RNA chaperone StpA loosens
interactions of the tertiary structure
in the td group I intron in vivo
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Efficient splicing of the td group I intron in vivo is dependent on the ribosome. In the absence of translation,
the pre-mRNA is trapped in nonnative-splicing-incompetent conformations. Alternatively, folding of the
pre-mRNA can be promoted by the RNA chaperone StpA or by the group I intron-specific splicing factor
Cyt-18. To understand the mechanism of action of RNA chaperones, we probed the impact of StpA on the
structure of the td intron in vivo. Our data suggest that StpA loosens tertiary interactions. The most
prominent structural change was the opening of the base triples, which are involved in the correct orientation
of the two major intron core domains. In line with the destabilizing activity of StpA, splicing of mutant
introns with a reduced structural stability is sensitive to StpA. In contrast, Cyt-18 strengthens tertiary
contacts, thereby rescuing splicing of structurally compromised td mutants in vivo. Our data provide direct
evidence for protein-induced conformational changes within catalytic RNA in vivo. Whereas StpA resolves
tertiary contacts enabling the RNA to refold, Cyt-18 contributes to the overall compactness of the td intron in

vivo.
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Most RNAs have to fold into a defined native structure
in order to fulfill their function. Because RNA supports a
variety of non-Watson-Crick base pairs, it becomes dif-
ficult for a population of RNA molecules to adopt a
single structure. As a consequence, RNAs tend to mis-
fold in vitro and in vivo (Lindahl and Adams 1966; Wal-
strum and Uhlenbeck 1990; Woodson and Cech 1991;
Pan and Woodson 1998; Semrad and Schroeder 1998;
Treiber et al. 1998; Nikolcheva and Woodson 1999;
Treiber and Williamson 2001). A variety of methods—
hydroxyl-radical footprinting, oligonucleotide hybridiza-
tion, UV melting, native gel electrophoresis, X-ray syn-
chrotron analysis, and single molecule fluorescence
measurements—were used to study the folding pathway
of the Tetrahymena group I intron in vitro (Zarrinkar
and Williamson 1994, 1996; Banerjee and Turner 1995;
Rook et al. 1998; Sclavi et al. 1998; Treiber et al. 1998;
Russell et al. 2000; Zhuang et al. 2000; Russell and Her-
schlag 2001). These studies lead to a model in which the
folding pathways are part of a rugged free-energy land-
scape. This ruggedness is due to the multiple folding
pathways a molecule can use to achieve the native state.
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These pathways are interrupted by various kinetic traps
resulting from nonnative structures. In vitro this folding
problem is solved by precise renaturation protocols,
which include heating procedures to resolve misfolded
structures. There are two possibilities how proteins can
assist RNA in achieving a unique native conformation.
From in vitro experiments it has been proposed that they
either act as RNA chaperones by resolving nonnative
conformations without recognizing specific structures or
sequences (Herschlag 1995) or they bind specifically to
an RNA and recognize a defined 3D structure, thereby
stabilizing it through tight binding (Weeks 1997). The
Escherichia coli proteins S12 and StpA can act as RNA
chaperones in the folding process of intron RNA both in
vitro and in vivo (Coetzee et al. 1994; Zhang et al. 1995,
1996; Clodi et al. 1999), whereas the proteins Cyt-18 and
CBP2, as well as the I-Anil maturase interact specifically
with group I intron RNA (Weeks and Cech 1995; Caprara
et al. 1996a; Solem et al. 2002). Several other proteins
have been reported to exert RNA chaperone activity in
vitro, like the nucleocapsid protein of HIV NCp7, the Al
hnRNP, the cold-shock protein CspA, the host factor I
protein Hfq, the yeast La protein, and the tumor suppres-
sor protein p53 (Tsuchihashi et al. 1993; Herschlag et al.
1994, Jiang et al. 1997; Nedbal et al. 1997; Pannone et al.
1998; Clodi et al. 1999; Negroni and Buc 2000; Zhang et
al. 2002).

2300 GENES & DEVELOPMENT 16:2300-2312 © 2002 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/02 $5.00; www.genesdev.org



The E. coli protein StpA has been assigned RNA chap-
erone activity due to its ability to accelerate trans-splic-
ing of the T4 phage thymidylate synthase (td) group I
intron in vitro, as well as to stimulate RNA annealing
and RNA dissociation (Zhang et al. 1995, 1996). The
stpA gene was isolated as a suppressor of the Td™ phe-
notype of a splicing-defective td intron (Zhang and Bel-
fort 1992). In vivo it rescues folding of the td pre-mRNA
in mutants that are kinetically trapped in nonproductive
conformations due to nonsense codons in the upstream
exon (Semrad and Schroeder 1998; Clodi et al. 1999).
StpA has been shown recently to induce strand transfer
during primer extension by the HIV reverse transcrip-
tase, suggesting that proteins with RNA chaperone ac-
tivity might confer a higher genetic flexibility to retro-
viruses (Negroni and Buc 2000).

