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ABSTRACT

The E. coli protein StpA has RNA annealing and
strand displacement activities and it promotes
folding of RNAs by loosening their structures. To
understand the mode of action of StpA, we analysed
the relationship of its RNA chaperone activity to its
RNA-binding properties. For acceleration of anneal-
ing of two short RNAs, StpA binds both molecules
simultaneously, showing that annealing is promoted
by crowding. StpA binds weakly to RNA with a
preference for unstructured molecules. Binding of
StpA to RNA is strongly dependent on the ionic
strength, suggesting that the interactions are
mainly electrostatic. A mutant variant of the protein,
with a glycine to valine change in the nucleic-acid-
binding domain, displays weaker RNA binding but
higher RNA chaperone activity. This suggests that
the RNA chaperone activity of StpA results from
weak and transient interactions rather than from
tight binding to RNA. We further discuss the role
that structural disorder in proteins may play in
chaperoning RNA folding, using bioinformatic
sequence analysis tools, and provide evidence
for the importance of conformational disorder
and local structural preformation of chaperone
nucleic-acid-binding sites.

INTRODUCTION

Functional RNA molecules have to fold into defined
secondary and tertiary structures to reach their active
conformation. The RNA folding process can be slow due
to stable intermediate folding states, which may represent
kinetic traps, or inefficient due to several alternative
conformations of comparable structural stability. While
many RNAs can reach their active conformation in vitro
without the help of proteins, we must assume that in vivo,
most RNAs are assisted in their folding and assembly
processes by a large variety of proteins (1,2). Such
proteins can either recognize specific features of the

RNA and thereby stabilize a defined structure or,
alternatively, help RNA molecules to fold by resolving
kinetically trapped, misfolded conformers. The latter
action has been termed RNA chaperone activity (3–5).
RNA chaperone activity neither requires a sequence-
specific interaction with RNAs nor the recognition of
a specific structure (5–7). Another important feature
of these proteins is that they do not require ATP or any
other energy-providing cofactor for their activity.
A large number of proteins have been identified that

display RNA chaperone activity. Some well-characterized
examples are the nucleocapsid proteins of HIV-1 (8–10),
the E. coli protein StpA (11–14), the cold shock proteins
CspA and CspE (15–17), the fragile X mental retardation
protein FMRP (18) or hnRNP A1 (19,20). The majority
of the proteins with RNA chaperone activity have
multiple functions that are often connected with structural
transitions of RNAs or the promotion of RNA–RNA
interactions. The hnRNP A1 for example, which binds to
nascent pre-mRNAs and assists in processing, or the
HIV-1 nucleocapsid protein NCp7, which binds to HIV
RNA and promotes annealing of the tRNA primer to the
primer-binding site, reverse transcription or dimerization
of the HIV genome (for reviews see 2,5,21).
The E. coli protein StpA has been identified as

a suppressor of a splicing-defective mutant of the
phage T4 thymidylate-synthase gene (22). StpA shows
high homology to the E. coli protein H-NS, which is
involved in nucleoid structure formation and acts as a
global transcription regulator (23). StpA shows RNA
chaperone activity in a variety of assays. The protein
promotes RNA annealing, RNA strand displacement as
well as trans- and cis-splicing of the td group I intron
(11,24,25). In accordance with the definition of RNA
chaperones, StpA can be removed after the folding event
is completed without the RNA loosing its native fold (11).
The RNA chaperone activity of StpA has also been
demonstrated in vivo using a splicing assay that takes
advantage of an aberrant exon–intron interaction in the
pre-mRNA of the phage T4 thymidylate-synthase
gene (26). The presence of StpA leads to an increased
accessibility of bases in tertiary structure elements to the
methylating agent dimethylsulfate (DMS). By loosening
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the structure of the RNA, the chaperone enables further
conformational searches and refolding of the RNA into a
splicing competent structure. This mechanism is signifi-
cantly different from the tertiary structure stabilization
mechanism of the specific group I intron splicing factor
Cyt-18 that leads to a compaction of the intron structure
by binding specifically to a defined structural element of
the intron (13,27,28). The mechanism of action of StpA
was further underlined by the observation that intron
mutants with a destabilized tertiary structure are sensitive
to StpA, suggesting that structural stability of the
RNA determines whether StpA is beneficial or detrimental
to folding (14). Thus, the RNA chaperone activity of
proteins can serve as a quality control for sensing
misfolded RNA molecules.
In the work presented here, we address the question

