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We explore the interactions of CYT-19, a DExD�H-box protein that
functions in folding of group I RNAs, with a well characterized
misfolded species of the Tetrahymena ribozyme. Consistent with
its function, CYT-19 accelerates refolding of the misfolded RNA to
its native state. Unexpectedly, CYT-19 performs another reaction
much more efficiently; it unwinds the 6-bp P1 duplex formed
between the ribozyme and its oligonucleotide substrate. Further-
more, CYT-19 performs this reaction 50-fold more efficiently than
it unwinds the same duplex free in solution, suggesting that it
forms additional interactions with the ribozyme, most likely using
a distinct RNA binding site from the one responsible for unwinding.
This site can apparently bind double-stranded RNA, as attachment
of a simple duplex adjacent to P1 recapitulates much of the
activation provided by the ribozyme. Unwinding the native P1
duplex does not accelerate refolding of the misfolded ribozyme,
implying that CYT-19 can disrupt multiple contacts on the RNA,
consistent with its function in folding of multiple RNAs. Further
experiments showed that the P1 duplex unwinding activity is
virtually the same whether the ribozyme is misfolded or native but
is abrogated by formation of tertiary contacts between the P1
duplex and the body of the ribozyme. Together these results
suggest a mechanism for CYT-19 and other general DExD�H-box
RNA chaperones in which the proteins bind to structured RNAs and
efficiently unwind loosely associated duplexes, which biases the
proteins to disrupt nonnative base pairs and gives the liberated
strands an opportunity to refold.
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Essentially all cellular processes that are mediated by struc-
tured RNAs also require one or more DExD�H-box proteins

(1). These proteins use the energy from ATP binding and
hydrolysis to accelerate RNA structural transitions, which can
represent folding steps toward the native state or conformational
switches between functional forms. The requirement for proteins
presumably arises because RNA base pairs and other local
structure can be highly stable even in the absence of enforcing
structure, such that folding steps or rearrangements that require
significant unfolding require assistance to proceed efficiently
(2–4).

Despite their ubiquitous presence, key questions about the
functions of DExD�H-box proteins remain largely unanswered.
First, what interactions direct different DExD�H-box proteins to
their physiological substrates? All of these proteins share a core
‘‘helicase’’ domain containing a set of conserved motifs, and
most have additional domains, a few of which have been shown
to recognize substrate RNAs or RNA–protein complexes (re-
viewed in ref. 5). On this basis, targeting has been proposed as
a general role for these domains, and the specific interactions
that target one DExD�H-box protein have been delineated
(6–9). Nevertheless, in general, the interactions that direct
DExD�H box proteins to their substrates remain to be identified.

Second, how do DExD�H-box proteins act to mediate RNA
conformational transitions? Although they are homologous to
DNA helicases, and several are known to possess helicase

activity in vitro (10–17), rearrangements of structured RNAs
may also involve disruptions of tertiary structure or even dis-
placement of bound proteins (18–20). Studying the mechanisms
of DExD�H-box proteins on their physiological substrates is
difficult because the ‘‘starting state’’ of the RNA is typically
poorly defined, as discrete misfolded species are difficult to
populate and trap, and because most of the substrate RNAs do
not have simple activities that can be used to distinguish the
native state from structurally related misfolded species.

An attractive candidate for a detailed study of DExD�H-box
protein targeting and function is the CYT-19 protein of Neuro-
spora crassa (21, 22). CYT-19 is required for proper folding of
several mitochondrial group I introns in vivo (21). These introns
represent different subgroups and vary widely in their global
architectures, suggesting that CYT-19 recognizes general fea-
tures of RNA structure rather than a specific feature of a single
RNA. The idea of general RNA recognition is extended by
findings that, when heterologously expressed in yeast, CYT-19
can function in splicing of all 10 group I introns and even group
II introns (23) and that it chaperones folding of group II introns
in vitro (24).