Here, we undertook a first approach to analyze the
effect of the protein StpA on RNA structure by probing
the conformation of the td intron in vivo with dimethyl
sulfate (DMS). We compared the modification patterns of
the td RNA in the absence and presence of the RNA
chaperone StpA in vivo. Additionally, the td intron
structure was probed in the absence and presence of the
aminoacyl-tRNA synthetase Cyt-18, a protein that binds
specifically to the core of group I introns (Caprara et al.
1996a, 2001). StpA has a major effect on junction J3/4,
which is part of the base triple interactions responsible
for the correct orientation of the P4/P6 domain relative
to the P3/P8 domain (Michel et al. 1990; Green and
Szostak 1994; Cate et al. 1996). The same residues in J3/4
have been implicated previously in the activity of Cyt-18
(Myers et al. 1996; Chen et al. 2000). We showed that
both proteins affect the modification status of the ad-
enines in J3/4, but do so in opposite ways. Our observa-
tions were further underlined by an analysis of the effect
of these proteins on the conformation and splicing activ-
ity of structurally destabilized td intron mutants.

Results

Secondary structure of the td intron in vivo

DMS readily enters the E. coli cell and methylates ac-
cessible bases in RNA and DNA (Zaug and Cech 1995;
Wells et al. 2000). Methylation occurs at positions essen-
tial for Watson-Crick base pairing, N1 of adenines and
N3 of cytidines, and can be detected because they pro-
voke premature stops during primer extension. The
structure of the td wild-type intron has been probed re-
cently in vivo (C. Waldsich, B. Masquida, E. Westhof,
and R. Schroeder, unpubl. data). The in vivo DMS modi-
fication pattern is in good agreement with the structural
model based on phylogeny and biochemical in vitro data
(Michel and Westhof 1990, 1994, Jaeger et al. 1994). Of
interest for the results described here is the modification
status of residues in junctions J3/4 and J8/7, in loops L9
and L9.2, and in stem P3, which are all involved in ter-
tiary interactions. These residues are weakly to moder-
ately modified and these results are summarized in Fig-
ure 1A.

StpA destabilizes the td intron tertiary structure

Because the wild-type td construct splices to a high
extent, the population of RNA molecules that was
probed with DMS in vivo was mostly circular intron
RNA. This was determined by primer extension with a
primer complementary to the P2 region, which extends
to the 5’/3’ junction of the circular intron and not to the
upstream exon. To probe the structure of the intron in a
population of molecules that are in part unspliced, td
mutants containing a nonsense codon in the upstream
exon (tdG-51U, tdU-1004A, tdU-223A) were also sub-
jected to in vivo DMS modification. Figure 1B shows the
DMS modification pattern of the P4/P6 domain of the td
wild type (lanes 1,2) and of the nonsense codon mutant
tdU-100A (lanes 7,8). The DMS modification pattern of
wild-type excised intron did not differ from the intron
modification pattern of mutant pre-mRNAs (Fig. 1B;
data not shown). This indicates that the structure of the
circular intron, with exception of the splices sites, is
indistinguishable from that of an intron still residing
within the precursor RNA. Thus, the nonsense codon in
the upstream exon does not influence the intron core
structure. Nevertheless, all subsequently described ex-
periments in which the structure of the td intron was
probed in the presence of either StpA or Cyt-18 were
performed both with the wild-type td construct and with
at least one of the mutants containing a nonsense codon
in the upstream exon. The same effects of StpA or Cyt-18
on the structure of the td intron, which will be described
here, were observed for the wild-type excised intron, as
well as for the nonsense codon containing mutant pre-
mRNAs (Fig. 1B, lanes 3,4,9,10).

StpA rescues splicing of exonic td mutants containing
nonsense codons

Efficient splicing of the td intron in vivo is dependent on
the ribosome (Semrad and Schroeder 1998; Waldsich et
al. 1998). Uncoupling splicing from translation by intro-
ducing nonsense codons in the upstream exon reduces
splicing of these mutant pre-mRNAs compared to the
wild type. In the absence of translation, the td pre-
mRNA becomes trapped in nonnative splicing-incompe-
tent conformations, resulting in a reduced splicing activ-
ity. We had shown previously that alternatively to the
ribosome, proteins with RNA chaperone activity such as
StpA are able to promote correct folding of the td pre-
mRNA, thereby rescuing splicing of a nonsense codon
mutant (Clodi et al. 1999). To test whether this effect of
StpA also applies to other exonic nonsense codon mu-
tants, we measured the splicing activity of mutants with
nonsense codons 51, 100, and 223 nucleotides upstream
of the 5’ splice site in the absence and presence of StpA.
StpA indeed promotes splicing of all these mutants in
vivo (Fig. 2A-C).