how StpA binds to RNA, what type of RNAs StpA
prefers, structured or unstructured RNAs, and how
binding correlates with RNA chaperone activity.
Previous experiments aiming at mapping the StpA-
binding site on the td intron RNA failed and no footprint
could be detected. It is a classical concept in biochemistry
that specific binding of a protein to a given RNA will
result in structural stabilisation of the RNA. This leads
to the question how a protein that destabilizes RNA
structure interacts with the molecule. We anticipated that
StpA should not bind tightly to RNA. Indeed, we find
that StpA binds weakly to RNA with a preference for
unstructured molecules and that a mutation in the nucleic-
acid-binding domain that decreases RNA-binding
efficiency enhances the RNA chaperone activity. These
observations suggest that RNA chaperone activity arises
from transient interactions rather than from tight binding.

EXPERIMENTAL PROCEDURES

Plasmids and cloning

All short-exon constructs of the phage T4 thymidylate-
synthase pre-mRNA were generated using the vector
pTZ18U/tdP6�2 as a template for PCR. The plasmid
carries the coding sequence of the T4 td gene comprised of
exon 1 (549 nt), the td group I intron (lacking the ORF
in loop 6) and exon 2 (312 nt) (29). The sequences of
the primers used are 50-GGGGTACCAACGCTCAGTA
GATGTTTTC-30, 50-GGGGTACCTGAACTTAAAT
ATATGGC-30, 50GGGTACCAGTGGCGTGATTTTGG
TGG-30, 50-GCTCTAGAGCATTATGTTCAGATAA
GG-30, 50-GCTCTAGAGCTAC AATATGAACTA
ACG-30. The different constructs were cloned into the
KpnI and XbaI cloning sites of the plasmid pTZ18U.
The clones were then used for in vitro transcription to
generate RNA.
The plasmid used for cloning and purification of StpA,

StpA domains and the mutants was pTWIN1 (#N6951S)
from the New England Biolabs IMPACTTM-TWIN System
(#E6950S). The coding sequences of StpA, NH2–StpA and
G126V–StpA were cloned into the vector as a N-terminal
fusion to the Mxe GyrA intein into the NdeI and SapI
cloning sites. The C-terminal domain of StpA was cloned
into the vector as a C-terminal fusion to the Ssp DnaB

intein using SapI and PstI as restriction endonucleases.
Primers for PCR amplification of the coding sequences
were 50-GGTGGTCATATGTCCGTAATGTTACAAA
GTT-30, 50-GGTGGTTGCTCTTCCGCACAATAACTC
TTCCGGGTTAATT-30, 50-GGTGGTCATATG CGCC
AGCCGCGTCCGG-30, 50-GGTGGTTGCTCTTCCG
CAGATCAGGAAATCGTCGA GAG-30.

In vitro transcription

For the cis-splicing assay, the plasmids containing the
different td pre-mRNA constructs were linearized using
XbaI. About 10 mg of the linearized plasmid were
transcribed under non-splicing conditions to prevent
splicing of the precursor RNA. The transcription was
performed by T7 RNA polymerase in 40mMTris-HCl pH
7.5, 2mM spermidine, 6mMMgCl2, 10mMNaCl,
20mMDTT, 3mMATP, 3mMGTP, 3mMCTP,
1mMUTP and 30 mCi a-35S-UTP. The low Mg2þ

concentration and the reaction temperature of 228C were
suboptimal in order to prevent splicing of the precursor
RNA during transcription. The reaction was performed
overnight and the resulting products were purified on
a 5% polyacrylamide gel.

For the filter-binding studies, the different td pre-
mRNAs were labelled with 32P, therefore the transcrip-
tion reaction was performed in 40mMTris-HCl pH 7.5,
2mMspermidine, 6mMMgCl2, 10mMNaCl,
20mMDTT, 3mMATP, 3mMGTP, 3mMCTP,
0.5mMUTP, 40 mCi a-32P-UTP and 10 mg of linearized
plasmid. The reaction was performed as described above.