Here we explore the action of CYT-19 on a long-lived
misfolded species of the ribozyme derived from the self-splicing
group I intron of Tetrahymena thermophila. The RNA folds
through a progression of intermediates with increasing structure
(25, 26), including a very long-lived misfolded species (27–32).
This misfolded species can be populated by up to 90% of the
RNA, and it behaves as a single species in refolding to the native
state (31). Thus, it provides a well defined substrate RNA to
probe the activity of a DExD�H-box protein. Indeed, a variant
of this RNA was used previously to provide a physical signature
for chaperone activity of CYT-19 (21). We find that CYT-19
accelerates refolding of the misfolded Tetrahymena ribozyme to
its native state and that it performs another reaction much more
efficiently; it unwinds the P1 duplex formed between the ri-
bozyme and its oligonucleotide substrate. This unwinding is
strongly enhanced by attachment of the P1 duplex to the
ribozyme but is inhibited by the formation of tertiary contacts
between P1 and the ribozyme body. The P1 unwinding activity
is not specific to the Tetrahymena ribozyme, because it is also
observed with one of the group I RNAs with which CYT-19
interacts in vivo. Together, these results suggest a model in which
CYT-19 acts as a general chaperone by binding nonspecifically
to structured RNAs and unwinding duplexes that are loosely
associated with these RNAs. DED1, another DExD�H box
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protein that interacts functionally with multiple RNAs, displays
analogous activity, suggesting that this mode of action may be
common for DExD�H-box proteins that function as general
RNA chaperones.

Results
Acceleration of Native Ribozyme Formation by CYT-19. To investigate
the interactions of CYT-19 with a misfolded group I RNA, we
first determined whether it accelerates refolding of the mis-
folded Tetrahymena ribozyme to its native state by using the
oligonucleotide cleavage activity of the native ribozyme as a
probe for its formation (31). We found that CYT-19 accelerates
formation of the native ribozyme and that the acceleration
requires ATP (Fig. 1A). The observed rate constant for refolding
increases linearly with CYT-19 concentration to at least 500 nM,
giving a kcat�KM value of 9 � 104 M�1 min�1 (Fig. 1B). The lack
of saturation indicates a lower limit of 500 nM on the Kd for
functional binding by CYT-19,‡ consistent with previous results
indicating relatively nonspecific binding to group I RNAs (21).
In our refolding reactions, CYT-19 was inactivated before
determination of the fraction of native ribozyme (see Materials
and Methods and Fig. 7, which is published as supporting
information on the PNAS web site), indicating that CYT-19
chaperones folding of the ribozyme to the native state, rather
than giving formation of an RNA species that requires its
continued presence for activity (24).

CYT-19 Efficiently Unwinds a Double-Stranded Region of the Ri-
bozyme. Surprisingly, we found that, in reactions analogous to
those above, but with the oligonucleotide substrate CCCUCUA5
(S) initially bound to the misfolded ribozyme rather than added
only after the refolding reaction, even low concentrations of
CYT-19 resulted in rapid cleavage of S. This result suggested
either that CYT-19 was much more efficient at refolding the
ribozyme with bound S or that CYT-19 was giving efficient
dissociation of S from the misfolded ribozyme by unwinding the

P1 duplex formed between S and the ribozyme, allowing S to be
bound and cleaved by the small fraction of native ribozyme
present. To determine directly whether CYT-19 accelerates
unwinding of the P1 duplex, releasing S to solution, we used a
native gel mobility shift assay. Indeed, even at concentrations as
low as 10 nM, CYT-19 substantially accelerated dissociation of
S (Fig. 2). This result demonstrates that CYT-19 possesses RNA
unwinding activity, as expected by analogy with other DExD�
H-box proteins (10–17).§ An independent assay using the oli-
gonucleotide cleavage activity of the ribozyme gave the same
results within error (Fig. 8, which is published as supporting
information on the PNAS web site), confirming that the gel shift
assay was faithfully monitoring substrate dissociation. Similar to
the ribozyme refolding reaction described above, acceleration of
P1 duplex unwinding requires ATP (Fig. 2B), and the rate
increases linearly with CYT-19 concentration. The dependence
on CYT-19 concentration gave a kcat�KM value of 107 M�1

min�1, �1,000-fold larger than that for refolding the ribozyme
to its native state under the same conditions.¶ Additional ex-

‡An alternative to weak binding would be slow and rate-limiting binding (kon � 9 � 104

M�1 min�1), which could produce the observed concentration dependence even if binding
were tight. However, CYT-19 unwinds the P1 duplex of the ribozyme �100-fold faster than
it refolds the ribozyme (see Fig. 2). This result sets a lower limit on the rate constant for
CYT-19 binding the ribozyme of �107 M�1 min�1, and thus weak binding is indicated by
the concentration dependence in the refolding reaction.

