures that constitute kinetic traps.
10 Together, these findings showed that in S. cerevisiae, both Mss116p and CYT-19 can
function broadly in splicing diverse group I and II introns, other mt RNA processing reactions,
and mt translation.

The yeast mt group I and group II introns, whose splicing is affected by Mss116p and CYT-19,
include those known to require intron-encoded maturases and other splicing factors for
structural stabilization, as well as two small subgroup IIB introns aI5γ and bI1, which do not
encode maturases.10 Because of their relatively small size, aI5γ and bI1 have been studied
extensively as model systems for group II intron self-splicing and RNA folding.3 Recently,
we showed that purified recombinant CYT-19 could by itself promote the splicing of the
aI5γ and bI1 group II introns in an ATP-hydrolysis dependent manner under near physiological
conditions.20 Further, by using reverse-branching and reverse-splicing reactions of bI1, which
could be initiated by adding RNA oligomer substrates, we showed that CYT-19 acts as an
archetypical RNA chaperone, whose continued presence is not required after RNA folding has
occurred.20 This in vitro splicing system opened the possibility of detailed analysis of how
DEAD-box proteins affect the folding and splicing of their natural group II intron RNA
substrates.

Although CYT-19 can promote the splicing of yeast mt group II introns in vivo and in vitro,
for detailed analysis of the aI5γ and bI1 splicing reactions, as well as other yeast mt RNA
splicing reactions, it was desirable to use the native yeast protein Mss116p, which normally
promotes the splicing of these introns in vivo. Here, we expressed Mss116p in Escherichia
coli, purified the active recombinant protein, and characterized its biochemical activities. We
show that like CYT-19, Mss116p can promote group I and group II intron splicing reactions
at near physiological conditions in an ATP-hydrolysis dependent manner, but that Mss116p
also has ATP-hydrolysis independent effects on these reactions that are not shared by CYT-19.
These effects can be correlated with Mss116p’s relatively high, nucleotide-independent RNA-
binding affinity, which may impede cycling on and off RNA substrates. We also show that a
non-mitochondrial DEAD-box protein, yeast Ded1p, functions almost as efficiently as CYT-19
and Mss116p in splicing the yeast aI5γ group II intron and somewhat less efficiently in splicing
the yeast bI1 group II intron. Our results indicate that small biochemical differences between
related DEAD-box proteins can correlate with larger and more diverse effects on their reactions
with natural substrates.
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Results
Expression and purification of Mss116p

At the outset, we tested several E. coli expression systems for Mss116p. The highest yields of
active protein were obtained with plasmid pMAL-Mss116p, which expresses Mss116p with
an N-terminal MalE fusion that is cleavable by TEV protease. The fusion protein was purified
via PEI-precipitation and amylose-affinity chromatography, then cleaved with TEV protease,
and further purified through additional hydroxyapatite and amylose-affinity chromatography
steps to remove the cleaved MalE tag (see Materials and Methods). After protease cleavage,
the expressed protein corresponds to the mature, intramitochondrial form of Mss116p lacking
the mt targeting peptide (amino acid residues 1–36), but with two extra N-terminal amino acid
residues (GlySer). The yield of purified Mss116p protein was 0.5 to 1.5 mg per liter culture,
and the purity was ≥95%, as judged by SDS-polyacrylamide gels stained with Coomassie blue.
An Mss116p mutant, with a single amino acid substitution (K158E) in the Walker A motif of
the ATPase active site, was expressed and purified by the same methods used for the wild-type
protein.

Mss116p has RNA-dependent ATPase activity
Table 1 shows that purified Mss116p, like CYT-19 and other DExH/D-box proteins involved
in RNA transactions, has RNA-dependent ATPase activity. At saturating concentrations of
ATP and a variety of different RNAs (the T. thermophila LSU-ΔP5abc group I intron, the S.
cerevisiae aI5γ and bI1 group II introns, poly(A), poly(C), or poly(U)), kcat values for ATP
hydrolysis ranged from 54 to 112 min−1 . These kcat values as well as Km

ATP values determined
for several RNAs (see Table 1 legend) are comparable those found previously for CYT-19 and
other DExH/D-box proteins.9,21 Only low ATPase activity was found with poly(dC), and no
significant activity above background was detected in the absence of RNA (-RNA) or with
poly(G) and poly(dA), unlike CYT-19, which has low background ATPase activity in the
absence of RNA.9 Mss116p’s very low ATPase activity in the absence of RNA could reflect
very tight regulation by RNA binding, or that its extensive purification more completely
removes contaminating RNA and ATPases. Mss116p’s ATPase activity in the presence of
aI5γ, bI1, or poly(C) was relatively constant over a wide range of Mg2+ concentrations, with
the activities for aI5γ and bI1 (but not poly(C)) declining somewhat only at Mg2+

concentrations ≥ 35 mM (Table 2). The Mss116p-K158E protein, which has a mutation in the
ATPase active site, had no detectable ATPase activity with any of the above RNAs that
maximally stimulated the ATPase activity of the wild-type protein (data not shown).

Duplex-unwinding and strand-annealing by Mss116p
The duplex-unwinding and strand-annealing activities of Mss116p were assayed first using
RNA oligonucleotide substrates that form a 16-bp duplex (Figure 1, Table 3). Mss116p readily
unwound this 16-bp RNA duplex with either a 5′- or 3′-single-stranded region in an ATP-
dependent manner (Figure 1(a) and (b), left panels; Table 3). No reaction was observed in the
absence of ATP or in the presence of the non-hydrolyzable ATP analog AMP-PNP (data not
shown). Notably, Mss116p also unwound blunt-end duplexes with rate constants similar to
that for the tailed substrates (Figure 1(c), left panel; Table 3). As all of these reactions were
performed at saturating Mss116p concentrations relative to substrate (data not shown), the
similar rate constants suggest that single-stranded regions do not significantly affect the rate-
limiting step for duplex unwinding.

In addition to this RNA helicase activity, Mss116p promoted the annealing of the
oligonucleotides comprising the above substrates in the absence of ATP (Figure 1, middle
panels; Table 3). Mss116p enhanced the bimolecular rate constant for duplex formation by
several orders of magnitude, close to the diffusion-imposed limit for a bi-molecular
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reaction22 and comparable to the maximum rate reported for the profound strand-annealing
activity of the DEAD-box protein Ded1p.23

Like Ded1p, Mss116p also promoted strand-annealing in the presence of ATP. Under these
conditions, annealing did not proceed to completion, but ended at a defined amplitude (Figure
1, right panels). The bimolecular annealing rate constants in the presence of ATP were similar
to those in the absence of ATP, and the amplitude was virtually identical to that for the
unwinding reaction under identical reaction conditions (Figure 1, compare left and right panels;
Table 3). These observations suggest that Mss116p, like Ded1p, promotes a steady state
between duplex unwinding and strand annealing when ATP is present.23

Mg2+-concentration dependence of duplex-unwinding and strand-annealing reactions
While the duplex-unwinding and strand-annealing activities of Mss116p were assayed at low
Mg2+ concentrations (0.5 mM) to allow comparison of these activities with those of other
DEAD-box proteins, a correlation of the unwinding and annealing activities of Mss116p with
its ability to promote group I and group II intron splicing required analysis under RNA-splicing
conditions. Accordingly, Figure 2 shows experiments in which we determined Mss116p’s
unwinding and annealing rate constants in splicing reaction medium containing different
Mg2+ concentrations at 30°C. Because increasing Mg2+ concentrations have been shown to
decrease the unwinding rate constants for other RNA helicases (e.g., Rogers et al.24), we
utilized substrates with a 13-bp duplex region, which was unwound faster than the 16-bp duplex
used above and thus facilitated measurements over a greater range of Mg2+ concentrations.

For the substrate with the 5′ overhang, the unwinding rate constant (kunw) decreased in a
biphasic manner with increasing Mg2+ concentrations (Figure 2(a)). Between 0.5 and 10 mM
Mg2+, kunw decreased by a factor of ~2 , whereas between 15 and 25 mM Mg2+, kunw decreased
by a factor of ~50. Further analysis showed that the 400 nM Mss116p used in these experiments
was saturating at concentrations up to ~15 mM Mg2+, while at higher Mg2+ concentrations,
the functional binding was decreased to the extent that the enzyme was no longer saturating
(data not shown).

For the blunt-end substrate, the decrease of the rate constant with increasing Mg2+

concentrations was not biphasic and much more pronounced than that seen with the tailed
substrate. Between 0.5 and 10 mM Mg2+, the unwinding rate constant for the blunt-end
substrate decreased by a factor of ~1,000, even though the unwinding rate constants at 0.5 mM
Mg2+ were similar for substrates with and without single-stranded overhangs (Figure 2(a)).
This more pronounced effect of increasing Mg2+ concentration reflects a scaling of the
functional binding of Mss116p with Mg2+. While at Mg2+ concentrations <1 mM, the 400 nM
Mss116p used in these experiments was saturating for the blunt-end substrate, higher Mg2+

concentrations decreased the functional binding of the blunt-end substrate, so that Mss116p
was no longer saturating (data not shown). The distinct Mg2+ dependencies of the unwinding
rate constants for blunt-end and tailed substrates indicate that Mss116p interacts differently
with these substrates.