StpA expression levels in E. coli cells containing in
addition to the endogenously expressed StpA either an
empty vector or the StpA-encoding plasmid were ana-
lyzed by immunoblotting using antibodies against a C-
terminal StpA peptide. An ~10-fold increase in StpA lev-
els was detected in cells coexpressing StpA, as compared
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In vivo DMS modification pattern of the td group I intron. (A) Structural model of the td intron based on phylogeny and

biochemical data obtained in vitro (Michel and Westhof 1990; Cech et al. 1994; Leontis and Westhof 1998). Residues modified by DMS
in vivo are shown as triangles. The different size of the triangles indicates the relative modification intensities. Secondary structure
elements are termed P1-P10, joining regions between stems are termed J2/3-J8/7, and hairpin loops are numbered L1-L9.2. Long-range
tertiary interactions are indicated by thin black lines and the base triple interactions and the sheared A-A base pairs in the P4/P5
internal loop are indicated by dashed lines. The splice sites (5’ and 3’ SS) are marked with red arrows. The deletion of the intron ORF
is also indicated in loop Léa. Intron sequence is displayed in uppercase letter and exon sequences are shown as lowercase letters. The
following color code is used: yellow, P1; turquoise, P2; purple, P3; green, P4/P5 domain and P7 extension; blue-purple, P6 extension;
blue, P8; and black, P9 extension. (B) Intron residues of the P4/P6 domain, which are accessible to DMS, are displayed in these gels.
The DMS modification pattern of the wild-type intron is shown in the left panel and of the nonsense codon mutant tdU-100A in the
right panel. Boxed nucleotides correspond to positions within the intron that are modified by DMS (for the color code, see A). A and

C denote the sequencing lanes.

to cells containing the vector control (Fig. 2D). However,
it should be mentioned, that a weak cross-reaction of the
antibody with the highly related StpA paralog H-NS can-
not be precluded and may contribute to signals seen in
the immunoblots. Samples corresponding to 500 pL of
cells coexpressing StpA at an ODgg, of 0.2 give a signal
approximately equivalent to 0.2 ng of purified StpA,
whereas the signal of endogenously expressed StpA cor-
responds to 0.02 pg StpA (Fig. 2D; data not shown). Fur-
thermore, no fluctuation of StpA levels could be ob-
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served among samples from cells additionally containing
different plasmid-encoded td alleles. Therefore, the pres-
ence of different td alleles in the cell does not influence
the StpA protein amount in cells.

Opposite structural effects of StpA versus Cyt-18
on essential base triple interactions in the td intron

Although StpA is not able to rescue splicing-deficient
intronic td mutants that have a single nucleotide ex-
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Figure 2. Splicing activity of td mutants in the absence and presence of the RNA chaperone StpA. (A) Schematic representation of
the in vivo splicing assay. Primer extension with the oligonucleotide NBS2, which hybridizes to the 5’ end of the downstream exon,
terminates at the first A in the template in the presence of ddTTP as follows: primer + 16 nt corresponds to the mRNA, primer + 8 nt
to the cryptic spliced RNA, and primer + 5 nt to the pre-mRNA. (B) Representative gels display the splicing activity of the td wild type
and of exonic nonsense codon mutants in the presence and absence of StpA. Comparison of the mRNA extension product (primer + 16
nt) with the pre-mRNA extension product (primer + 5 nt) allows the determination of the splicing activity. The primer + 8 nt product
is due to an alternative 5’ splice site, which is defined by the formation of a cryptic P1 stem also serving as a substrate for the intron
core (Chandry and Belfort 1987). (C) Quantification of the individual experiments shown in B. Blue bars, % mRNA splicing; purple
bars, % cryptic splicing; and yellow bars, % total splicing. (D) Western blot analysis showing the endogenous levels of StpA compared
to those of cells transformed with the plasmid pSU20/StpA encoding StpA. The StpA levels are shown for the wild-type td intron and
for the nonsense codon mutants, each in the absence and in the presence of an additional plasmid-encoded StpA gene. As a reference,

0.3 ng of purified StpA protein are displayed.

change in stem P7, the Neurospora crassa aminoacyl-
tRNA-synthetase Cyt-18 is known to rescue splicing of
various td intron mutants and of td exonic nonsense
codon mutants (Mohr et al. 1992; Myers et al. 1996; Sem-
rad and Schroeder 1998; Clodi et al. 1999; Chen et al.
2000). Cyt-18 specifically recognizes and binds to the 3D
shape of the td intron core, thereby inducing the forma-
tion of the correct structure. Thus, there is a significant
difference between the effects of StpA and Cyt-18 with
respect to their ability to rescue exonic and intronic td
mutants.