For filter binding, tdmRNA and td ribozyme RNAwere
transcribed from 2.5 mg of PCR product in a buffer contain-
ing 40mM Tris-HCl pH 7.0, 26mMMgCl2, 3mMspermi-
dine, 6.6mM of ATP, CTP and UTP, 0.25mMGTP,
20mMDTT, 75 mCi a-32P-GTP and T7RNA polymerase.
The reaction was carried out at 378C for 5h.

In vitro cis-splicing assay for RNA chaperone activity

About 0.5 pM 35S-bodylabelled precursor RNA were
denatured for 1min at 958C and cooled to 378C. Splicing
buffer containing 50mM Tris-HCl pH 7.3,
0.4mMspermidine and 5mMMgCl2 (final concentration)
was added followed by the respective protein as indicated
in a total volume of 50 ml. Splicing was induced by the
addition of 0.5mM GTP final concentration. About 5 ml
aliquots were taken after the following time points (15, 30
and 45 s; 1, 2, 5, 10, 30 and 60min). The reactions were
stopped by the addition of 5 ml RNA loading buffer
containing 7M urea and 1mM EDTA. The samples
were denatured for 1min at 958C prior to loading onto
denaturing 5% polyacrylamide gels. The gels were
quantified using a PhosphoImager and the ImageQuant
software. Reaction constants and graphs were calculated
using the KaleidaGraph software and the data were fit to
a first-order equation with a double exponential: fraction
pre-mRNA remaining¼A � eð�kA�tÞ þ B � eð�kB�tÞ.

Protein purification

The fusion proteins (StpA-intein, NH2–StpA–intein,
G126V–StpA–intein and intein–COOH–StpA) were
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overexpressed in BL21 (DE3) E.coli cells and the lysate
was loaded onto a chitin column for affinity purification.
Protein splicing was induced by increasing the DTT
concentration or by a pH shift. All the steps of protein
purification were performed according to the protocol
(New England Biolabs IMPACTTM-TWIN System).
The proteins were stored in a buffer containing 50mM
Tris-HCl pH 7.5, 500mMNaCl, 1mMEDTA,
0.5mMDTT and 12% glycerol.

Equilibrium filter-binding assay

32P-labelled RNA (2000–4000 cpm) was used for each
binding experiment in a final concentration of 100 pM. The
reactions were performed in 75mM Tris-HCl pH 7.5,
0.4mM spermidine, 5mM MgCl2, 250mMNaCl,
0.5mMEDTA, 0.25mMDTT and 6% glycerol in a total
volume of 200 ml. The RNA was denatured for 1min at
958C. After cooling to 378C the respective protein was
added and binding proceeded for 10min at 378C. The
reaction mix was then applied onto a nitrocellulose filter
with a pore size of 0.25 mm (Schleicher & Schuell)
and washed three times with 1ml binding buffer. After
air-drying the filter, binding of the RNA was measured
by scintillation counting. For binding studies to analyse the
influence ofMg2þ or Naþ concentration, the binding buffer
contained the indicated concentration of the respective ion.

In vitro selection of StpA-binding RNAs using a genomic
E. coli library

A representative genomic library of E. coli was con-
structed according to the random priming method
published by Singer et al. (30). The oligonucleotides cl1
(50-AGGGGAATTCGGAGCGGGGCAGCNNNNNN
NNN-30) and cl2 (50-CGGGATCCTCGGGGCTGGGA
TGNNNNNNNNN-30) were used for first and second
strand synthesis, respectively and library fragments
ranging from 50 to 500 nt in length were recovered
after preparative denaturing gel electrophoresis. clFOR
(50-CCAAGTAATACGACTCACTATAGGGGAATTC
GGAGCGGG-30), containing the T7-promoter sequence
(underlined) and clREV (50-CGGGATCCTCGGGGC
TG-30) were used for transcription, reverse transcription
and amplification during the selection cycles. StpA-
binding RNAs were selected via filter binding. The 32P
body labelled RNA pool was filtered through the
membrane once (nitrocellulose, 0.2 mm pore size) in
order to eliminate RNAs that bind non-specifically to
the filter. Subsequently 10 mM of the flow through RNA
was scintillation counted and incubated together with
1 mM StpA for 30min at 258C in a total volume of 100 ml.
Two different binding buffers were used, either buffer A
(50mMTris-HCl pH 7.5, 150mMNaCl, 0.8mMMgCl2
and 0.5mMDTT) or buffer B (10mMTris-HCl pH 8.0,
50mMNaCl, 50mMKCl, 2mMMgCl2 and
0.5mMDTT). After binding had proceeded, the reaction
was filtered through the membrane and four washing steps
with 500 ml of the respective binding buffer followed.
Bound RNAs were recovered by shaking the filter at
maximum rpm in 400 ml FES (7Murea, 20mM sodium
citrate pH 5.0 and 1mM EDTA) and 500 ml phenol for