The rate constants for the strand-annealing reactions of both tailed and blunt-end substrates,
also decreased with increasing Mg2+ concentrations (Figure 2(b)). For the 5′-tailed substrate,
the biphasic nature of the Mg2+ dependence of the annealing rate constant was less pronounced
than the unwinding rate constant, although the decrease also appeared biphasic. In addition,
differences in the Mg2+ dependence of the annealing rate constants between blunt-end and
tailed substrates were smaller than the differences observed for the scaling of unwinding rate
constants with Mg2+. These observations suggest that duplex unwinding and strand annealing
are two distinct activities that most likely involve different interactions of Mss116p with the
RNA.
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Mss116p binds non-specifically to group I and group II intron RNAs
The ability of Mss116p to bind group I and group II intron RNAs was tested by equilibrium-
binding assays. The experiments were done in reaction medium containing 100 mM KCl and
5 or 8 mM Mg2+ at 30°C and in the presence or absence of 1 mM ATP, AMP-PNP, and ADP.
Figure 3 shows a set of representative binding curves at 8 mM Mg2+, and similar results were
obtained at 5 mM Mg2+ (data not shown). Mss116p bound to each of the RNAs tested with a
Kd of 1 to 11 nM, with little if any significant difference between the different RNAs or in the
presence or absence of ATP, AMP-PNP, and ADP. Similar apparently non-specific binding
of the same group I and group II intron RNAs was found previously for CYT-19 in the presence
of ATP or without added nucleotide (Kd = 20–40 nM),20 but CYT-19 differed in that the Kd
decreased 20- to 40-fold in the presence of AMP-PNP (Kd = 0.5–1 nM).9,20 CYT-19
preparations purified more extensively than those used previously showed qualitatively similar
behavior, but with tighter binding in the absence of nucleotide or presence of ATP, leading to
a smaller differential decrease upon addition of AMP-PNP (data not shown). The behavior of
CYT-19 is similar to that reported for other DExH/D-box proteins25 and is thought to reflect
that AMP-PNP locks the two domains in a “closed” conformation that has a higher affinity for
RNA.26 The relatively unchanged non-specific binding affinity for Mss116p in the presence
of AMP-PNP may reflect that it is more disposed to remain in a closed configuration in the
absence of nucleotide or a greater contribution to RNA binding from another region of the
protein, such as the C-terminal domain (see Discussion).

Mss116p plus ATP stimulates splicing of the N. crassa mt LSU-ΔORF group I intron
To test whether Mss116p could promote group I intron splicing in vitro, we first used a well-
characterized substrate for CYT-19, the N. crassa mt LSU-ΔORF intron.9 This group I intron
cannot self-splice under any conditions and requires a splicing factor, the N. crassa CYT-18
protein, for structural stabilization (Paukstelis et al.27 and references therein). We showed
previously that at 25°C, the physiological growth temperature of N. crassa, the CYT-18-
dependent splicing of the mt LSU-ΔORF intron is inefficient, but the reaction is strongly
stimulated by CYT-19 plus ATP.9

Figure 4 shows splicing of the N. crassa mt LSU-ΔORF intron with CYT-18 alone (left) or
with CYT-18 plus Mss116p (right). The reactions were done with 20 nM 32P-labeled precursor
RNA and 100 nM of each protein in reaction medium containing 100 mM KCl, 5 mM Mg2+,
and 1 mM ATP at 25°C. As expected, under these conditions, the splicing reaction with CYT-18
alone was slow (kobs= 1–2 x 10−3 min−1), with only a small proportion of the precursor RNA
spliced after 120 min. As found previously for CYT-19,9 the addition of Mss116p in the
presence of ATP greatly stimulated the reaction (kobs = 56 x 10−3 min−1 for precursor RNA
disappearance), with nearly all the precursor spliced within 60 min.

Surprisingly, while the stimulation of the splicing reaction by Mss116p was decreased in the
presence of AMP-PNP or for the Mss116p-K158E mutant, indicating a requirement for ATP
hydrolysis (Figure 4, right hand lanes), it was not abolished completely, in contrast to previous
results for CYT-19.9 Both the residual Mss116p stimulation in the absence of ATP hydrolysis
and the difference in behavior for CYT-19 were confirmed by additional time-course
experiments carried out in parallel with the two proteins using the same reagents (Figure 5(a)
and (b), respectively). These experiments also showed only minimal stimulation by Mss116p
in the absence of ATP, but surprisingly high stimulation by Mss116p in the presence of ADP,
which was again not observed in parallel experiments for CYT-19 (Figure 5(a) and (b), and
data not shown). For Mss116p, controls showed similar stimulation by ADP incubated with
hexokinase plus glucose to remove any residual ATP,28 and for ATP quantitatively converted
to ADP by incubation with hexokinase plus glucose; in both cases, ATP hydrolysis was
confirmed to be complete by thin-layer-chromatography with trace [γ-32P]-ATP added just
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prior to the hexokinase plus glucose (data not shown). Together, these findings show that
Mss116p stimulates the CYT-18-dependent splicing of the N. crassa mt LSU intron both by
an ATP-hydrolysis-dependent mechanism, like CYT-19, and by one or more ATP-hydrolysis-
independent mechanisms, which are not observed for CYT-19. Further, the ATP-hydrolysis-
independent stimulation appears to be favored by the binding of specific nucleotides,
particularly ADP.

Mss116p inhibits splicing of the Tetrahymena thermophila LSU-ΔP5abc group intron
Another surprising result was obtained for the T. thermophila LSU-ΔP5abc intron. This intron
is unable to self-splice at low (5 mM) Mg2+ concentrations, due to deletion of the large
peripheral structure P5abc,29 but can splice if CYT-18 is provided for structural stabilization.
30 We showed previously that the CYT-18-dependent splicing of the T. thermophila LSU-
ΔP5abc intron is stimulated by CYT-19 plus ATP, and we used this system to test the ability
of CYT-19 to resolve different types of non-native secondary and tertiary structures (Mohr et
al.,9 and unpublished data). Surprisingly, the addition of Mss116p plus ATP inhibited the
CYT-18-dependent splicing of the T. thermophila LSU-ΔP5abc intron, and this inhibition was
proportional to the amount of Mss116p protein added (Figure 6(a)). Additional experiments
showed similar inhibition by wild-type Mss116p or Mss116p-K158E in the absence of
nucleotide or presence of ATP, AMP-PNP, ADP, but no inhibition when Mss116p was
denatured by boiling (Figure 6(b)). By contrast, in parallel reactions with the same reagents,
CYT-19 plus ATP stimulated the CYT-18-dependent splicing of the T. thermophilia LSU-
ΔP5abc intron (Figure 6(a) and (b)), in agreement with previous results.9 These findings
suggest that Mss116p is more discriminatory than CYT-19, and in one case, actually impedes
splicing. This inhibition of splicing by Mss116p may reflect that its “non-specific” binding
stabilizes an inactive structure of the intron RNA or impedes the binding of CYT-18.

Mss116p plus ATP promotes splicing of the S. cerevisiae aI5γ and bI1 group II introns
We next tested whether Mss116p plus ATP alone could promote the splicing of the S.
cerevisiae aI5γ and bI1 group II introns, which had been shown previously to be promoted by
CYT-19 plus ATP under near physiological conditions (100 mM KCl, 5 mM MgCl2 and 30°
C).20 Figure 7 shows splicing time courses for both group II introns carried out with 100 nM
Mss116p and 20 nM 32P-labeled precursor RNA in reaction medium containing 100 mM KCl
and 8 mM Mg2+ at 30°C. The Mg2+ concentration was increased from that used previously for
the CYT-19-promoted splicing reactions to alleviate problems due to the very sharp cutoff of
Mss116p- or CYT-19-promoted splicing of aI5γ and bI1 around 5 mM Mg2+ (see Mohr et
al.,20 and below).

As found previously for CYT-19, Mss116p plus ATP alone promoted the robust splicing of
both group II introns, and the reactions were entirely dependent upon ATP hydrolysis, with
only a very light intron lariat band due to slow self-splicing in the absence of Mss116p (-
Mss116p), with Mss116p plus AMP-PNP, or with the Mss116p-K158E mutant protein (Figure
7). Other experiments showed a similar lack of stimulation by Mss116p plus 1 mM ADP (data
not shown). In the splicing reactions promoted by Mss116p plus ATP, the disappearance of
precursor RNA (P) and appearance of ligated exons (E1–E2) and excised intron lariat RNA (I-
Lar) were monophasic for both introns with kobs = 30–35 x 10−3 min−1 for aI5γ and 41–44 x
10−3 min−1 for bI1, similar to the rate constants for CYT-19 plus ATP,20 and nearly all of the
precursor RNA spliced within 120 min.

In addition to excised intron lariat and ligated-exon products, the Mss116p-promoted splicing
reactions also produced smaller amounts of linear intron RNA (I-Lin) and free 5′ and 3′ exons
(E1 and E2). The former could result from splicing via 5′-splice site hydrolysis or breakage of
intron lariat,31 while the latter results from cleavage of ligated exons by the excised intron
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RNA, a reaction known as spliced-exon reopening (SER).32 Both the I-Lin and SER products
are present in somewhat higher amounts than seen previously for the CYT-19-promoted
splicing reactions of the same introns,20 but these differences reflect at least in part the higher
Mg2+ concentration used in the Mss116p reactions (see below).

The splicing rates for aI5γ and bI1 in the presence of Mss116p and ATP (kobs = 30–44 x
10−3 min−1) are similar to those for CYT-1920 and comparable to rates under optimal self-
splicing conditions (kobs = 28–120 x 10−3 min−1),31,33 even though the latter reactions are
carried out at substantially higher temperature. Nevertheless, the splicing rates remain much
slower than in vivo, possibly reflecting that the aI5γ and bI1 introns require additional as yet
unidentified proteins for structural stabilization.