To study the differences in binding as well as in the
mechanism of action of StpA and Cyt-18, we compared
the DMS modification patterns of the td intron in the
absence and presence of either protein in vivo (Fig. 3).
The most prominent changes in the presence of either
StpA or Cyt-18 are found at positions A46 and A47 in
J3/4. These adenines have been shown previously to in-
teract with stem P6, forming base triples (Michel et al.
1990; Green and Szostak 1994; Cate et al. 1996). These
base triples are involved in the correct orientation of the

P4/P6 domain relative to the P3/P8 domain and are cru-
cial for binding of Cyt-18 to the intron RNA (Caprara et
al. 1996a; Myers et al. 1996; Chen et al. 2000). In the
absence of either protein, residues A46 and A47 are mod-
erately modified, whereas the flanking residue A48 in P4
is always less intensely modified. Consistent with the
role of Cyt-18 in stabilizing the intron structure, this
protein protects residues A46 and A47 from modification
(Fig. 3A, upper panel), whereas the intensity of A48 re-
mains unchanged. In the presence of Cyt-18, the de-
creased modification of bases A46 and A47 compared to
residue A48 suggests that the base triple interaction be-
tween P6 and J3/4 is strengthened (Fig. 3A,B, upper pan-
els).

In contrast, in the presence of StpA, modification of
A46 and A47 in J3/4 is enhanced. Again the modification
of A48 remains unchanged (Fig. 3A, lower left panel).
Quantification of the DMS modifications confirmed the
increased accessibility of residues A46 and A47 relative
to nucleotide A48 (Fig. 3B, lower right panel). This in-
crease in accessibility to DMS suggests that in the pres-
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Figure 3. StpA and Cyt-18 induce structural changes in the base triple interactions between adenines in J3/4 and stem P6. Changes
in the DMS modification pattern of the td intron in vivo due to the presence of Cyt-18 is shown in the upper panel or due to the
presence of StpA in the lower panel. (A) The P4/P5 domain is shown in these representative gels. Numbered nucleotides, which are
highlighted by colored boxes at the left of the gel, are modified by DMS. The P4/P5 domain is marked in green and the joining segment
J3/4 is highlighted in orange. The gel part boxed in orange is outlined to point out the different effect of Cyt-18 versus StpA on the
residues A46 and A47 in J3/4. The sequencing lanes are labeled with A and C. In the presence of Cyt-18 the amount of td RNA is
increased in the cells, as reflected by the increase of nonspecific stops in untreated samples (cf. lanes 3 and 5), as well as by the
increased modification intensity of residues A55, C56, C57 and A63 in lanes 4 and 6. These differences in the td RNA amount were
normalized as described in Materials and Methods. (B) Phosphorlmager quantification (right panel) of the outlined gel segments in the
presence of Cyt-18 or StpA. The opposite effects of these proteins on the accessibility of the two adenines in J3/4 to DMS are
summarized in the middle panel.

ence of StpA, the base triples are mostly unfolded. Thus, 1; Michel and Westhof 1990, 1994; Jaeger et al. 1994,
StpA loosens the base triple interactions and has the Brion et al. 1999a,b). Among these essential tertiary con-
opposite effect on this structural element as Cyt-18. tacts are the base triples. Formation of the base triples is
Comparison of the modification intensities in the pres- crucial for proper folding of the intron; thus, opening of
ence of StpA or Cyt-18 is shown in the middle panel of this interaction by StpA might also perturb other tertiary
Figure 3B. contacts. The state of other tertiary interactions was also

quantified in the presence of StpA and Cyt-18 (Fig. 4A,B).
The additional changes found in the presence of either
protein are in line with the opposite effects of both pro-
The stability of the 3D structure of the td intron is teins on the base triples (Fig. 6A, see below). StpA ren-
achieved by several long-range tertiary interactions (Fig. ders residues A939 and A941 in junction J8/7 and nucleo-

StpA loosens and Cyt-18 stabilizes the overall 3D
structure of the td intron
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tide A943 in stem P7, as well as bases A887, A890, and A961 and A994-C996, which participate in the forma-