10min at RT, phenol chloroform extraction and ethanol
precipitation. The amount of recovered RNA was
determined by scintillation counting prior to precipitation
and the percentage of recovered RNA in relation to
the input RNA was calculated. The protein Hfq served
as a positive control and RNAs binding to Hfq were
selected under the same conditions using buffer A as
a binding buffer. Recovered RNAs were enriched via
several rounds of in vitro selection (31, 32 submited for
publication). Reverse transcription and amplification were
performed using the QIAGEN One Step RT-PCR Kit.

FRET assay for RNA annealing and simultaneous
binding of two RNAs

This set-up was modified from an RNA annealing assay
published earlier (25). About 21-nt long oligoribonucleo-
tides were obtained from VBC-Genomics (Vienna,
Austria) with the 50-ends labelled with Cy5 and Cy3,
respectively. For annealing, the fully complementary
oligos 21Rþ (50-Cy5-AUGUGGAAAAUCUCUAGC
AGU-30) and 21R� (50-Cy3-ACUGCUAGAGAUUU
UCCACAU-30) were used. For dual RNA binding, the
non-complementary oligos 21Rþ and duplex� (50-Cy3-
CUUUCAUUGGUCGGUCUCUCC-30) were employed.
In a TECAN Genios Pro microplate reader, the two
oligoribonucleotides were injected onto either annealing
buffer alone (50mM Tris-HCl pH 7.5, 3mMgCl2 and
1mMDTT) or onto annealing buffer with protein.
The final concentration of the RNAs was 10 nM in 40 ml
annealing buffer. After 2 s of shaking, the Cy3 donor
fluorophore was excited at 535 nm once every second and
readings were taken at the two emission wavelengths 590
and 680 nm by switching between corresponding glass
filters. The reaction proceeded at 378C for 150 s.
The fluoresence resonance energy transfer (FRET) index
was calculated as the ratio of acceptor to donor dye
fluorescence, and values were normalized at t0. The time-
resolved curves were least-square fitted with the second-
order reaction equation for equimolar initial reactant
concentrations: Pt ¼ P � ð1� 1=ðkobs � tþ 1ÞÞ; Pt¼ fraction
annealed, P¼maximum EFRET. Note that Pt is only
indicative since no absolute FRET can be derived with
fluorescence emissions measured with different glass
filters. The curve shown is the average of three indepen-
dent experiments, and kobs was calculated as the average
of the three corresponding reaction rates.

Calculation of residue compactness and secondary structure

Originally, the calculation of residue-specific compactness
in a protein was used as a (sub)classification tool for
protein families. More information on the method and
prediction plots for RNA chaperones will be available at:
http://www.projects.mfpl.ac.at/rnachaperones/index.html.
In brief, the calculation of residue-specific compactness
(e.g. inversely related to surface exposure) was based
on statistical distributions of 3D atomic coordinates
extracted from a subset of the PDB database. From the
3D coordinate files, inter-residue Ca–Ca distances
between amino acids A and B were extracted and stored
as a function of amino acid types (A, B). Additionally,
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the primary sequence distance between residues A and B
was taken into account (lAB). To describe the spatial
neighbourhood of the two amino acids in the 3D structure
of the entire protein (e.g. the way the two amino acids are
embedded in the 3D fold), the pairwise distance distribu-
tions were transformed from cartesian space (distance rAB)
to topological space (dAB). The obtained topological
parameter dAB reflects the differential structural neigh-
bourhood properties of the two amino acids A and B,
respectively. The obtained pairwise distributions �(dAB, A,
B,lAB) can subsequently be used to predict a topological
compactness parameter Ci solely based on the primary
sequence. Ci describes the spatial neighbourhood of
residue i and is inversely related to residue exposure.
Large values of Ci are found for residues located in stable
parts of the protein and on average deeply buried in the
interior of the structure. In contrast, small values are
found for flexible loop regions and/or intrinsically
unfolded segments of the polypeptide chain. Secondary
structural features were performed using only �(dAB, A,
B, lAB) distribution functions with small primary sequence
differences (lAB55).