Mg2+-concentration dependence of Mss116p-promoted splicing of aI5γ and bI1
As found previously for CYT-19, the Mg2+ concentration is a critical parameter for Mss116p-
promoted splicing of the aI5γ and bI1 group II introns.20 Figure 8 shows that in reaction
medium containing 100 mM KCl at 30°C, the Mss116p-promoted splicing of aI5γ and bI1
becomes detectable at 5 and 6 mM Mg2+, respectively, with a very sharp cutoff such that no
reaction is observed at lower Mg2+ concentrations. Above these concentrations, the reactions
have a broad rate optimum between 6 and 15 mM Mg2+ for aI5γ (kobs = 22–41 x 10−3 min−1)
and between 7 and 25 mM Mg2+ for bI1 (kobs = 21–51 x 10−3 min−1) (shaded in Figure 8,
bottom). Within this range of Mg2+ concentrations, the time courses for precursor RNA
disappearance were very similar, with splicing complete after 2 h. The reactions were inhibited
at higher Mg2+ concentrations, becoming undetectable at 50 mM Mg2+ for both introns. The
very sharp cutoff at 5–6 mM Mg2+ may reflect highly cooperative Mg2+-binding by group II
intron RNAs. The inhibition of splicing at Mg2+ concentrations >25–35 mM could be due to
impaired binding, decreased duplex-unwinding and strand-annealing activities (see Figure 2),
or increased stabilization of inactive RNA structures at high Mg2+ concentrations. Higher
Mg2+ concentrations also increased the production of I-Lin and SER products (Figure 8),
presumably reflecting the formation of somewhat different active RNA structures that favor
these products. For these reasons, we selected 8 mM Mg2+, the lowest Mg2+ concentration that
gives close to the optimal rate and amplitude, as a standard condition for the Mss116p-promoted
aI5γ and bI1 splicing reactions.

Mss116p-concentration dependence of aI5γ and bI1 splicing
Figure 9 shows splicing time courses done with 20 nM 32P-labeled precursor RNA and different
concentrations of Mss116p in reaction medium containing 100 mM KCl and 8 mM Mg2+ at
30°C. For both introns, the results showed that the rate constant increases with increasing
protein concentration, as expected if the reaction is limited by the binding of Mss116p. At low
protein concentrations, the molar amount of precursor RNA spliced exceeds the amount of
Mss116p present in the reaction, indicating turnover of Mss116p. However, as found for
CYT-19,20 turnover was limited; little additional splicing occurred after 2 h at any protein
concentration and was difficult to quantify because of RNA instability. For both group II
introns, the amount of Mss116p required for maximal stimulation of splicing (50–100 nM)
was substantially lower than that for CYT-19 (500 nM-1 μM; Mohr et al.,20 and data not
shown).

Behavior of Mss116p in RNA chaperone assays
The RNA chaperone activity of CYT-19 was demonstrated previously by showing that CYT-19
plus ATP could act on bI1 lariat RNA to promote its reverse-branching and reverse-splicing
into RNA-oligomer substrates and that these reactions occurred with undiminished efficiency
when CYT-19 was removed by protease digestion prior to adding the RNA oligomer substrate.
20 However, we were unable to find conditions where Mss116p plus ATP promotes the reverse
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branching or reverse splicing of bI1. 100 mM Mss116p, which maximally stimulates bI1
splicing, had no effect on its reverse branching or reverse splicing into the RNA-oligomer
substrates, while 500 nM Mss116p inhibited even the slow background reaction that was
observed in the absence of added protein, presumably due to non-specific binding (data not
shown). Similar results were obtained with an assay system based on the refolding of misfolded
forms of the T. thermophila LSU ribozyme (data not shown).16

Mss116p plus ATP stimulates RNA-oligomer cleavage by the D135 ribozyme
To investigate the mechanism of action of Mss116p and dissect individual steps at which it
acts, we turned to a simplified ribozyme derivative of aI5γ, which consists of aI5γ domains 1,
3, and 5.34 Under conditions similar to those required for self-splicing of aI5γ (500 mM KCl,
100 mM MgCl2 at 42°C), D135 RNA has been shown to cleave an RNA-oligomer substrate
containing the 5′ exon-intron junction in an efficient multi-turnover reaction (kobs ~ 0.6
min−1).35,36 First, we looked for milder conditions under which Mss116p plus ATP stimulates
RNA-oligomer cleavage by the D135 ribozyme relative to the RNA-only reaction. Figure 10
(a) shows reactions in which 50 nM Mss116p plus 1 mM ATP was incubated with 50 nM D135
ribozyme and 5 nM RNA substrate at 25°C in reaction media containing 100 mM KCl and
different Mg2+ concentrations. The results show that Mss116p plus ATP stimulated RNA
cleavage by the D135 ribozyme under these conditions at Mg2+ concentrations between 12.5
and 25 mM, and like group II intron splicing, the reaction was completely dependent upon
ATP hydrolysis, with no detectable stimulation in the absence of Mss116p or in the presence
of Mss116p plus 1 mM AMP-PNP (Figure 10(a)) or 1 mM ADP (data not shown). The higher
Mg2+ concentration required for activity of the D135 RNA compared to intact intron (see
Figure 8) presumably reflects that D135 RNA requires additional structural stabilization due
to the lack of intron RNA domains 2, 4, and 6.

For subsequent experiments with D135 RNA, we used reaction medium containing 100 mM
KCl, 25 mM Mg2+, and 25°C, both because of the high reaction rate compared to the RNA-
only reaction under these conditions and because the relatively high Mg2+ concentration and
low temperature were expected to maximize dependence upon an RNA chaperone to alleviate
kinetic traps. Figure 10(b) shows that under these conditions with 50 nM each of D135 and
Mss116p, the reaction was saturated at 250 nM substrate. At high substrate concentrations (750
nM), the reaction was inhibited, possibly reflecting competition between the substrate and
D135 RNA for Mss116p binding.

Figures 10(c) and (d) show time courses for reactions with 50 nM D135 ribozyme at
substoichiometric (5 nM) and saturating (400 nM) substrate concentrations. At both substrate
concentrations, the reaction was stimulated by Mss116p plus ATP, but not by Mss116p in the
absence of ATP or presence of AMP-PNP. The reaction rates with 5 and 400 nM substrate
were 0.0042 and 0.3 nM min−1, respectively, with the reaction linear for at least 2 h in both
cases.

The finding that Mss116p plus ATP stimulates the D135 ribozyme reaction at saturating
substrate concentrations suggests that Mss116p acts by promoting a conformational change in
the D135 ribozyme, likely acceleration of the rate-limiting disruption of a stable non-native or
intermediate structure (“kinetic trap”). An alternative possibility that Mss116p plus ATP
stimulates the reaction by promoting product release is unlikely because stimulation is also
observed at substoichiometric substrate concentrations (i.e., single-turnover conditions; Figure
10(c)). Under these conditions, product release should not be rate-limiting, so long as the
reaction equilibrium favors cleavage. The latter was expected for a hydrolysis reaction in
aqueous solution, and we confirmed by separate experiments with RNA oligonucleotides
corresponding to the cleavage products that the reverse reaction is undetectable under the
conditions used in these experiments (data not shown).
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Mss116p- or CYT-19-stimulated D135 ribozyme RNA cleavage requires an ATP-hydrolysis
dependent step after substrate binding

Having established conditions under which Mss116p plus ATP stimulates RNA cleavage by
the D135 ribozyme, we next wanted to test whether it could act productively on D135 RNA
and then be removed by protease digestion, prior to adding RNA-oligomer substrate. Figures
11(a) shows such an experiment for Mss116p, and Figure 11(b) shows a parallel experiment
for CYT-19. In both cases, protease digestion of the DEAD-box protein prior to the addition
of substrate abolished stimulation by Mss116p. This result could reflect either that the putative
RNA conformational change promoted by the DEAD-box protein can only occur after substrate
binding or that the continued binding of the protein to the D135 RNA is needed to maintain
the active structure of the ribozyme at the Mg2+ concentrations used in the experiments.

To distinguish these possibilities, we carried out the experiment shown in Figure 11(c) and (d)
in which the D135 ribozyme was again preincubated with Mss116p or CYT-19 plus ATP, and
hexokinase plus glucose was then added to deplete ATP prior to initiating the reaction by adding
the RNA-oligomer substrate. For both proteins, no stimulation was observed if ATP was
depleted prior to substrate addition, indicating that the DEAD-box protein-promoted RNA
conformational change must occur during or after substrate binding. A control experiment
showed that the same amount of hexokinase added in the absence of glucose did not inhibit
the Mss116p- or CYT-19-promoted reactions (data not shown). Together, these findings
indicate that the requirement for the continued presence of Mss116p or CYT-19 is not due
simply to RNA binding. It may reflect instead that substrate binding induces a required
intermediate structure that is then acted upon by the DEAD-box protein plus ATP and/or that
the active structure of D135 RNA is unstable and rapidly reverts to an inactive structure in the
absence of DEAD-box protein plus ATP.