A906-A908, which are part of the loop E motif, slightly tion of or are close to long-range tertiary interactions
more accessible to DMS (Leontis and Westhof 1998; also display an enhanced modification intensity in the
Waldsich et al. 2002). The residues A911, A913, and presence of StpA (data not shown). In brief, StpA has a
A915, which are part of the late-forming pseudoknot P3, destabilizing effect on the overall 3D structure of the td
are also slightly more accessible to DMS, as well as the intron.
adjacent bases in junction J3/7.2 (Fig. 4B; Michel and In vitro Cyt-18 was shown to stabilize the tertiary
Westhof 1990; Sclavi et al. 1998). Similarly, positions structure of group I introns, thereby rescuing splicing of
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Figure 4. StpA loosens additional tertiary interactions, whereas Cyt-18 contributes to the overall compactness of the td intron. The
representative gels (left panel) display the DMS modification pattern of the P7.1 and P7.2 extension and part of the stem P3, as well
as the junction J8/7 in the absence and presence of Cyt-18 (A) or StpA (B). Residues that show enhanced modification in the presence
of StpA or reduced accessibility to DMS in the presence of Cyt-18 are highlighted in colored boxes at the left of the gel and the specific
bands are marked with diamonds (StpA) or dots (Cyt-18). The P7 extension is marked in green, stem P3 and junction J7.2/3 are
highlighted in purple, and J8/7 is labeled in yellow. The corresponding Phosphorlmager quantifications of these gel segments are
shown in the right panels. Due to differing td RNA amounts in the presence of either protein, we again had to normalize these
differences as described in Materials and Methods.
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td mutant introns with a destabilized 3D fold. In vivo we
observed changes in the modification pattern throughout
the tertiary structure motifs. Residues A939 and A941 in
junction J8/7, nucleotide A943 in stem P7, bases A911
and A913 in stem P3, and positions A906-C909 in the
loop E motif are less accessible to DMS in the presence of
Cyt-18 (Fig. 4A). In addition, nucleotides A961, A995,
and C996 involved in and residue A994 close to long-
range tertiary interactions are also further protected
from modification (data not shown). Thus, the protec-
tion of A46 and A47 in J3/4 coincides with that of other
residues involved in tertiary interactions, suggesting
that Cyt-18 generally stabilizes the td intron core struc-
ture in vivo.

A mutant with a destabilized base triple is sensitive
to StpA but is rescued by Cyt-18

For a further understanding of the effect of StpA on the
base triple interactions, we weakened the P6 element by
mutating C865 to U, thereby loosening the base triple
interaction with J3/4 (Fig. 5A; Chen et al. 2000). This
mutation decreases the splicing activity from 80% in the
wild type to 37% in the mutant (Fig. 5A,B). The splicing
activity of mutant tdC865U is further decreased from
37% to 15% in the presence of StpA. In contrast, Cyt-18
rescues splicing of this mutant to 70% (Fig. 5A,B). Thus,
the mutant tdC865U with a destabilized 3D structure is
sensitive to StpA but is rescued by Cyt-18. Noteworthy,
the expression levels of endogenous StpA and plasmid-
borne StpA were quantified in the presence of plasmids
carrying intron mutants. The nature of the mutation
does not influence the StpA expression levels, which are
comparable to those in the presence of the wild-type in-
tron (Fig. 2D; data not shown).

We aimed to determine whether the splicing deficien-
cies of this mutant correlate with the DMS modification
pattern. The structural probing experiments were done
with the mutant tdC865U and with a double mutant
containing an additional mutation 82 nucleotides up-
stream of the 5’ splice site, introducing a nonsense codon
in the upstream exon (Semrad and Schroeder 1998; Clodi
et al. 1999). This ensures that a population of pre-mRNA
molecules rather than circular intron RNA was probed.
Nonsense codons within the upstream exon do not lead
to changes in the DMS modification pattern within the
intron core compared to the wild type. In both mutants,
tdC865U and tdU-82A/C865U modification of residues
A46 and A47 in J3/4 and C79 in stem P6 is significantly
increased, suggesting that the base triples, as well as PG,
are not formed (Fig. 5C-E). In addition, other nucleotides
involved in tertiary contacts are more accessible to DMS
(data not shown). These findings are consistent with the
UV melting profile, which indicated that the tertiary
structure is not formed in the mutant tdC865U (Chen et
al. 2000). The modification intensity of adenines in J3/4
in the mutant tdU-82A/C865U is equivalent to the in-
tensity observed in the wild-type intron in the presence
of StpA (Fig. 6B). This indicates that the base triple in-
teractions in the mutant are already opened and there-
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fore StpA does not further increase the modification in-
tensity. Although StpA has no further effect on the DMS
modification level of this structural motif, Cyt-18 closes
the base triples, protecting them from DMS modification
(Fig. 5C-E). These results further show that the two pro-
teins, Cyt-18 and StpA, have opposite mechanisms of
action, indicated by opposite effects on the modification
pattern of the adenines in joining region J3/4 and on the
splicing activity of a structurally destabilized mutant in-
tron.

The mutant tdC873U has a destabilized P7 element,
resulting in a UV melting profile without a distinct peak
for the melting of the tertiary structure and might there-
fore also be sensitive to StpA (Brion et al. 1999b). We
performed splicing assays with this mutant in the pres-
ence and absence of StpA and could detect a decrease of
the splicing activity from 10% in the absence to 4% in
the presence of StpA. Cyt-18 rescues splicing of this mu-
tant to 22% (Fig. 5A,B). We therefore suggest that td
intron mutants with a destabilized tertiary fold might in
general be sensitive to StpA, although mutants with al-
terations in other elements of tertiary structure need to
be further investigated.