§The P1 duplex contains only 6 bp, so the ability of CYT-19 to unwind it does not indicate
that CYT-19 is a processive helicase. Furthermore, the unwinding activity is decreased
significantly upon lengthening the helix to 11 bp (R.R., unpublished results), suggesting a
lack of processivity by CYT-19. Thus, the term ‘‘unwinding activity’’ is used here, rather
than helicase activity, to avoid suggesting mechanistic or functional analogies with DNA
or RNA helicases (60). It should be noted that higher processivity would probably not be
useful for RNA chaperones in general, because RNAs of typical length (500 nt) are unlikely
even to have potential to form any fortuitous, intramolecular Watson–Crick duplexes
longer than 7 or 8 bp (see Fortuitous Helix Probabilities in Supporting Text).

¶The refolding assays of Fig. 1 were performed in the presence of 5 mM Mg2�, whereas the
P1 unwinding experiments used 10 mM Mg2�. At 10 mM Mg2�, the kcat�KM value for
ribozyme refolding was �2 � 103 M�1 min�1, 5,000-fold smaller than the kcat�KM value for
P1 helix unwinding from the ribozyme (see Fig. 6).

Fig. 1. Acceleration of ribozyme refolding to the native state by CYT-19. (A)
Misfolded ribozyme was incubated without CYT-19 (E), with 500 nM CYT-19
in the absence of ATP (F), or with 100 nM (ƒ), 200 nM (�), or 500 nM CYT-19
(�) in the presence of 2 mM ATP-Mg2�. Rate constants for native state
formation were 0.0071 min�1 (E), 0.0048 min�1 (F), 0.017 min�1 (ƒ), 0.026
min�1 (�), and 0.053 min�1 (�). The faster reactions gave well defined end
points of �0.85, and end points for the slower reactions were forced to this
value. This end point represents essentially complete refolding of the ri-
bozyme to the native state, because the remainder is inactive and presumably
damaged (59). (B) Observed rate constants from A plotted against CYT-19
concentration. Three independent determinations gave a kcat�KM value of
(8.8 � 1.4) � 104 M�1 min�1 in the presence of 5 mM Mg2�. Analogous
experiments at 10 mM Mg2� gave an upper limit of 2 � 103 M�1 min�1 (Fig. 6,
which is published as supporting information on the PNAS web site).

Fig. 2. Acceleration of substrate dissociation by CYT-19. (A) Native gel
mobility shift assay to separate free substrate (S) from substrate bound to
ribozyme (ES). In the marker lane at left (M), S was run alone. From left to right,
the other lanes represent reaction in the presence of 30 nM CYT-19 for 1, 3, 4,
14, 30, and 45 min. The two bands shown in each lane accounted for �95% of
labeled material. (B) Time courses of substrate dissociation from misfolded
ribozyme. CYT-19 was absent (E, koff

s � 0.019 min�1), present at 50 nM in the
absence of ATP (F, koff

s � 0.021 min�1), or present at 10 nM (�, koff
s � 0.11

min�1) or 20 nM (�, koff
s � 0.19 min�1) in the presence of 2 mM ATP-Mg2�. In

reactions with CYT-19 at concentrations of �20 nM, slower phases with rate
constants of �0.02 min�1 were observed, presumably reflecting time-
dependent inactivation of CYT-19 followed by substrate dissociation at its
intrinsic rate. For these reactions, rate constants were calculated by multiply-
ing the observed rate constant for the faster phase by the amplitude of the fast
phase divided by the total amplitude. (C) Dependence of substrate dissocia-
tion on CYT-19 concentration. A linear fit gave a (kcat�KM) value of (1.1 � 0.1) �
107 M�1 min�1.
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periments using excess ribozyme demonstrated that CYT-19 is
capable of performing multiple turnovers of P1 duplex unwind-
ing (Fig. 9, which is published as supporting information on the
PNAS web site).