The yeast DEAD-box protein Ded1p can also promote group II intron splicing
Finally, the broad range of action and interchangeability of CYT-19 and Mss116p in many
reactions prompted us to ask whether other DExH/D-box proteins might have an inherent RNA
chaperone activity that enables them to promote the splicing of autocatalytic mt introns. As an
initial test, we used the splicing reactions of group II introns aI5γ and bI1, which are stimulated
by CYT-19 or Mss116p alone in the absence of partner proteins. The yeast DEAD-box protein
Ded1p ordinarily functions in mRNA translation in the cytosol37,38 and may have other
functions in RNA splicing and ribosome assembly in the nucleus,39 cellular compartments
that do not contain group I or group II introns. As shown in Figure 12(a), Ded1p added at
saturating concentrations (300 nM) stimulated the splicing of aI5γ, with rates and amplitudes
similar to those for CYT-19 and Mss116p (kobs = 14–17 min−1, 17 nM precursor reacted after
120 min). Control lanes to the right of the gel show that the stimulation was not observed with
AMP-PNP or ADP, indicating that the effect of Ded1p on aI5γ splicing requires ATP
hydrolysis.

Figures 12(b) and (c) show that Ded1p also stimulated the splicing of the yeast bI1 intron in
an ATP-hydrolysis-dependent manner. In this case, however, twice the amount of Ded1p (600
nM) was required to saturate the reaction and achieve a level of stimulation similar to aI5γ
(kobs = 13–14 min−1, 16 nM precursor RNA reacted after 120 min). In preliminary experiments,
the E. coli DEAD-box proteins DbpA and the vaccinia virus DExH-box protein NPH-II had
no effect on the splicing of either intron, while the E. coli DEAD-box protein SrmB gave only
minimal stimulation up to the highest protein concentrations tested (data not shown). Together,
the above findings indicate that Ded1p has an inherent RNA chaperone activity that can be
assayed by its effect on splicing group II intron splicing, but this activity appears more efficient
for aI5γ than for bI1.
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Discussion
Here, we expressed the yeast mt DEAD-box protein Mss116p in E. coli and characterized it
biochemically. We find that the purified recombinant Mss116p is similar to other DEAD-box
proteins in having RNA-dependent ATPase, ATP-dependent duplex-unwinding, and ATP-
independent strand-annealing activities. Further, we show that Mss116p binds RNAs non-
specifically, enabling it to use its biochemical activities to promote the in vitro splicing of
structurally diverse group I and group II introns, as well as RNA cleavage by the D135
ribozyme. Our results suggest that, like the related N. crassa mt DEAD-box protein CYT-19,
Mss116p promotes group I and group II intron splicing reactions primarily by using the energy
of ATP hydrolysis to disrupt stable intermediate structures that are kinetic traps in RNA folding.
However, we also find that Mss116p differs from CYT-19 in having additional ATP-
hydrolysis-independent effects, particularly on group I intron splicing reactions, and is unable
to stimulate splicing of at least one group I intron whose splicing is stimulated strongly by
CYT-19. Similarly, a non-mitochondrial DEAD-box protein, yeast Ded1p, functions almost
as efficiently as CYT-19 or Mss116p in promoting splicing of the yeast aI5γ group II intron,
and less efficiently in splicing the bI1 group II intron. Our findings show that DEAD-box
protein RNA chaperones are not completely interchangeable and likely have biochemical
activities that were tuned by co-evolution to work optimally on specific RNA substrates.

Mss116p is a non-polar RNA helicase that also facilities strand annealing
The duplex-unwinding and strand-annealing activities of Mss116p are comparable to those of
other DEAD-box proteins. Like many other DEAD-box proteins, Mss116p did not display a
significant preference for single-stranded regions in a particular orientation with respect to the
duplex, and the unwinding rate constants were within the same order-of-magnitude albeit
slightly slower than those for Ded1p with identical substrates under identical conditions (data
not shown).23 Notably, the functional binding of Mss116p to RNA substrates and the influence
of single-stranded regions were significantly affected by Mg2+ concentration. At low Mg2+

concentrations (0.5 mM), where the substrates could be saturated with the enzyme, Mss116p
unwound blunt-end duplexes as fast as those with single-stranded regions (Table 3), indicating
that single-stranded regions do not affect the rate-limiting step for strand separation. Further,
the lack of a preferred unwinding polarity by Mss116p and other DEAD-box proteins suggests
that duplex unwinding by these enzymes does not involve directional translocation along one
of the RNA strands.

At higher Mg2+ concentrations, however, a 5′-tailed substrate was unwound faster than a blunt-
end substrate, with the difference in unwinding rate constants being ~10-fold at 5 mM Mg2+

and ~100-fold at 10 mM Mg2+, spanning the range of Mg2+ concentrations used in the group
I and group II intron splicing reactions (Figure 2(a)). Further experiments indicated that these
differences reflect that, with increasing Mg2+ concentration, the affinity of Mss116p for the
blunt-end substrate decreases more strongly than that for the tailed substrate (data not shown).
Collectively, these findings suggest that although single-stranded regions adjoining duplexes
are not critical for the strand separation, they could significantly aid the binding of Mss116p
to group I and group II intron RNAs under the conditions of the splicing reactions.

In addition to its duplex unwinding activity, Mss116p also promoted strand annealing with and
without ATP. The enzyme accelerated the bimolecular rate constant for duplex formation by
several orders of magnitude, close to the physical limit imposed by diffusion,22 and similar to
the profound strand-annealing activity of the DEAD-box protein Ded1p.23 As for duplex
unwinding, the rate constants for strand annealing by Mss116p decreased with increasing
Mg2+ concentrations, but with less difference between a tailed and blunt-end substrate (Figure
2(b)). Unlike some DEAD-box proteins with strand-annealing activity, Mss116p does not have
multiple RG clusters in its N- or C-terminal regions.23 It does, however, have a significant
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number of arginines and other charged amino acids in these regions, which could contribute
to strand annealing.40

While the physiological ramifications of the strand-annealing activity of DEAD-box proteins
remain to be investigated, we note that enzymes capable of both disrupting and facilitating
formation of RNA structure may effectively chaperone a complex RNA into its active structure,
without the need for numerous other factors. Moreover, the ratio of unwinding and annealing
activities are likely to depend upon ATP and ADP concentrations and on features of the RNA
structure, as shown previously for Ded1p.23 Thus, an enzyme like Mss116p that concurrently
unwinds and anneals may be able to act on large complex RNAs, like group I and group II
introns, at many different positions, yet elicit distinct effects at the various sites.

RNA-binding properties of Mss116p
Like CYT-19, Mss116p binds a variety of group I and group II intron RNAs with similar
affinities (Figure 3). This apparently non-specific RNA binding presumably reflects interaction
at multiple sites in the intron RNAs and is key to enabling both DEAD-box proteins to act
broadly as RNA chaperones to resolve different types of kinetic traps in diverse RNA and RNP
substrates. Mss116p differs from CYT-19 in having a somewhat higher nucleotide-independent
RNA-binding affinity, which is not significantly affected by AMP-PNP, whereas for CYT-19,
AMP-PNP decreased the Kds for the same group I and group II intron RNAs to the same range
found for Mss116p in the absence of nucleotide.9,20 The latter behavior, which is similar to
that of other DExH/D-box proteins, is thought to reflect that AMP-PNP locks the two RecA-
like domains of the core helicase region in a closed configuration that binds RNA.26 The
minimal effect of AMP-PNP on the overall RNA-binding affinity of Mss116p may reflect
either that the two RecA-like domains are more disposed toward the closed configuration in
the absence of ATP or that there is a greater contribution to RNA binding from another region
of the protein, such as the C-terminal domain. We also note that the Kds measured by
equilibrium binding are presumably an average for binding at multiple different sites within
group I and group II intron RNAs, and it remains possible that ATP, ADP, or AMP-PNP
differentially affect the affinity of Mss116p for different types of sites without affecting the
overall Kd values.

Mss116p plus ATP stimulates the splicing of both group I and group II introns
In vivo, Mss116p is required for the efficient splicing of all twelve S. cerevisiae mtDNA introns
(eight group I and four group II introns10). These introns are structurally diverse, interact with
a variety of different splicing factors for structural stabilization, and are likely subject to
different types of kinetic traps.10 Previous studies suggested that the N. crassa mt LSU-ΔORF
intron forms multiple different inactive structures that can be resolved by CYT-19, but are not
sufficiently populated to be detected by chemical modification,9 and this may also be the case
for many of the other introns acted on by Mss116p.

As expected from its function in vivo, we show here that Mss116p can act in conjunction with
the N. crassa CYT-18 protein to promote the splicing of the N. crassa mt LSU-ΔORF intron,
and that Mss116p alone promotes the splicing of the yeast aI5γ and bI1 group II introns. The
ability of Mss116p to maximally promote group I and group II introns splicing is dependent
upon ATP hydrolysis and presumably reflects primarily the ability of Mss116p to disrupt stable
on- or off-pathway intermediates, enabling the intron RNAs to fold more rapidly into the final
active structure, as first demonstrated for CYT-19 in group I intron splicing.9,16 In addition
to acting as an RNA chaperone, an RNA helicase could also potentially stimulate group I or
II intron splicing reactions with unfavorable equilibria by accelerating the release of ligated-
exon products, which for both types of introns are involved in base-pairing interactions with
the catalytic core. However, our findings for D135 RNA and the minimal effect of some other
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active RNA helicases on the rate of group II intron splicing (see Results) suggest that this
mechanism does not make a major contribution, at least in those cases. Additionally, while
RNA binding or strand annealing by DEAD-box proteins may contribute to the stimulation of
group I and II intron splicing, as appears to be the case for Mss116p-promoted splicing of the
N. crassa mt LSU-ΔORF intron in the presence of ADP, our results show that such ATP-
hydrolysis-independent mechanisms alone are insufficient to maximally stimulate group I
intron splicing or promote group II intron splicing.