Discussion

RNA molecules have the tendency to be trapped in non-
native conformations, which are often almost equally
stable as the native state. This is known as the RNA
folding problem (Herschlag 1995; Weeks 1997; Treiber
and Williamson 1999; Woodson 2000a,b; Thirumalai et
al. 2001). In vitro, renaturation protocols involve heating
procedures that resolve these misfolded structures. In
vivo, cells have to overcome this folding problem by al-
ternative solutions. As a consequence, the existence of
proteins with RNA chaperone activity has been postu-
lated and, indeed, RNA folding was found to be pro-
moted by several proteins (Tsuchihashi et al. 1993; Co-
etzee et al. 1994; Herschlag et al. 1994; Herschlag 1995;
Zhang et al. 1995; Nedbal et al. 1997; Clodi et al. 1999;
Negroni and Buc 2000). It, however, is unknown which
feature of the RNA signals its nonnative conformation
and thus making it a target for RNA chaperones.

The effect of StpA on splicing is dependent
on the structural stability of the td intron

In this work we report the first structural approach to
unravel the mechanism of action of an RNA chaperone.
For this purpose we determined the effect of the RNA
chaperone StpA on the td group I intron in vivo using
DMS as a structural probe. DMS modifications reflect
the relative occupancy of interactions averaged over the
population of RNA molecules and over time. We there-
fore interpret our results in a way that an increased ac-
cessibility of residues involved in tertiary interactions
correlates with an opening of specific contacts and with
a reduced compactness of the fold. The base triple inter-
actions, as well as other tertiary contacts, are more ac-
cessible in the presence of StpA, suggesting that this pro-
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Figure 5. Destabilization of a base triple interaction or of the pseudoknot P7 within the td intron core renders splicing in vivo
sensitive to the RNA chaperone StpA. (A) Representative gels display the splicing activity of the wild-type td intron and the mutants
tdC865U and tdC873U in the presence and absence of either Cyt-18 or StpA. (B) Quantification of at least four individual experiments
with standard deviations. Blue bars, % mRNA splicing; red bars, % cryptic splicing; and yellow bars, % total splicing. (C) The DMS
modification pattern of residues close to the joining segment J3/4 in the mutant tdU-82A/C865U is shown in the absence and presence
of either Cyt-18 (upper panel) or StpA (lower panel). Numbered nucleotides, which are highlighted by colored boxes at the left of the
gel, are modified by DMS. The P4/P5 domain is shown in green and the joining segment J3/4 is marked in orange. Part of stem P3 and
junction J2/3 are indicated in blue. The gel part boxed in orange is outlined to point out the different modification status of A46 and
A47. Due to differing td RNA amounts in the presence of either protein, we again had to normalize these differences as described in
Materials and Methods. (D) Relative modification intensities of residues involved in the formation of base triples in the wild-type td
intron (left panel) and in the mutant tdU-82A/C865U (right panel). The mutation site is marked with a gray square. Modified residues
are labeled with a triangle (for color code, see Fig. 1A). The different size of the triangles correlates with the relative modification
intensities. (E) Phosphorlmager quantification of the outlined gel segments (shown in C) in the absence and presence of Cyt-18 (right
panel) or StpA (Ieft panel). These graphs show the modification pattern of A46 to A48 in the mutant tdU-82A/C865U and the influence
of StpA and Cyt-18 on their modification intensity.
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(B) Comparison of the accessibility to DMS of the A46-A48 in the presence and absence of either StpA and Cyt-18 in the context of
the wild-type td intron (left panel) and the mutant tdU-82A/C865U (right panel). (C) A model for the mechanisms of action of the RNA
chaperone StpA and the group I intron-specific splicing factor Cyt-18. The equilibrium shifts within the folding pathway induced by
either StpA or Cyt-18 are marked in green or red. U, unfolded molecules, having formed the secondary but not the tertiary structure;
M, misfolded molecules, secondary and tertiary structure of the intron are formed but alternative mispaired conformations at the 2D
or 3D level occur within the pre-mRNA; I, intermediate molecules, secondary and part of the 3D structure are formed, but these
molecules still lack the formation of long-range tertiary interactions; and N, molecules with a native 3D fold having a stable,

productive structure leading to splicing competent, functional RNA.

tein resolves the 3D fold of the intron (Fig. 6A,B, left
panel).