RESULTS

Pre-mRNAs with a two-nucleotide long exon 2 fold
inefficiently

In order to study how the E. coli protein StpA aids the td
pre-mRNA to fold, we set up a cis-splicing assay, in which
StpA was essential for efficient folding. We had previously
observed that exon sequences interfere with proper folding
of the td intron through the formation of aberrant base
pairs (33). We constructed a set of pre-mRNAs with exons
of varying lengths in search of a poorly folding RNA.
Pre-mRNAs with exon 1 sequences 27 (short), 113
(medium) and 216 (long) nucleotides in length in
combination with exon 2 sequences 2 (short) or 48
(long) nucleotides in length were constructed and tested
for their splicing efficiency in vitro (Figure 1). Folding
efficiencies of these RNAs were monitored via their
splicing activity, which is induced by the addition of the
guanosine cofactor. While the length of exon 1 has little
impact on splicing, the very short exon 2 with only two
nucleotides results in inefficiently folding td pre-mRNAs
(Figure 1B). Splicing kinetics show that the population
of RNA molecules is heterogeneous with fractions of
approximately 10, 30 or 50% of the molecules in a fast
splicing conformation with a kobs of 0.4min�1 depending
on the construct. About 90, 70 or 50% of the population of
molecules are trapped in slow splicing conformations with
observed rates of 5� 10�3min�1. We chose the construct
with short exons 1 and 2, termed sho-sho for further
analyses of the effect of StpA on folding of the RNA.

StpA enhances folding of the td pre-mRNA in vitro

We studied the effect of different concentrations of StpA
on folding and splicing of the sho-sho RNA construct.
Splicing experiments were performed in the presence of
increasing amounts of StpA. The presence of StpA leads
to an increase of RNA molecules in the fast splicing

population (Figure 2). The higher the concentration of
StpA the more RNA molecules are in a splicing competent
conformation and undergo the splicing reaction fast.
A maximum of about 64% of the RNAs can be shifted
to the correctly folded conformation in the presence of
1.4 mM StpA. This protein concentration seems optimal
for chaperone activity. Increasing the protein concentra-
tion higher than 1.4 mM leads to a less efficient promotion
of folding. StpA does not interfere with the splicing
reaction rates. The values for the kobs of the fast-reacting
fraction of molecules stay around 0.4min�1. Values
for the second, slower rate remain about two orders of
magnitude lower, at 5� 10�3min�1 (Table 1).

These results suggest that there is an optimal concen-
tration of StpA for promoting folding, and that StpA
increases the proportion of RNA molecules with a fast
folding conformation without altering the kobs values.
This is consistent with the activities of other proteins like

Figure 1. Splicing behaviour of td pre-mRNA constructs with varying
exon lengths. (A) Schematic representation of the different constructs;
exon 1 constructs are 216, 113 and 27 nt long; exon 2 constructs are
either 2 or 48 nt long. (B) Splicing assays performed with different exon
constructs show the influence of exon length on splicing and folding of
the td intron. The splicing reaction is induced by the addition of GTP,
in the presence of 5mM Mg2þ at 378C. The decrease in pre-mRNA
versus time is indicated.
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ribosomal protein S12, hnRNP A1 and the HIV nucleo-
capsid-related proteins (3,4,6,8,34,35). The effect of StpA
is very fast, faster than can be monitored by manual
pipetting as shown in Figure 2B. As indicated, StpA is
added to the splicing reaction after 10min, leading to a

burst of activity with the same reaction rate that is
observed in the reactions where StpA is added before
starting splicing. These results further suggest that there
are at least three types of differently folded RNA
molecules. The first population splices fast with an
observed reaction rate of �0.4min�1. The rate of the
chemical step is still not known, but it is at least 10min�1

as has been shown earlier (36). The second is a population
of slow folders with the kobs of 5� 10�3min�1, which are
not activated by StpA. The third group of RNA molecules
is at least as slow, but is refolded in the presence of StpA
into a species with a splicing rate of �0.4min�1.