Mss116p promotes RNA cleavage by the D135 ribozyme
In addition to the full-length aI5γ intron, we find that both Mss116p or CYT-19 plus ATP can
promote RNA-oligomer cleavage by the aI5γ-derived D135 ribozyme in 100 mM KCl, 12.5–
25 mM Mg2+ and 25°C, much closer to physiological conditions than had been used previously
to study this RNA.34 Our results suggest that under these milder conditions D135 RNA forms
stable non-native or intermediate structures, whose resolution is rate-limiting for RNA folding,
and that this step is accelerated by either Mss116p or CYT-19, enabling the RNA to fold into
the final active structure. For both DEAD-box proteins, the stimulation of RNA cleavage by
D135 RNA is completely dependent upon ATP hydrolysis. However, protease digestion
experiments indicate that both proteins are unable to stably pre-fold D135 RNA prior to the
addition of substrate, and experiments in which ATP was depleted by using hexokinase and
glucose show that the ATP-hydrolysis-dependent step must occur after substrate addition.
These findings could reflect that that the DEAD-box proteins act on an intermediate structure
that can form only after substrate binding, and/or that the active structure of D135 RNA, whose
formation is promoted by the DEAD-box protein plus ATP, rapidly reverts to an inactive
structure when the DEAD-box protein is removed or ATP hydrolysis is stopped.

We note that even under our milder conditions, the Mg2+-requirement for Mss116p-promoted
D135 ribozyme cleavage remains higher than that for splicing of the full-length aI5γ intron
(12.5 and 5 mM Mg2+, respectively), presumably reflecting a requirement for structural
stabilization by the RNA segments that are missing from D135 RNA. These missing segments
could also significantly change the RNA-folding pathway compared to that used by the full-
length intron.

Mss116p has ATP-hydrolysis-independent effects on group I intron splicing reactions
Mss116p differs from CYT-19 in having ATP-hydrolysis-independent effects on group I intron
splicing reactions, including a substantial contribution to stimulating CYT-18-dependent
splicing of the N. crassa mt LSU-ΔORF intron in the presence of ADP, and inhibition of
splicing of the T. thermophila LSU-ΔP5abc intron in the presence or absence of ATP. These
effects likely reflect at least in part differences in the RNA-binding properties of Mss116p and
CYT-19, such as Mss116p’s higher, non-specific RNA-binding affinity in the absence of
nucleotides, or as yet unidentified differences in its affinity for single- and double-stranded
RNA regions, specific sequences, or RNA structures, which may be modulated by different
nucleotides.41,42 These differences may enable Mss116p to differentially stabilize active or
inactive RNA structures, impede CYT-18-binding in the case of T. thermophila LSU-ΔP5abc
intron, or function as an ATP-hydrolysis-independent RNA chaperone. In addition, while
CYT-19 and Mss116p facilitate strand annealing to similar degrees (unpublished data), the two
proteins may differ in the balance between duplex-unwinding and strand-annealing activities
or how this balance is affected by different nucleotides. Although all the defects in an
mss116 disruptant could be ameliorated by the expression of CYT-19, in most cases, the
splicing defects were only partially suppressed, even when CYT-19 was expressed at higher
levels than Mss116p.10 Our results raise the possibility that this partial suppression reflects
differences in the biochemical activities of the two proteins, including the observed differences
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in RNA-binding properties, which may enhance Mss116p’s ability to promote reactions by
mechanisms unavailable to or less efficient for CYT-19.

Notably, we did not observe similar ATP-hydrolysis-independent effects for the Mss116p-
promoted splicing of the yeast aI5γ or bI1 group II introns, or for Mss116p-promoted RNA-
cleavage by the aI5γ-derived D135 ribozyme. Further experiments will be required to assess
whether this difference in the behavior of Mss116p toward group I and group II introns reflect
some more specific interaction of Mss116p with group I intron RNAs, cumulative differences
in the number or type of Mss116p-binding sites in the intron RNAs, differences in the nature
of the rate-limiting step in group I and II intron splicing reactions, or are merely coincidental
for the introns studied thus far.

DEAD-box proteins as general RNA chaperones
The pleiotropic defects in RNA metabolism in cyt-19 and mss116 mutants and the
interchangeability of CYT-19 and Mss116p with each other in vitro and in vivo suggest that
these DEAD-box proteins function as general RNA chaperones that bind non-specifically to
diverse RNA and RNP substrates and have the ability to resolve different types of kinetic traps.
9,10,16,17 At present, there is no indication that CYT-19 or Mss116p are targeted to RNA or
RNP substrates by specific RNA-protein or protein-protein interactions, although given their
large number of natural targets, this remains a possibility for cases that have not been
investigated in detail.

Our finding that the yeast cytosolic/nuclear DEAD-box protein Ded1p can function similarly
to CYT-19 and Mss116p to promote the splicing of the aI5γ and bI1 group II introns suggests
that Ded1p also has an inherent RNA chaperone activity. This RNA chaperone activity could
be related to the normal function of Ded1p and may help explain the complex phenotype of
ded1 mutants.39 To our knowledge, it remains an open question whether Ded1p binds to its
natural RNA substrates without the aid of co-factors or whether it is targeted to some or all of
those substrates by specific RNA-protein or protein-protein interactions.

We and others have hypothesized that DExH/D-box proteins that function as RNA chaperones
have distinct structural and functional characteristics that distinguish them from other DExH/
D-box proteins, particularly those that are processive RNA helicases. These characteristics
may include: (i) ability to bind RNA and RNP substrates non-specifically; (ii) high on and off
rates for RNA binding by the catalytic domain, enabling multiple cycles of activity on the same
RNA; (iii) duplex unwinding without preferred polarity and ability to unwind blunt-end
substrates, enabling remodeling of diverse substrates and substrate regions; (iv) limited
processivity of duplex unwinding and/or an optimal balance between duplex-unwinding and
strand-annealing activities to avoid over disruption of RNA structure; and (v) ability to displace
or remodel incorrectly bound proteins from RNP complexes.43,44

Finally, our findings show that while CYT-19, Mss116p, and Ded1p all have RNA chaperone
activity, they differ in their ability to promote the splicing of different group I and group II
intron RNAs. These differences likely reflect that the balance of RNA-binding, duplex-
unwinding, and strand-annealing activities has been tuned by coevolution to function optimally
only on specific RNA substrates. The group I and group II intron splicing assays that we
developed may be useful both for identifying DExH/D-box proteins that have RNA chaperone
activity and for relating differences in their biochemical activities to the ability to effect specific
RNA structural transitions in natural RNA and RNP substrates.
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Materials and Methods
Recombinant plasmids

pMAL-Mss116p contains the Mss116p coding sequence (codons 37-664) with an inframe N-
terminal MalE fusion cloned downstream of a tac promoter in the expression vector pMAL-
c2t. The latter is a derivative of pMAL-c2x (New England Biolabs; Ipswich, MA) in which
the factor Xa protease cleavage site between MalE and the expressed protein was replaced by
a tobacco etch virus (TEV) protease-cleavage site.45 To construct pMAL-Mss116p, the
Mss116p ORF minus the mt targeting sequence (codons 1-36) was amplified by PCR of
genomic DNA from yeast strain BY4704,46 using an N-terminal primer, which amplified from
codon 37 and added a 5′-BamHI site, and a C-terminal primer, which amplified from the TAG
stop codon and added a 3′-HindIII site. The resulting PCR product was then cloned between
the BamHI and HindIII sites of the vector. The expressed MalE-Mss116p fusion protein is
cleaved with TEV protease to yield the mature intramitochondrial form of Mss116p with two
extra N-terminal amino acid residues (GlySer).

To construct pMAL-Mss116p-K158E, a fragment of the Mss116p ORF containing the K158E
mutation was generated by PCR from pMAL-Mss116p DNA with primers mss116K-E (5′-
GGGACCGGTACAGGTCTTACATTTGCCTTCTTGATTCC) and mss166r1 (5′-AGA
AAGCTGGGTCATATATGTTGCTGTTTCTACTGGAG), digested with AgeI and MfeI,
and swapped for the corresponding fragment of pMAL-Mss116p digested with the same
enzymes.

RNA substrates for RNA-splicing and equilibrium-binding assays were synthesized by
transcribing the following restriction enzyme-digested recombinant plasmids with phage T3
(N. crassa mt LSU-ΔORF, yeast aI1-ΔORF and aI2-ΔORF; Megascript kit; Ambion, Austin,
TX) or T7 RNA polymerase (all other introns; Invitrogen, Carlsbad, CA; Megascript kit;
Ambion): aI5γ, pJD20/HindIII;32 aI5γ-D135, pQL71/HindIII (gift of O. Federova and A. M.
Pyle, Yale University, New Haven, CT); aI1-ΔORF, pSHΔAC/EcoRI;47 aI2-ΔORF, pSZD1/
BstEII;48 bI1, pHrH154#4/EcoRI;10 Ll.LtrB-ΔORF, pGMΔORF/BamHI;49 N. crassa mt
LSU-ΔORF, pBD5a/BanI;50 T. thermophila LSU-ΔP5abc, pBlueΔP5abc/XhoI (S. Mohr and
A. M. Lambowitz, unpublished).