Specificity for P1 Duplex Unwinding Contributed by the Ribozyme
Structure. Unwinding the P1 duplex, which contains native base
pairs, is not expected to be a physiologically productive activity
of CYT-19, and we confirmed that the absence of P1 does not
accelerate refolding of the misfolded ribozyme in vitro under
near-physiological conditions (Fig. 10, which is published as
supporting information on the PNAS web site). Nevertheless, we
were interested in studying the P1 unwinding reaction as a means
of gaining insight into the mechanism and specificity determi-
nants for CYT-19 action. Thus, we explored whether this un-
winding is purely nonspecific activity by CYT-19 or whether the
protein is targeted by the presence of RNA structure adjacent to
the duplex. We measured CYT-19-mediated unwinding of a
duplex formed between S and the ribozyme strand that binds it,
the internal guide sequence, under identical solution conditions
and with the same molar concentration of the RNAs (Fig. 3).
Strikingly, CYT-19 unwinds this duplex 50-fold less efficiently
than when P1 is covalently attached to the ribozyme (Fig. 3B),
suggesting that CYT-19 is recruited by forming additional con-
tacts with the ribozyme. This interaction is most likely made with
a different site on CYT-19 from the one responsible for RNA
unwinding, because an interaction of the CYT-19 unwinding site
with a site on the ribozyme away from P1 would most likely need
to be broken to allow binding and unwinding of P1, such that the
initial binding would be ‘‘nonproductive’’ and would therefore
not increase the kcat�KM value (33).

To further explore the possibility of a second RNA binding site
on CYT-19, we compared the Mg2� dependences for P1 duplex
unwinding with and without the attached ribozyme. Although
both reactions were less efficient at higher Mg2� concentrations,
the inhibition was stronger in the context of the intact ribozyme
(Fig. 11, which is published as supporting information on the
PNAS web site). These results provide further evidence for a
second binding site, and they suggest that electrostatic interac-
tions contribute substantially to RNA binding by this site or that
the increased stability of the ribozyme at higher Mg2� concen-
trations weakens CYT-19 binding.

CYT-19-Mediated Unwinding of the P1 Duplex Is Inhibited by Tertiary
Docking of P1. Initially to determine whether CYT-19 was more
efficiently targeted to the misfolded ribozyme than the native
ribozyme, we compared P1 duplex unwinding from the native
and misfolded ribozyme species. CYT-19 efficiently unwound
the P1 duplex from both the native and misfolded ribozymes, but
the reaction was 2- to 3-fold less efficient from the native
ribozyme (Fig. 4A). This result raised the possibility of a modest
enhancement from features specific to the misfolded structure,
but it was also possible that unwinding of the P1 duplex from the
native ribozyme was inhibited by docking of P1 into stable
tertiary contacts with the ribozyme core (34, 35). Because the
small decrease in efficiency is approximately equal to the
equilibrium constant for P1 docking to the native ribozyme
under these conditions, it was possible that the inhibition from
tertiary contact formation was very large but gave only a small
effect because CYT-19 was able to unwind P1 efficiently during
the time it spent undocked (see Calculation of Docking Equilib-
rium Constants in Supporting Text, which is published as sup-
porting information on the PNAS web site).

Therefore, we measured dissociation of a substrate that in-
cludes a 2�-methoxy substitution and does not form stable
tertiary interactions with the native ribozyme (36) (see Table 1,
which is published as supporting information on the PNAS web
site, for a list of substrates). The preference for substrate

dissociation from the misfolded ribozyme was eliminated by this
substitution (Fig. 12, which is published as supporting informa-
tion on the PNAS web site), indicating that CYT-19 does not
distinguish between the native and misfolded structures but
unwinds the P1 duplex less efficiently when it is docked against
the ribozyme core. To confirm this conclusion and to explore the
degree to which unwinding of P1 is inhibited by docking, we
measured unwinding of a P1 duplex containing the oligonucle-
otide product (CCCUCU), which lacks the A5 tail of the
substrate and docks much more strongly (37). This duplex was
unwound much less efficiently from the native ribozyme, with a
kcat�KM value 900-fold lower than from the misfolded ribozyme
(Fig. 4B). This difference is the same within error as the
equilibrium constant for docking of the product under these
conditions, suggesting that CYT-19 possesses little or no un-

Fig. 3. CYT-19 unwinds the P1 duplex more efficiently when P1 is attached
to the ribozyme than when it is free in solution. (A) Secondary structure of the
ribozyme and P1 duplex. The black shaded region shows the nucleotides
included in the model P1 duplex. The gray shaded region shows the additional
nucleotides in the model duplex that includes P2 (see Results). (B) CYT-19-
mediated unwinding of the isolated P1 duplex (E). Data from two indepen-
dent determinations gave a second-order rate constant of (2.6 � 0.3) � 105

M�1 min�1. Rate constants for CYT-19-mediated unwinding of the P1 duplex
attached to the ribozyme are duplicated from Fig. 2C for comparison (�).
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winding activity for the docked P1 duplex and unwinds P1 only
when it transiently undocks.