StpA preferentially binds to unstructured RNA

To test how well StpA binds to differently structured
RNAs, we prepared three types of the td RNA: (1) the
mature mRNA without the intron sequences as an
example of a mostly unstructured RNA, (2) the sho-sho-
type pre-mRNA with short exon sequences as an example
of a mixed RNA with a structured core but with
unstructured flanking sequences and (3) the ribozyme
core as an example of a compactly folded RNA. Folding
of this construct is well characterized and it folds into a
homogenous population of molecules (37,38). As can be
seen in Figure 3A, none of these RNAs bind efficiently to
4 mM StpA. Under these conditions, 38% of the mRNA,
16% of the pre-mRNA and only trace amounts of the
ribozyme are bound to StpA. This clearly demonstrates
that StpA preferentially binds to unstructured RNAs.
The dissociation constants are 0.58 mM for the intronless
mRNA and 0.73 mM for the sho-sho pre-mRNA
construct. The K1/2 for the ribozyme construct could not
be unambiguously determined due to inefficient binding.
At 1.4 mM, the previously observed optimal protein
concentration for RNA chaperone activity, binding is

Figure 2. StpA-induced splicing of the td pre-mRNA. (A) Splicing
assay of the sho-sho RNA in the presence of increasing amounts
of StpA. The reactions were performed at 378C as described in
experimental procedures. Increasing the amount of the RNA chaperone
leads to an increase of the fast-reacting RNA population with a peak
activity at 1.4 mM StpA. Higher StpA concentrations again reduce
the activity. (B) Comparison of the splicing behaviour of the sho-sho
RNA in the absence and after addition of StpA to the splicing reaction
after 10min of incubation. StpA causes a burst of activity immediately
after addition.

Table 1. Rate constants obtained from cis-splicing assays using td

pre-mRNA in the short-exon context (sho-sho/exon 1¼ 27 nt, exon

2¼ 2 nt) in the presence of increasing amounts of StpA (0.2–2.2 mM).

Conc. (mM) Fast reacting Slow reacting

% kobs % kobs
[min�1] [min�1]

0 34� 4 0.44� 0.14 66� 4 4.7� 10�3
� 1.7� 10�3

0.2 35� 3 0.50� 0.11 65� 3 4.9� 10�3
� 1.3� 10�3

0.4 38� 2 0.53� 0.09 62� 2 4.3� 10�3
� 1.1� 10�3

0.6 43� 3 0.46� 0.10 57� 3 4.7� 10�3
� 1.7� 10�3

0.8 47� 3 0.51� 0.10 53� 3 4.5� 10�3
� 1.8� 10�3

1.0 50� 4 0.40� 0.10 50� 4 5.1� 10�3
� 2.6� 10�3

1.2 54� 4 0.37� 0.08 46� 4 5.7� 10�3
� 3.0� 10�3

1.4 64� 3 0.41� 0.06 36� 3 6.2� 10�3
� 2.8� 10�3

1.6 56� 4 0.53� 0.10 44� 4 5.3� 10�3
� 2.5� 10�3

1.8 51� 5 0.53� 0.15 49� 5 4.6� 10�3
� 3.3� 10�3

2.0 54� 4 0.56� 0.12 46� 4 5.3� 10�3
� 2.7� 10�3

2.2 54� 5 0.56� 0.13 46� 5 5.3� 10�3
� 3.0� 10�3

The quantification follows the decrease of the amount of pre-mRNA fit
to a first-order equation: pre-mRNA remaining¼A � eðkA �tÞ þ B � eðkB �tÞ.
A and B represent the fraction of fast- and slow-reacting RNA
molecules, respectively, whereas kA and kB are the observed rate
constants for each fraction.
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significant although only a small fraction of the RNA
molecules is bound to the protein.
We further tested binding of StpA to a short single-

stranded 21-mer RNA (21Rþ) and to a double-stranded

21-mer RNA (21Rþ and 21R� duplex) and to a short
hairpin loop closed by a tetraloop as an example for
a structured small RNA. In the filter-binding assay,
the single-stranded 21-mer bound to StpA with a similar
affinity as the intronless mRNA construct, the RNA
duplex and the RNA hairpin loop did not bind to StpA
(data not shown). This further confirms that StpA binds
to unstructured or single-stranded RNA molecules.