Protein expression and purification
Mss116p was expressed from pMAL-Mss116p in E. coli HMS174(DE3) or Rosetta 2
(Novagen/EMD Biosciences, Madison, WI). For HMS174(DE3), cells that had been freshly
transformed with pMAL-Mss116p were inoculated into 10 ml of LB containing ampicillin (50
μg/ml) and grown with shaking at 200 rpm at 37°C until O.D.600 was ~1.0. This starter culture
was then inoculated into 1 l of the same medium containing 0.2% (w/v) glucose and grown as
above until O.D.600 = 0.6; then 0.3 mM IPTG was added to induce Mss116p expression and
incubation continued overnight at 15°C. Cells were pelleted by centrifugation. For Rosetta 2,
the concentration of ampicillin was 100 μg/ml and chloramphenicol was added at 50 μg/ml,
and the cells were induced with 1 mM IPTG at 20°C. After centrifugation, the cell pellet was
suspended in 30-ml buffer A (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol
(DTT)) with 0.5 M KCl and frozen at −80°C.

To isolate Mss116p, four frozen cell suspensions, each prepared from one liter of culture, were
thawed at 25°C, incubated on ice with lysozyme (1 mg/ml; Sigma, St. Louis, MO) for 15 min,
and sonicated (Branson Sonifier S-450A; 3 bursts of 15 sec at power setting 6 with double-
stepped microtip on ice). After clarifying the lysates by centrifugation (18,000 x g, 30 min, 4°
C), the supernatants were combined, and nucleic acids were precipitated by adding 10% (v/v)
polyethylenenimine (PEI) in 100 μl increments to a final concentration of 0.4% (v/v), followed
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by centrifugation (15,000 x g, 15 min, 4°C). The supernatant was then either filtered (Puradisc
25AS; Whatman, Florham Park, New Jersey) or loaded directly onto a 2-ml amylose column
(high-flow resin; New England BioLabs), which was washed sequentially with 50-ml of buffer
A containing 0.5 M KCl, 1 or 1.5 M KCl, and 0.5 M KCl, then eluted with buffer A containing
0.5 M KCl and 20 mM maltose. Peak fractions containing the MalE-Mss116p fusion were
pooled and digested overnight at 4°C with TEV protease (50–200 μg; purified as described by
Kapust et al.51). The MalE segment was removed from the Mss116p preparation either by
loading the cleaved sample onto a gravity-flow hydroxyapatite column (Bio-Gel HTP Gel;
Bio-Rad Laboratories, Hercules, CA), followed by an amylose column, as described in the
pMAL instruction manual (Method II; New England BioLabs), or by loading onto a 2-ml
ceramic hydroxyapatite column (macro-prep ceramic hydroxyapatite type I, 40 μm particle
size; Bio-Rad). For the latter column, the cleaved sample was diluted with an equal volume of
buffer B (20 mM potassium phosphate, pH 7.3, 200 mM NaCl), loaded onto the column,
washed with 80-ml buffer B, and eluted with 0.5 M potassium phosphate, pH 7.3. The N-
terminal MalE segment does not bind to the column under these conditions, and the peak
fractions contained only Mss116p. Purified Mss116p was dialyzed into buffer A containing
0.5 M KCl and 50% glycerol and stored on ice at 4°C. The purification yielded either ~0.5 mg
(HMS174(DE3)) or ~1.5 mg (Rosetta 2) Mss116p per l of culture, and the protein was > 95%
pure, as judged by Coomassie blue-stained SDS-polyacrylamide gels.

CYT-18 was expressed and purified as described,27 but with an additional final gel-filtration
through a Superdex 200 column (GE Healthcare Biosciences Corp., Piscataway, NJ) in 100
mM KCl, 25 mM Tris-HCl, pH 7.5 followed by addition of 10% glycerol for storage. The
CYT-19 protein used in this study for comparison with Mss116p was expressed from a
matching MalE-fusion construct and purified by essentially the same method developed for
Mss116p (M.D. and A.M.L., unpublished data).

Ded1p and NPH-II were purified as described.52

Preparation of nucleotides and Mg2+ concentrations in assays
Just prior to each experiment, ATP, AMP-PNP, ADP and GTP were mixed with equimolar
MgCl2 purchased as a 1 M stock solution (Molecular Biology Grade; Sigma). The Mg2+

concentration indicated for all assays is for Mg2+ that is not bound to nucleotide (e.g., 0.5 mM
Mg2+ corresponds to an overall concentration of 1.5 mM Mg2+ with 1 mM ATP or other
nucleotide; 10 mM Mg2+ corresponds to an overall concentration of 11 mM Mg2+ with 1 mM
nucleotide).

ATPase assays
ATPase assays were done at 30°C in 20 μl of reaction medium containing 100 mM KCl, 8 mM
Mg2+, 10 mM Tris-HCl, pH 7.5, 10% glycerol, 50 nM Mss116p, 10 μCi [γ-32P]ATP (10 Ci/
mmol; Perkin Elmer, Wellesley, MA), and saturating unlabeled ATP (3 mM). Group I or group
II intron RNAs or homopolymers (Sigma) were added as described for individual experiments.
At each time point, a 1-μl portion was removed and applied to a PEI-cellulose thin-layer
chromatography plate (20 x 20 cm; Scientific Adsorbents Inc., Atlanta, GA), which was
developed with 0.75 M LiCl and 1 M formic acid, then dried, and quantified with a
phosphorimager.

Duplex-unwinding and strand-annealing reactions
Duplex-unwinding and strand-annealing assays were done in 30 μl of reaction medium using
substrates prepared as described.23,53 Reactions with 16-bp duplex substrates contained 50
mM KCl, 0.5 mM MgCl2, 40 mM Tris-HCl, pH 8.0, 2 mM DTT, 1 unit/μl RNasin, 0.01%
NP-40, 0.5 nM 32P labeled RNA substrate and ATP, as indicated, and were done at 24°C.
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Reactions with 13-bp duplex substrates contained 100 mM KCl, 20 mM Tris-HCl, pH 7.5,
MgCl2 and ATP as indicated, 2 mM DTT, 1 unit/μl RNasin, 0.01% NP-40, and 0.1 nM 32P-
labeled RNA substrate and were done at 30°C. For unwinding reactions, Mss116p (400 nM)
was pre-incubated with the RNA substrate under reaction conditions in the absence of ATP
for 5 min. Longer pre-incubation did not alter the reaction kinetics (data not shown). Reactions
were initiated by adding an equimolar mixture of MgCl2 and ATP to the indicated ATP
concentrations. For annealing reactions, Mss116p (400 nM) was added to the reaction mixture
(including ATP, where applicable), and the reactions were initiated by adding the denatured
strands (0.5 nM). For both unwinding and annealing reactions, 3-μl portions were removed at
the indicated times, and the reactions stopped by adding 3 μl of a solution containing 1% SDS,
50 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue, and 20% glycerol on ice. The
samples were then analyzed by electrophoresis in a non-denaturing 15% polyacrylamide gel,
which was run at ~100V/cm. After drying the gel, radiolabeled RNAs were visualized and
quantified with a phosphorimager, using ImageQuant 5.2. software (Molecular Dynamics).
The fractions of single-stranded and duplex RNAs were determined from the relative amount
of radioactivity in the respective bands, and unwinding and annealing rate constants were
calculated as described.23

RNA-binding assays
Equilibrium-binding assays were done by incubating 5 pM 32P-labeled RNA with increasing
concentrations of Mss116p at 30°C in reaction medium containing 100 mM KCl, 5 or 8 mM
MgCl2, 10 mM Tris-HCl, pH 7.5, and 0.1 mg/ml bovine serum albumin to stabilize Mss116p
at low concentrations. The solutions were then filtered through nitrocellulose (Bio-Rad) backed
by nylon (Hybond-N; GE Healthcare Biosciences Corp.), and the retained radioactivity was
quantified with a phosphorimager.

RNA-splicing assays
Group I intron splicing reactions were done with 100 nM Mss116p, 100 nM CYT-18 dimer,
and 20 nM 32P-labeled precursor RNA at 25°C (N. crassa mt LSU- ORF intron) or 30°C (T.
thermophila LSU-ΔP5abc intron) in 100 μl of reaction medium containing 100 mM KCl, 5
mM MgCl2, 25 mM Tris-HCl, pH 7.5, 10% glycerol, 0.2 U/μl SUPERasin (Ambion) plus 1
mM GTP and 1 mM ATP, AMP-PNP or ADP. For time courses, reactions were initiated by
adding CYT-18, 10-μl portions were removed at different times, and the reactions were
terminated by adding 20 μl of 75 mM EDTA, followed by extraction with phenol/chloroform/
isoamyl alcohol (25:24:1).

Standard conditions for group II intron splicing reactions were 100 nM Mss116p and 20
nM 32P-labeled precursor RNA at 30°C in 100 μl of reaction medium containing 100 mM KCl,
8 mM MgCl2, 10 mM Tris-HCl, pH 7.5, 10% glycerol, plus 1 mM ATP, AMP-PNP, or ADP
and 0.2 U/μl SUPERasin. The reactions were initiated by adding MSS116p, 8-μl portions were
removed at different times, and the reactions were terminated by adding 25 μl 0.1 M EDTA,
0.2 M Tris-HCl, pH 7.5, 0.1% SDS, followed by extraction with phenol/chloroform/isoamyl
alcohol (25:24:1).