Specificity Determinants of the Unwinding Reaction. We next inves-
tigated whether the efficient P1 duplex unwinding is specific to the
Tetrahymena ribozyme and CYT-19 or a more general feature of
the action of DExD�H-box proteins. We first tested whether the
entire ribozyme is necessary or whether smaller extensions would
also stimulate unwinding of P1 (Fig. 13, which is published as
supporting information on the PNAS web site). Thus, we bound the
substrate to an RNA oligonucleotide that includes only the internal
guide sequence of the Tetrahymena ribozyme and the adjacent P2
helix (see Fig. 3A). Strikingly, CYT-19 unwound this P1 duplex
10-fold more efficiently than the minimal duplex. RNase T1 foot-
printing confirmed that the P2 base pairs are formed (Fig. 14, which
is published as supporting information on the PNAS web site),
suggesting that the increased efficiency arises from binding to the
double-stranded P2 helix by the second RNA binding site on
CYT-19. This binding is apparently not specific for the P2 sequence,
because attachment of the unrelated P9.2 helix gave a significant
enhancement. Attachment of 20-nt single-stranded extensions A20
or A4U16 gave slightly less efficient unwinding than attachment of
P2. This result provides strong evidence against an alternative
model in which CYT-19 first unwinds the P2 helix and then
translocates into P1 to continue unwinding, because this model
would predict that single-stranded extensions would give much
larger enhancements of activity than double-stranded extensions
(14). To provide further evidence against this model, we measured
P1 unwinding from a construct that retains the 5� sequence of P2
but has the 3� sequence scrambled, eliminating the P2 base pairs.
This construct did not give a significant enhancement of P1
unwinding relative to the double-stranded P2 extension, providing
further evidence against obligatory unwinding of P2 and subse-
quent translocation. This conclusion is further supported by inde-
pendent experiments demonstrating that DEAD-box proteins can
unwind short duplexes without translocating (E. Jankowsky, per-
sonal communication). On the other hand, all of these single-
stranded extensions gave significant enhancements relative to the
P1 duplex alone, most simply suggesting that the second site on
CYT-19 can bind to either single-stranded or double-stranded
RNA. All of these model duplexes were unwound less efficiently
than P1 in the context of the entire ribozyme, raising the possibility
that the interaction between the ribozyme and the second site of
CYT-19 extends beyond the structure immediately adjacent to P1.

We next investigated whether the efficient unwinding of the P1
duplex was specific to the Tetrahymena ribozyme or whether
CYT-19 possesses similar activity with an RNA on which it
functions in vivo. We designed and constructed a ribozyme from
the minimal active form of the Neurospora mtLSU intron (38) by
eliminating the 5� and 3� exons (39–41) (Fig. 15A, which is
published as supporting information on the PNAS web site).
CYT-19 unwound the P1 duplex from this ribozyme with the
same efficiency as from the Tetrahymena ribozyme (kcat�KM �
1.5 � 107 M�1 min�1) (Fig. 15B), suggesting that the activity is
a general property of CYT-19. Interestingly, the efficiency was
unaffected by addition of the CYT-18 protein (Fig. 15B), which
binds this intron RNA tightly and is required for efficient splicing
(42–44), as well as for efficient substrate cleavage by this
ribozyme version (H.B. and R.R., unpublished results). The lack
of an effect of bound CYT-18 on P1 duplex unwinding by
CYT-19 suggests that the RNA provides the primary recognition
elements for CYT-19 action.

Finally, we tested whether a DExD�H-box protein that does not
function with group I introns, but does interact functionally with
multiple RNAs, is also enhanced for unwinding activity by the
attachment of RNA structure. The Saccharomyces cerevisiae DED1
protein is involved in translation initiation of a range of mRNAs (45,
46), suggesting that it may function as a general RNA chaperone.
In vitro, it has robust duplex unwinding activity (15) and can displace
a protein from single-stranded RNA (20). DED1 also accelerated
unwinding of the P1 duplex, and its efficiency was enhanced by
attachment of the Tetrahymena ribozyme to approximately the
same extent as that of CYT-19 (Fig. 16, which is published as
supporting information on the PNAS web site). This result suggests
that, like CYT-19, DED1 possesses an additional RNA binding site
that can localize its action to structured RNAs.