A major question is why StpA does not hamper the
splicing activity of the wild-type td intron although it
opens the base triples between stem P6 and junction J3/
4. A possible explanation is that splicing or refolding of
the wild-type intron is faster than the activity of StpA. In
td mutants with a reduced structural stability, the ther-
modynamically disfavored native state probably ac-
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counts for a slower splicing rate, enabling StpA to inter-
act with the intron prior to splicing. When StpA acts on
these mutant pre-mRNAs, it further destabilizes the na-
tive conformation, resulting in an even further reduced
splicing rate. In contrast, mutants with a nonsense
codon in the upstream exon should in principle have a
similar structural stability compared to the wild type, as
indicated by the DMS modification patterns. A part of
the pre-mRNA population, however, adopts a splicing-



incompetent conformation with respect to folding at the
splice sites (Pichler and Schroeder 2002). When StpA re-
solves the nonnative interactions in trapped RNAs by
opening the tertiary structure, the molecules presum-
ably get a chance to refold and to reach the native pro-
ductive state, which has a fast splicing rate. We therefore
conclude that the structural stability of the intron is a
key determinant for the positive or negative effect of the
RNA chaperone StpA on splicing of the td group I intron.

Up to now the activity of RNA chaperones was de-
duced from in vitro folding kinetics using RNA anneal-
ing or strand displacement assays (Coetzee et al. 1994;
Zhang et al. 1995). These experiments lead to the sug-
gestion that RNA chaperones resolve RNA structures
(Herschlag 1995). Here, we present the first structural
evidence that the RNA chaperone StpA might exert its
activity via the resolution of tertiary interactions within
the intron structure in vivo. The destabilization of the
RNA structure by proteins with RNA chaperone activity
is probably a general characteristic of these proteins. The
nucleocapsid protein of HIV NCp7 induces structural
changes in the tRNA(Lys,3), disrupting metal-ion-bind-
ing pockets and thereby unfolding the tRNA (Hargittai et
al. 2001). Whether the opening of the tertiary structure
by RNA chaperones is indeed a general mechanism of
action of these proteins is a question that needs further
analysis.

Cyt-18 contributes to the overall compactness
of the td group I intron structure

The aminoacyl-tRNA-synthetase Cyt-18, which specifi-
cally recognizes and binds to the tRNA-like features of
the group I intron core, causes protection of adenines in
J3/4 from DMS modification (Fig. 6B). These protections
could either result from a direct interaction of the pro-
tein Cyt-18 with residues A46 and A47 in J3/4 or as a
consequence of the stabilization of the td 3D fold by the
protein. In favor of the latter interpretation is the fact
that additional residues, which are not part of the protein
binding site but which participate in the formation of
tertiary contacts are protected from modification by Cyt-
18 (Fig. 6A). Furthermore, it has been proposed that po-
sitions N1 and N6 of adenines in J3/4 interact with stem
P6 via hydrogen bonds (Chen et al. 2000). Protections
specific for Cyt-18 that occur throughout the molecule
indicate that Cyt-18 might contribute to the overall
compactness of the td intron in vivo. Either Cyt-18 binds
to the folded intron, thereby stabilizing its 3D shape, or
it binds to a folding intermediate, guiding the formation
of the correct intron structure. Each mechanism illus-
trates nicely how Cyt-18 might favor the native state of
td intron mutants having a compromised tertiary fold. In
favor of the second model is the fact that Cyt-18 is able
to rescue splicing of kinetically trapped td mutants con-
taining a nonsense codon in the upstream exon. If Cyt-18
guides folding of the td intron in vivo, it might prevent
the formation of folding traps. Based on the analyses of
Cyt-18 activity on td mutants impaired in 3D folding, an
induced-fit model has been proposed for binding of Cyt-
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18 to the P4/P6 domain of the intron (Chen et al. 2000).
Our results are in excellent agreement with data from
the Lambowitz group supporting the idea that Cyt-18
guides folding of the td intron (Caprara et al. 1996D,
2001; Myers et al. 1996; Saldanha et al. 1996; Chen et al.
2000).

Opposite mechanisms of action: StpA versus Cyt-18

The difference in the mechanism of action of the two
proteins is shown by their opposite effects on the tertiary
structure of the td intron in vivo (Fig. 6A,B). Whereas
StpA loosens, Cyt-18 contributes to the compactness of
the tertiary structure. Figure 6C depicts our current view
of how StpA and Cyt-18 influence the folding pathway of
the td intron. At this time, it is unknown which inter-
mediates occur during in vivo folding, but it is known,
however, that misfolding of the td pre-mRNA interferes
with splicing (Semrad and Schroeder 1998; Waldsich et
al. 1998). We propose that StpA resolves the tertiary fold
of the intron, giving the molecule another chance to fold
into the native splicing competent structure. In contrast,
Cyt-18 binds to folding intermediates, thereby prevent-
ing the formation of folding traps by guiding the forma-
tion of the correct native structure. Taken together our
data provide the first direct evidence for protein-induced
conformational changes within catalytic RNA in vivo.