To test the binding behaviour of StpA to td RNA under
different salt conditions, equilibrium filter-binding
studies with various ion concentrations were performed
(Figure 3B). In these experiments, we used the td ribozyme
RNA that shows only very weak binding to the protein
under the conditions used in the chaperone assay. At low
Mg2þ concentrations (0.1mM), binding to StpA is
efficient and 70% of the RNA is bound to the protein.
By increasing the MgCl2 concentration to 0.5mM a
significant amount of the RNA is already displaced from
the protein. The same effect can be seen in the presence of
increasing Naþ concentrations. At the lowest concentra-
tions, the protein binds to a high extent to the RNA
(between 50 and 60%) while at 150mM Naþ the RNA is
displaced.

These effects can be caused either by the fact that at
very low ion concentrations the RNA is not able to fold
into its compact conformation and therefore StpA
interacts with its unstructured regions. As shown before,
the protein prefers binding to unstructured stretches of
RNA (Figure 3A). On the other hand, the positive charges
of the metal ions may simply displace the protein from
the RNA. This would indicate that binding of the RNA
chaperone to RNA is based mostly on electrostatic
interactions to the negatively charged backbone of the
RNA molecule. This is in good agreement with the fact
that no footprint of StpA could be monitored in DMS
protection assays (13).

Genomic selection of StpA-binding RNAs

We further asked the question if there are any endogenous
StpA-binding RNAs in E. coli. In order to identify
potential candidates, we performed a genomic selection.
A genomic library of E. coli that contains overlapping
fragments of approximately 50–500 nt in length was
constructed. This library was used for several rounds of
selection to enrich RNAs that bind to StpA. We used two
different binding buffers for parallel selections. Buffer
A was chosen to resemble physiological conditions and
buffer B was adopted from Brescia et al. (39) as the
authors studied the binding of rpoS mRNA and the non-
coding RNA DsrA to the StpA homologue H-NS under
these conditions. For the binding reaction, we used RNA
(10 mM) in a tenfold molar excess over protein (1 mM).
The protein Hfq, which is known to bind several RNAs
of E. coli, served as a positive control for the selection
procedure, and RNAs binding to Hfq were selected using
buffer A. Results of the selections are shown in Figure 4.
As expected, Hfq-binding RNAs were enriched over five
consecutive selection cycles and up to 2.7% of the input
RNA could be recovered. It should be noted that due to
the tenfold molar excess of RNA over protein the maximal

Figure 3. RNA-binding assays (A) Different RNA constructs were
incubated with increasing amounts of protein (1 pM to 4 mM). The td
ribozyme construct lacks exon sequences and misses 7 nt of the 50 end
of the intron and 5 nt at the 30 end; (B) Influence of mono- and divalent
metal ions on the binding behaviour of the RNA chaperone to td
ribozyme RNA. Increasing amounts of mono- and divalent ions lead to
a drastic drop in the binding efficiency of StpA.
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recovery rate is 10% assuming a single binding site.
However, no StpA-binding RNAs could be enriched,
neither for buffer A (data not shown) nor for buffer B and
the recovery of bound RNAs remained at background
levels throughout the selection procedure. We therefore
assume that StpA has no specific RNA target in E. coli, at
least under the tested conditions. This result stresses the
non-specificity of StpA–RNA interactions and suggests
that StpA is a general RNA chaperone.

StpA binds two RNAs simultaneously to promote annealing

To further investigate the binding properties of StpA, we
modified a fluorescence assay, which we used previously to
show that StpA promotes annealing of short RNAs (25).
In this assay, two fully complementary 21-mer RNAs
labelled with Cy3 or Cy5, respectively, are co-incubated at
378C. Upon annealing, the two fluorophores come into
close vicinity and give rise to a time-resolved FRET signal,
from which the reaction rate can be derived (Figure 5A).
Since the two RNAs used are unstructured, they can
anneal by themselves with a kobs of 0.005 s