Discussion
It is increasingly clear that many structured RNAs require
DExD�H-box proteins to facilitate folding transitions. The
CYT-19 protein was shown previously to accelerate splicing of
several group I introns in vivo and in vitro (21) and to be able to
facilitate folding of group II introns as well (23, 24). Here we
used CYT-19 and a long-lived misfolded species of the Tetrahy-
mena ribozyme to explore further how DExD�H-box proteins
mediate RNA refolding reactions and how they are targeted to
their physiological substrates. As described below and shown in
Fig. 5, our results suggest a model for the general chaperone
activity of CYT-19, features of which are likely to be general for
the action of DExD�H-box proteins.

Chaperone Action of CYT-19. As a first step for its chaperone action,
CYT-19 must bind to the structured RNA. We suggest that this
initial binding occurs through an RNA binding domain (RBD)
or surface that is distinct from the active site used for unwinding
because attachment of the ribozyme, or even a simple duplex, to
the isolated P1 duplex increases the efficiency of its unwinding
by CYT-19. Presumably this initial binding functions to tether
the unwinding active site in proximity to the RNA. Because the
interaction appears to be at least as strong to double-stranded
RNA, or even highly structured RNA, as single-stranded RNA,
it is apparently distinct from the single-strand loading activity
that is characteristic of conventional DNA and RNA helicases
(16, 47).

Next, while remaining bound through this RBD to its initial
attachment point on the RNA, CYT-19 can rearrange the RNA
by unwinding nearby double-stranded regions. The unwinding
activity is apparently much more efficient for duplex regions that
are loosely associated with the RNA structure, because tertiary
docking of the P1 duplex essentially abolishes unwinding (Fig.
4B). Presumably docking of P1 protects it from CYT-19 action
by making it inaccessible to the unwinding active site. Binding by

Fig. 4. Unwinding of the P1 duplex is inhibited by docking of P1 into the
ribozyme core. (A) CYT-19-mediated unwinding of the P1 duplex from native
(E) or misfolded (�) ribozyme. To prevent substrate cleavage by the native
ribozyme, we used a modified substrate, �1d,rSA5, which has deoxyribose at
the cleavage site and reacts poorly (61). The data gave second-order rate
constants of (3.9 � 0.2) � 106 M�1 min�1 and (9.3 � 0.5) � 106 M�1 min�1 for
P1 unwinding from native and misfolded ribozyme, respectively. (B) CYT-19-
mediated dissociation of oligonucleotide product (CCCUCU) from native (E)
or misfolded (�) ribozyme. These data gave second-order rate constants of
(5.0 � 1.7) � 103 M�1 min�1 and (4.5 � 0.4) � 106 M�1 min�1 from native and
misfolded ribozyme, respectively.
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this active site may require diffusive entry of the duplex, because
formation of tertiary contacts by P1 would, by definition,
severely restrict motion relative to the RNA body. Although the
undocked P1 duplex may form transient nonnative contacts with
other regions of the ribozyme (36, 48), the substrate binds with
the affinity of a simple duplex (35, 36), suggesting that the
contacts are not stable and are not likely to severely restrict
motion of the undocked P1 duplex.

The P1 base pairs are native base pairs, and thus unwinding P1
is not expected to be a productive reaction for CYT-19. However,
we suggest that CYT-19 is likely to employ a similar mechanism in
refolding RNAs to their native states, except that it may disrupt
long-range tertiary contacts instead of, or in addition to, local
secondary structure. The CYT-19-mediated refolding reaction of
the misfolded Tetrahymena ribozyme is much less efficient than P1
duplex unwinding, perhaps because the structure that must be
disrupted is packed tightly against the misfolded core or because
more extensive unfolding is required. The action of CYT-19 in
folding of its natural group I RNA substrates may also include
displacement of the CYT-18 protein, which binds tightly to the
RNAs and could increase the lifetimes of misfolded species (21, 49).
Although previous results suggested, as one of several possibilities,
that CYT-18 could provide a critical targeting function for CYT-19
(21), our results suggest that target recognition is mediated instead
by RNA structure, as also suggested by recent findings that CYT-19
can chaperone folding of group I and group II introns in yeast in the
absence of CYT-18 (23, 24).