Group I and group II intron splicing reactions were analyzed in denaturing 4% polyacrylamide
gels, which were dried and quantified with a phosphorimager. Phosphorimager counts were
corrected for background and normalized based on the number of U-residues to calculate the
molar fraction of total RNA in each band. In most cases, the data from splicing time courses
were fit to equations with a single exponential to obtain kobs.
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DEAD-box protein stimulated RNA-cleavage by the D135 ribozyme
D135 RNA (50 nM) was pre-incubated with Mss116p (50 nM) for 5 min in reaction medium
containing 100 mM KCl, 10 mM Tris-HCl, pH 7.5, and different Mg2+ concentrations (for
determination of the Mg2+ optimum) or 25 mM Mg2+ (all other reactions) in the presence or
absence of 1 mM ATP, AMP-PNP, or ADP. Reactions were initiated by adding 5′-[32P]-labeled
RNA-oligomer substrate (5′-CGUGGUGGGACAUUUUCGAGCGGU), incubated at 25°C,
and terminated by adding 100 mM EDTA, followed by phenol-CIA extraction. The products
were analyzed in a denaturing 20% polyacrylamide gel, which was dried and quantified with
a phosphorimager. To test protease-sensitivity, 20 mg/ml proteinase K (prot-K; Ambion) plus
0.5% SDS were added to some reactions. ATP was depleted by adding hexokinase (0.002 U/
μl; Roche Diagnostics, Indianapolis, IN) and glucose (200 mM) and incubating for 15 min at
25°C. ATP depletion was confirmed thin-layer-chromatograpy of trace amounts of [γ-32P]-
ATP added just prior to the addition of hexokinase plus glucose.
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5′ adenylyl imidodiphosphate

DTT  
dithiothreitol

mt  
mitochondrial

PEI  
polyethylenenimine

SER  
spliced-exon reopening

TEV  
tobacco etch virus
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Figure 1.
Mss116p duplex-unwinding and strand-annealing activities. Reactions were done with RNA
oligonucleotides that form a 16-bp duplex with (a) a 25-nt 5′ overhang; (b) a 25-nt 3′ overhang;
or (c) blunt-ends. For each substrate, the figure shows representative duplex- unwinding
reactions with 2 mM ATP (left panels), strand-annealing reactions without ATP (middle
panels), and strand-annealing reactions with 2 mM ATP (right panels). Plots beneath the gels
show fraction duplex versus reaction time fitted to the integrated form of a homogenous first-
order rate law. Substrates and products are depicted schematically to the left of the gel, with
the asterisk indicating the radiolabel and the vertical arrow indicating the direction of the
reaction. Gray arrows indicate presence and white arrows indicate absence of ATP in the
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reactions. The zero time points for the duplex-unwinding reactions were recorded before ATP
addition, and the zero time points for the strand-annealing reactions were recorded before
Mss116p addition. Strand annealing in the absence of Mss116p was not significant (<5% of
the RNA spontaneously annealed within 10 min; data not shown). Rate constants calculated
from at least two independent time courses for each reaction are summarized in Table 3.
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Figure 2.
Mg2+-concentration dependence of the Mss116p duplex-unwinding and strand- annealing
reactions. The Mg2+-concentration dependence of the rate constants for (a) duplex unwinding
(kunw), and (b) strand annealing (kann) of RNA oligonucleotides containing a 13-bp duplex
region with a 5′ overhang (filled circles) or blunt-ends (filled squares). Reactions were done
in the presence of 1 mM ATP.
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Figure 3.
Equilibrium-binding of Mss116p to group I and group II intron RNAs. 32P-labeled RNAs (5
pM) were incubated with increasing concentrations of Mss116p in reaction medium containing
100 mM KCl/8 mM MgCl2 for 90 min at 30°C (a) without nucleotide (-NTP), or with 1 mM
(b) ATP, (c) AMP-PNP, or (d) ADP. RNAs were group I introns N. crassa mt LSU-ΔORF and
T. thermophila LSU-ΔP5abc, and group II introns S. cerevisiae aI1-ΔORF, aI2-ΔORF, aI5γ,
and bI1 and L. lactis Ll.LtrB-ΔORF. The plots show the percent input RNA bound versus
Mss116p concentration. Essentially identical binding curves for each condition were obtained
when the RNA and protein were incubated for 10 or 120 min before filtration through
nitrocellulose, or in reaction medium containing 100 mM KCl/5 mM MgCl2 (data not shown).