Materials and methods

Plasmids and strains

The thymine deficient (thyA~) variant of E. coli strain C600 (F-
thr-1 leuB6 thi-1 lacY1 supE44 rfbD1 fhuA21) was transformed
with a pTZ18U derivative harboring the T4 phage-derived td
construct tdP6A2. The intron ORF encoding an endonuclease
was deleted up to L6a (Salvo et al. 1990) and the EcoRI fragment
was introduced into the pTZ18U vector (USB), which carries an
ampicillin resistance gene. All mutant constructs were done in
the context of pTZ18U/tdP6A2. The mutant tdC870U was de-
scribed previously in Schroeder et al. (1991). The mutant
tdC873U was described previously in Belfort et al. (1987). The
plasmid encoding the RNA chaperone StpA was obtained from
Marlene Belfort (Wadsworth Center, New York State Depart-
ment of Health, Albany, NY) and is a pSU20 derivative (Zhang
et al. 1995). The plasmid encoding the Neurospora crassa tyro-
syl-tRNA-synthetase Cyt-18 was obtained from Alan Lambo-
witz and is a pACYC184 derivative (Mohr et al. 1992).

Western blot analysis of StpA expression

E. coli cells were grown to ODgyonym 0.2 and harvested and an
equivalent of 500 uL of cell culture was lysed with sample
buffer and loaded onto 18% SDS-PAGE. Immunoblotting was
performed as described in Kramer et al. (1998). For antibody
production the StpA peptide CPRAGKKRQPRPAKYKFTDVN-
GETK (containing an additional cystein residue at the N termi-
nus) was coupled to keyhole limpet hemocyanin using the Im-
ject Maleimide Activated mcKLH Kit (Pierce) and rabbits were
immunized.

Cells harboring both the endogenous StpA gene and the
pSU20/StpA plasmid were transformed with either the td wild
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type or mutants thereof as specified in Figure 2D and used for
StpA expression analysis. The ratio of endogenous versus over-
expressed StpA was estimated by comparing the band intensity
of the cellular StpA with that of a dilution series of purified
StpA protein.

In vivo DMS modification

All strains were grown in TBYE medium at 37°C (Belfort et al.
1983). Thymine was added to a final concentration of 52 mg/L
when thymidylate synthase-deficient strains were used. In ad-
dition, IPTG was added to a final concentration of 1 mM be-
cause the td gene is under control of a lac-promotor. The cells
were grown to an ODgygp,, 0f 0.2-0.3 and then the DMS modi-
fication was performed in vivo. First, the cells were harvested
and the pellet was resuspended in a TM buffer (10 mM TRIS at
pH 7, 10 mM MgCl,). DMS was then added to a final concen-
tration of 150 mM and the samples were incubated 1 min at
room temperature. To stop the DMS reaction, B-mercaptoetha-
nol was added to a final concentration of 0.7 M. This method
was adjusted from Zaug and Cech (1995). After having harvested
the cells, the pellet was frozen until RNA preparation as de-
scribed in Semrad and Schroeder (1998). Primer extension was
used to detect the modification sites within the td RNA (von
Ahsen and Noller 1993; Semrad and Schroeder 1998). The oli-
gonucleotides used in this study are summarized as follows:
tdP2-5, 5'-TTACAAGTATAAGTCACCTTA-3'; tdPéa-5, 5'-
TGTAGAACCCGGGCAGTC-3'; tdL7.2-5,: 5'-TCTATCGTT
TCGAGTCAC-3’; tdP9-5, 5'-ATCCAGCTGCATGTCACC-3’;
Intron-Exon2, 5'-TTAAACGGTAGCATTATGTTCAG-3'. An
aliquot of the RNA preparation was used for a poison primer
assay to monitor RNA amounts and the in vivo splicing activity
(see below).

Quantification was also performed using the Phosphorlmager
program ImageQuant. The analysis of the in vivo DMS modifi-
cation gels sometimes required the extrapolation of the modi-
fication intensity values due to differing td RNA amounts in the
presence and absence of either StpA or Cyt-18. Comparison of
DMS nonspecific breaks (see gel in Fig. 3A: break 5’ to A63 or 5’
to A46), as well as of modification sites within loops (see gel in
Fig. 3A; A63, A55-C57), which were taken as internal standards,
was used to normalize the different td RNA amounts in the
absence and presence of either protein. Furthermore, it has to be
mentioned that the very 3’ terminal domain and several posi-
tions within the intron are not clearly amenable to our analysis
because of strong breaks of the RNA backbone or because of
premature termination of reverse transcription in the absence of
DMS treatment.

In vivo splicing assay

Cells were grown as described above. After having prepared the
RNA primer extension using the oligonucleotide, NBS2 was
performed in the presence of ddTTP in order to terminate the
extension at the first adenine in the template (see Fig. 2A).
NBS2: 5'-GACGCAATATTAAACGGT-3'. The primer exten-
sion products were quantified for determining the splicing ac-
tivity (Semrad and Schroeder 1998; Waldsich et al. 1998).
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