Although our data do not establish what region of CYT-19
harbors the RNA binding site that enhances duplex unwinding
(RBD in Fig. 5), a likely candidate is the C-terminal region,
which includes �175 aa past the conserved motifs of the helicase
motor domain. Such activity would be analogous to that of the
accessory C-terminal domain of the bacterial protein DbpA and
its ortholog YxiN (6–9), which recognizes a specific site within
the 23S rRNA. Although the C-terminal region of CYT-19 does
not include sequences that are readily identified as RNA binding
motifs, it is highly basic, containing arginine-rich sequences
reminiscent of those found in other RBDs (50). These features

are shared by sequences at both the N and C termini of DED1,
which displays a similar enhancement of unwinding activity upon
attachment of the group I RNA structure (see Fig. 16).

The nonspecific targeting of CYT-19 to structured RNA and
unwinding of a loosely associated duplex provide a physical model
that may underlie prior observations that CYT-19 assists folding of
a diverse set of RNAs in vitro and in vivo (21, 23, 24). On the other
hand, this model begs the question of why CYT-19 was identified
genetically as a factor required by group I introns (51). First, it is
quite possible that CYT-19 functions in folding of additional RNAs.
It was noted in the early work that cyt-19 mutants are also defective
in 5� end processing of certain pre-mRNAs (21, 51), suggesting
additional functions for CYT-19. It is also possible that some
functions were not detected because a second mitochondrial
DExD�H-box protein may have overlapping activities. Finally,
localization of CYT-19 to the mitochondria probably restricts the
number of RNAs that it encounters and therefore limits its natural
range of substrates below its in vitro capabilities. The Neurospora
genome encodes �25 DEAD box proteins, including a putative
ortholog of DED1, raising the possibility that other proteins
function analogously as general RNA chaperones in other subcel-
lular compartments.

Implications: A Model for General RNA Chaperone Activity. The
diversity of structured RNAs and their propensity to misfold
suggest that there are many misfolded RNA species that require
assistance from RNA chaperones in vivo (2, 52). Indeed, there may
be a general necessity for chaperones during folding of RNAs,
conceptually analogous to the general role of chaperones during the
folding of proteins (reviewed in ref. 53). Some misfolded RNA
species may be sufficiently difficult to resolve, or sufficiently im-
portant to resolve quickly, that a DExD�H-box protein is dedicated
to that task alone (6–9). However, it would presumably not be
feasible to dedicate a unique chaperone to each structured RNA,
much less to each misfolded conformation of each RNA. Even
some DExD�H-box proteins that were initially identified with a
unique substrate have been found subsequently to interact func-
tionally with additional RNAs (5, 54–56), and there is almost
certainly a need for general chaperones that can facilitate folding of
multiple RNAs, as demonstrated for CYT-19 and its yeast ortholog
MSS116 (21, 23, 24).

But how do these chaperones interact with misfolded RNAs, and
how do they resolve them? Two features of CYT-19 action observed
here are likely to underlie its general chaperone activity, and other
DExD�H-box proteins may share these properties. First, recogni-
tion of RNA structure, with limited specificity beyond the presence
of secondary or tertiary structure, would be expected to allow an
RNA chaperone protein to interact with multiple RNAs. A second
challenge for a general chaperone is to determine which parts of the
many RNA species it binds are misfolded and therefore need to be
disrupted. We suggest that the strong preference of CYT-19 for
unwinding double-stranded regions that are not stably associated
with the core RNA structure is likely to be critical because
nonnative structure is likely, in general, to be less able than native
structure to form stable tertiary contacts with other regions of
structured RNAs. Thus, this preference is expected to bias a
chaperone protein toward disrupting nonnative structure, allowing
it an opportunity to refold. The central features of this mode of
action may also be applicable to DExD�H-box proteins that func-
tion on specific complexes, except that these proteins possess more
specific RNA or protein binding domains and are therefore local-
ized to a particular misfolded structure or assembly intermediate.
The experimental system of the group I ribozyme and the model
duplexes derived from it should be very useful for probing further
which DExD�H-box proteins have properties similar to those of
CYT-19 and thus may be well suited to function as general RNA
chaperones.