Halls et al. Page 25

J Mol Biol. Author manuscript; available in PMC 2008 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Mss116p promotes splicing of the N. crassa mt LSU-ΔORF group I intron. Splicing time
courses for CYT-18 alone (left) and CYT-18 plus Mss116p (right) were done by
incubating 32P-RNA substrate (20 nM) with one or both proteins (each at 100 nM) in reaction
medium containing 100 mM KCl, 5 mM MgCl2, and 1 mM ATP at 25°C. The splicing products
were analyzed in a denaturing 4% polyacrylamide gel, which was dried and quantified with a
phosphorimager. In controls (right lanes), RNA was incubated for 120 min with 1 mM ATP
without CYT-18 (-CYT-18), with mutant Mss116p-K158E plus 1 mM ATP, or with wild-type
Mss116p plus 1 mM AMP-PNP (+AMP-PNP). The plots beneath the gel show the
disappearance of precursor RNA and the appearance of products as a function of time, with
the data fit to a single exponential. The table at the bottom summarizes kobs values, with the
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numbers in parentheses indicating the concentration of RNA (nM) reacted or produced after
120 min. Abbreviations: E1–E2, ligated exons; I, intron; I-E2, intermediate after the first step
of splicing; P, precursor RNA; *, slightly shorter intron RNA resulting from use of an upstream
cryptic 3′-splice site; n.d., not detected.
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Figure 5.
Mss116p promotes CYT-18-dependent splicing of the N. crassa mt LSU-ΔORF group I intron
by both ATP-hydrolysis-dependent and ATP-hydrolysis independent mechanisms. Splicing
time courses were done with 20 nM 32P-labeled precursor RNA, 100 nM CYT-18 dimer, and
(a) 100 nM Mss116p or (b) 100 nM CYT-19 in reaction medium containing 100 mM KCl and
5 mM MgCl2 at 25°C in the presence or absence of 1 mM ATP, AMP-PNP, and ADP. The
time course for Mss116p-K158E in (a) was done in the presence of 1 mM ATP. The tables
below the plots summarize kobs values for the disappearance of precursor RNA, with the
numbers in parentheses indicating the percent of precursor RNA reacted after 120 min.
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Figure 6.
Mss116p inhibits CYT-18-dependent splicing of the T. thermophila LSU-ΔP5abc group I
intron. (a) Splicing time courses were done with 50 nM 32P-labeled precursor RNA, 50 nM
CYT-18 dimer, and 5 to 100 nM Mss116p or 100 nM CYT-19 in reaction medium containing
100 mM KCl and 5 mM MgCl2 at 30°C. The products were analyzed in a denaturing 4%
polyacrylamide gel, which was dried and scanned with a phosphorimager. The table below the
plots summarizes kobs values for the disappearance of precursor RNA, with the numbers in
parentheses indicating the percent of precursor RNA reacted after 120 min. (b) Splicing
reactions were carried out as above for 30 min with different concentrations of wild-type
Mss116p or Mss116p-K158E in the presence or absence of 1 mM ATP, AMP-PNP, or ADP.
In panel (a) reactions were initiated by adding CYT-18; in panel (b), precursor RNA was
preincubated with 50 nM CYT-18 for 10 min at 30°C, and the reaction was initiated by adding
the DEAD-box protein plus 1 mM GTP. Concentrations of wild-type Mss116p and Mss116p-
K158E were 25 nM (+), 50 nM (++), and 100 nM (+++). In the top gel, the far right lane shows
a control reaction in which 50 nM wild-type Mss116p was boiled (B) for 5 min prior to the
start of the splicing reaction. Abbreviations are as in Figure 4.
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Figure 7.
Mss116p-promoted splicing of group II introns aI5γ and bI1. Splicing time courses for aI5γ
(left) and bI1 (right) were done by incubating 20 nM 32P-labeled RNA substrate with 100 nM
Mss116p protein and 1 mM ATP in reaction medium containing 100 mM KCl and 8 mM
MgCl2 at 30°C. Splicing products were analyzed in a denaturing 4% polyacrylamide gel, which
was dried and quantified with a phosphorimager. The bottom segments of the gels are darker
exposures to show E1 and E2, which result form SER. Control lanes show RNA substrate
incubated for 120 min with Mss116p plus 1 mM AMP-PNP (+AMP-PNP) or without Mss116p
(-Mss116p). The additional lanes (far right) show precursor RNAs incubated with wild-type
(WT) Mss116p and mutant Mss116p-K158E under the same conditions for 120 min. The plots
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beneath the gels show disappearance of precursor RNA and appearance of products as a
function of time, with the data fit to a single exponential. The table at the bottom summarizes
kobs values, with the numbers in parentheses indicating the concentration of RNA (nM) reacted
or produced after 120 min. The I-Lin band may contain a mixture of linear intron and broken
lariat RNA. Abbreviations: E1, 5′ exon; E2, 3′ exon; E1–E2, ligated exons; I-Lar, intron lariat;
I-Lin, linear intron; P, precursor RNA.
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Figure 8.
Mg2+-concentration dependence of Mss116p-promoted splicing of aI5γ and bI1. Splicing time
courses for aI5γ (left) and bI1 (right) were done by incubating 20 nM 32P-labeled precursor
RNAs with 100 nM Mss116p plus 1 mM ATP in reaction media containing 100 mM KCl and
the indicated Mg2+ concentrations at 30°C. Products were analyzed and quantified, as in Figure
7. The gels show the extent of splicing after 20 min at different Mg2+ concentrations, and the
plots show disappearance of precursor RNA as a function of time, with the data fit to a single
exponential. The bottom segments of the gels are darker exposures to show E1 and E2, which
result form SER. The table at the bottom summarizes kobs values for aI5γ and bI1 precursor
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RNA disappearance at different Mg2+ concentrations. The shaded area highlights the broad
Mg2+ optimum. Abbreviations are as in Figure 7.
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Figure 9.
Mss116p-concentration dependence of aI5γ and bI1 group II intron splicing. Splicing time
courses for aI5γ (left) and bI1 (right), respectively, were done with 20 nM 32P-labeled precursor
RNA and 1.25 to 100 nM Mss116p in reaction media containing 100 mM KCl and 8 mM
MgCl2 at 30°C. The plots show disappearance of precursor RNA as a function of time, with
data fit to a single exponential. The table at the bottom summarizes kobs values and amplitudes
(%) at 120 min. Abbreviations are as in Figure 7.
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Figure 10.
Mss116p promotes RNA-oligomer cleavage by the D135 ribozyme. (a) Mg2+-concentration
dependence. D135 RNA (50 nM) was pre-incubated at 25°C with Mss116p (50 nM) for 5 min
in reaction medium containing 100 mM KCl and the indicated Mg2+ concentrations in the
presence or absence of 1 mM ATP or AMP-PNP. The reaction was initiated by adding 5′-32P-
labeled RNA-oligomer substrate (5 mM), incubated for 90 min at 25°C, and terminated by
adding 100 mM EDTA, followed by phenol-CIA extraction. The products were analyzed in a
denaturing 20% polyacrylamide gel, which was dried and quantified with a phosphorimager.
(b) Substrate-concentration dependence. For each substrate concentration (25, 250, 500, and
750 nM), a 2 h-time course were done as above with 50 nM D135 ribozyme and 50 nM Mss116p
plus 1 mM ATP in reaction medium containing 100 mM KCl and 25 mM MgCl2 at 25°C. The
plot shows the rate of cleavage as a function of RNA substrate concentration. (c) and (d) Time
courses of D135-catalyzed RNA-cleavage with substoichiometric and saturating
concentrations of RNA-oligomer substrate, respectively. 50 nM D135 RNA was pre-incubated
with 50 nM Mss116p and 1 mM ATP in reaction medium containing 100 mM KCl and 25 mM
Mg2+ for 5 min at 25°C, and the reaction was initiated by adding 5 or 400 nM RNA substrate
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in (c) or (d), respectively. The right-hand lanes show control reactions with the same amount
of RNA substrate incubated for 2 h at 25°C in the absence of Mss116p or with 1 mM AMP-
PNP instead of ATP. The plots beneath the gels show the appearance of product as a function
of time. The 5′-32P-labeled RNA oligomer substrate and labeled cleavage product are depicted
schematically to the right of the gels, with the circle indicating the 5′-exon-intron junction, and
the star indicating the location of the label.
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Figure 11.
Protease sensitivity of DEAD-box protein-promoted D135-ribozyme cleavage reactions and
requirement for ATP-hydrolysis after substrate binding. (a) and (b), protease sensitivity of
D135 ribozyme cleavage promoted by (a) Mss116p or (b) CYT-19. Mss116p (100 nM) or
CYT-19 (500 nM) were incubated with D135 RNA (100 nM) and RNA-oligomer substrate (5
nM) without or with 1 mM ATP or AMP-PNP in reaction medium containing 100 mM KCl
and 25 mM MgCl2 at 25°C. Lanes 1-3, D135 RNA was pre-incubated in reaction medium for
90 min with ATP (lane 1), DEAD-box protein plus ATP (lane 2), or DEAD-box protein plus
AMP-PNP (lane 3). Lanes 4 and 5, D135 RNA was pre-incubated for 60 min with DEAD-box
protein plus ATP or AMP-PNP, respectively, then split with halves incubated for 30 min
without (lane 4) or with 20 mg/ml proteinase K (prot-K) and 0.5% SDS (lane 5). Lane 6, D135
RNA was pre-incubated with DEAD-box protein for 60 min, then for 30 min with proteinase
K plus SDS. After the pre-incubations, reactions were initiated by adding 5′-32P-labeled RNA
oligomer, incubated for 30 min, then terminated, and products analyzed in a denaturing 20%
polyacrylamide gel. (c) and (d), effect of ATP-depletion prior to substrate addition. Reactions
were done as above, with D135 RNA pre-incubated with the indicated additions for 30 min,
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and then for an additional 15 min without or with addition of hexokinase plus glucose.
Reactions were initiated by adding RNA-oligomer substrate, incubated for 120 min, and
products analyzed as above.
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Figure 12.
Ded1p-promoted splicing of group II introns aI5γ and bI1. Splicing time courses for (a) aI5γ
with 300 nM Ded1p, and (b) and (c), bI1 with 300 and 600 nM Ded1p, respectively, were done
using 20 nM 32P-labeled precursor RNA and 1 mM ATP in reaction medium containing 100
mM KCl and 8 mM MgCl2 at 30°C. Splicing products were analyzed in a denaturing 4%
polyacrylamide gel, which was dried and quantified with a phosphorimager. Control lanes
show precursor RNA incubated for 120 min without Ded1p (-Ded1p) or with Ded1p plus 1
mM AMP-PNP (+AMP-PNP) or 1 mM ADP (+ADP). The plots beneath the gels show
disappearance of precursor RNA and appearance of products as a function of time, with the
data fit to a single exponential. The table at the bottom summarizes kobs values, with the
numbers in parentheses indicating the concentration of RNA (nM) reacted or produced after
120 min. kobss could not be determined for the low amounts of I-Lin and E1–E2 produced in
panel (b) and I-Lin in panel (c) due to high errors in the curve fitting. The I-Lin band may
contain a mixture of linear intron and broken lariat RNA. Abbreviations are as in Figure 7.
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Table 1
Mss116p has RNA-dependent ATPase activity

Nucleic acid kcat (min−1)

Tt LSU- P5abc 72 ± 8
Sc aI5γ 112 ± 6
Sc bI1 110 ± 14
Poly(A) 90 ± 26
Poly(C) 62 ± 12
Poly(G) n.d.
Poly(U) 54 ± 16
Poly(dA) n.d.
Poly(dC) 10 ± 2
-RNA n.d.

ATPase activity was assayed in reaction medium containing 100 mM KCl/8 mM MgCl2 at 30°C with 50 nM Mss116p in the presence of saturating
unlabeled ATP (3 mM) and RNA (300 nM for intron RNAs and 0.25 μg/μl for oligonucleotides). The table summarizes kcat values determined by
measuring the initial rate (r0), corresponding to <1% of final product in a 100-min time course at saturating ATP and RNA concentrations; all reactions

were linear for >15 min. Saturation was confirmed by measuring r0 at multiple RNA concentrations. KmATP values for a subset of RNAs were determined

by measuring r0 at a series of saturating and subsaturating ATP concentrations: Tt LSU-ΔP5abc, KmATP = 88 ± 30 μM; Sc aI5γ, KmATP = 171 ± 25

μM; Sc bI1, KmATP = 222 ± 40 μM; poly(C), KmATP = 633 ± 98 μM. Based on these results, 3 mM ATP was assumed to be saturating for all RNAs.
All values are the mean ± the standard deviation for triplicate assays. n.d., not detectable above background.
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Table 2
Effect of Mg2+ concentration on RNA-dependent ATPase activity of Mss116p

kobs(min−1)

Mg2+ (mM) aI5γ bI1 poly (C)

1 122 ± 18 64 ± 16 10 ± 10
3 90 ± 22 58 ± 12 60 ± 8
5 88 ± 16 78 ± 12 60 ± 12
8 112 ± 6 110 ± 14 62 ± 12
10 84 ± 18 80 ± 14 58 ± 4
15 68 ± 22 62 ± 18 36 ± 12
25 82 ± 12 56 ± 6 44 ± 12
35 34 ± 3 50 ± 12 48 ± 14
50 32 ± 4 28 ± 6 46 ± 6

ATPase activity was assayed with 50 nM Mss116p in reaction medium containing 100 mM KCl and different Mg2+ concentrations at 30°C, in the presence
of 3 mM ATP and 300 nM intron RNAs or 0.25 μg/μl poly(C). The RNA concentrations are saturating in reaction medium containing 100 mM KCl and

8 mM Mg2+. kobs values were calculated from initial rates in time courses (see Table 1). In the absence of RNA, ATPase activity was not detectable at

any of the Mg2+ concentrations (not shown). Values are the mean ± the standard deviation for triplicate assays.
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Table 3
Rate constants for duplex-unwinding and strand-annealing of RNA oligonucleotide substrates by Mss116p.

kunw (min−1) kann[no ATP] (x109 M−1 min−1) kann[ATP] (x109 M−1 min−1)

5′ overhang 0.91 ± 0.07 4.7 ± 0.8 5.6 ± 1.7
3′ overhang 1.21 ± 0.31 5.6 ± 0.5 7.8 ± 2.0
Blunt 1.0 ± 0.2 6.2 ± 0.6 4.9 ± 1.1

Rate constants were calculated from at least two repeats of reactions shown in Figure 1. RNA substrates contained a 16-bp duplex with a 5′- or 3′-overhang
or blunt ends (see Materials and Methods).
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