Fig. 5. Model for general chaperone activity. CYT-19 binds to structured
RNAs, including the Tetrahymena ribozyme (shown as black and blue cylinders
representing the core and peripheral helices, respectively), via a binding site
(labeled RBD) that is distinct from the one responsible for RNA unwinding
activity. Binding of this site to the structured RNA brings the active site into
proximity of the structured RNA, allowing it to unwind loosely associated
structural elements like the P1 duplex (green and red strands). In general,
unwinding of these duplexes gives the strands an opportunity to refold, but
for P1, unwinding leads to dissociation of the noncovalently bound substrate
(red). As described in Discussion, the additional RNA binding site on CYT-19 is
likely to reside in a separate domain from the helicase motor domain as
shown, but it is also possible that the site is formed by a loop or surface within
the motor domain, or by the unwinding active site of a second CYT-19
monomer if CYT-19 functions as a multimer. The site apparently binds double-
stranded RNA as shown (the P2 element is shown in green), and, because the
efficiency of unwinding is increased by the presence of the rest of the
ribozyme (see Results), there may be additional contacts.
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Materials and Methods
Materials. Ribozymes (L-21�ScaI Tetrahymena and Neurospora
LSU) were prepared by in vitro transcription (39) and purified by
using RNeasy columns (Qiagen, Valencia, CA) (57). RNA
oligonucleotides (Dharmacon Research, Lafayette, CO) were 5�
end-labeled with [�-32P]ATP by using T4 polynucleotide kinase
and purified by nondenaturing PAGE (58). CYT-19 was ex-
pressed and purified as described (21) with minor modifications
(see Purification of CYT-19 in Supporting Text).

Activity Assay to Monitor CYT-19-Mediated Ribozyme Refolding. Un-
less otherwise indicated, reactions were at 25°C with 50 mM
Na-Mops (pH 7.0), 5 mM Mg2�, 50 mM KCl, 2 mM ATP-Mg2�,
and 5% glycerol. Misfolded ribozyme (�90%) was generated by
incubation with 10 mM Mg2� (10 min, 25°C). The Mg2� concen-
tration was then decreased, as desired, and CYT-19 was added to
initiate refolding. Aliquots were quenched for refolding by adding
MgCl2 to 50 mM, which dramatically increases the lifetime of the
misfolded conformation (31). A series of control experiments
demonstrated that CYT-19 is also inactivated under these condi-
tions (Fig. 7), such that no significant refolding occurs after the
addition of 50 mM MgCl2. The fraction of native ribozyme at each
time was determined by adding trace 32P-labeled substrate (S*) and
500 �M G for 1 min. This time is sufficient for S* to bind to the
native and misfolded ribozyme (kon � 108 M�1 min�1, ribozyme
concentration � 30 nM) and for the native ribozyme to cleave S*,
but not for S* to dissociate from the misfolded ribozyme (koff � 0.02
min�1). Thus, the fraction of S* cleaved reflects the fraction of
native ribozyme (31) (Fig. 7D). S* was separated from its shorter
cleavage product by 20% denaturing PAGE and quantitated by
using a PhosphorImager (GE Healthcare, Fairfield, CT), and the

time course was fit by a single exponential equation (Kaleidagraph;
Synergy Software, Reading, PA).

Native Gel Mobility Shift Assay to Monitor P1 Duplex Unwinding.
Unless otherwise indicated, reactions were at 25°C with 50 mM
Na-Mops (pH 7.0), 10 mM Mg2�, 50 mM KCl, 2 mM ATP-Mg2�,
and 5% glycerol. The ribozyme was prefolded to the native or
misfolded states by incubating with 10 mM Mg2� at 50°C for 30
min (28) or at 25°C for 5 min (30, 59), respectively. Trace S* was
added and allowed 5 min to bind. CYT-19 was then added with
excess unlabeled S to initiate rapid and irreversible dissociation
of S* (10 nM ribozyme, 2.5 �M unlabeled S, and �10 nM
CYT-19), which was monitored by 20% native PAGE (30 mM
Tris, 60 mM Mes, 0.1 mM EDTA, 10 mM MgCl2, and 300 mM
KCl) at 5°C (see Fig. 2 A) and quantitated as above. Unwinding
of model P1 duplexes was followed identically except that higher
concentrations and longer times were used to form the duplex
(600 nM unlabeled ribozyme strand, 100 nM S, trace S*,
�60-min incubation at 5°C). The duplex was diluted upon
addition of excess S and CYT-19 so that its concentration was the
same as that in experiments measuring S dissociation from the
ribozyme (10 nM). All other solution conditions were identical.
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