�1. The presence
of 1 mM StpA accelerates this reaction 4-fold to a kobs of
0.021 s�1.
When one of the RNAs is changed to a non-

complementary one (duplex� instead of 21R�) the
RNAs can no longer anneal (Figure 5B). However, in
the presence of StpA, FRET can be monitored (with a kobs
of 0.028 s�1). In the absence of protein, no FRET signal
can be detected when the two non-complementary RNAs
are co-incubated. Although in this set-up, absolute FRET
values cannot be derived, the 10 times lower FRET index
of the binding reaction compared to the annealing
reaction indicates either that in the binding reaction the
two fluorophores are further apart than in an RNA
duplex, or that only a fraction of the Cy3 and Cy5-labelled
RNA population is bound at the correct ratio to yield a
high FRET signal. As both RNAs bind similarly to StpA,
we think that the FRET signal is derived from simulta-
neous binding of both RNAs, but that the two fluoro-
phores are further apart than when they form a duplex.
This strongly points to a simultaneous binding of at
least two differently labelled 21-mer RNAs by StpA.

Figure 4. In vitro selection of StpA- and Hfq-binding RNAs from a
genomic E. coli library. The percentage of recovered RNA in relation
to the input RNA is shown for both proteins for eight consecutive
selection cycles. For the Hfq, used here as a positive control, RNAs are
enriched and increasing amounts of the input RNA were recovered. No
StpA-binding RNAs could be selected and recovery remained at
background levels throughout the procedure.

Figure 5. StpA promotes RNA annealing by simultaneoulsly binding two RNAs. In a microplate reader, 10 nM each of two fluorophore-labelled
oligoribonucleotides were injected, mixed and then incubated at 378C in the absence or presence of 1 mMStpA. With the Cy3 donor dye excited,
fluorescence emissions of Cy3 and Cy5 were measured every second, and the FRET index was calculated as a ratio of acceptor to donor fluorescence.
(A) To assay RNA annealing, fully complementary RNA 21 mers (21Rþ, 21R�) were used that comprise no significant secondary structures and
therefore can anneal by themselves. The presence of 1 mM StpA accelerates this reaction 4-fold. (B) Using a non-complementary RNA pair (21Rþ,
duplex�) the two 21 mers alone cannot hybridize. However, with StpA present, fluorescence resonance energy transfer (FRET) takes place, indicating
simultaneous binding of both RNAs to the protein. Graphs were fitted with the second-order reaction equation for equimolar initial reactant
concentrations.
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Other proteins such as E. coli ribosomal protein S1, which
cannot promote RNA annealing, do not show this effect
(data not shown).
This observation supports the ‘RNA crowding’

mechanism for unspecific RNA annealing activity of
StpA: the simultaneous binding of two RNAs will lead
to an increase of their local concentration, and thereby,
the annealing of complementary RNA strands is
promoted.

AStpAmutant with an altered nucleic-acid-binding domain
has decreased RNA-binding efficiency but increased RNA
chaperone activity

Like its paralogue H-NS, StpA has a two-domain
structure (40). The negatively charged N-terminal region
is responsible for dimerization, whereas the positively
charged C-terminus is needed for nucleic acid binding.
The two domains are interconnected by a flexible linker
region (Figure 6A) (42). The C-terminal domain had
previously been reported to exert RNA annealing activity
and also to promote trans-splicing in vitro (40). To map
the RNA chaperone activity of StpA, we purified both
domains separately (Figure 6A). We performed cis-
splicing assays with the N-terminal and C-terminal
domains separately and compared the activities to that
of the full-length protein. We were able to confirm that the
C-terminal domain shows RNA chaperone activity
although to a lesser extent than the full-length protein.
The N-terminal domain also showed RNA chaperone
activity in the cis-splicing assay (Figure 6B and Table 2).
The kobs value of the second phase is raised fourfold in the
presence of NH2–StpA, suggesting that it can activate the
population of molecules that is not induced by the full-
length protein. Furthermore, from the X-ray crystal
structure of the N-terminal domain of an H-NS homo-
logue, it has recently been proposed that the N-terminal
domain contributes to DNA recognition (42).
A mutant of StpA with a single amino acid alteration in

the C-terminal nucleic-acid-binding domain, a glycine to
valine change at position 126, was further analysed for
RNA-binding and RNA chaperone activity (Figure 6A).
Glycine 126 of E. coli StpA is a highly conserved
amino acid in various H-NS and StpA homologues of
different organisms and is part of a consensus region
(GKSLDDFLI) in the very C-terminal part of the protein
(39,42). We performed equilibrium filter-binding experi-
ments with wt StpA and the G126V–StpA mutant using
the construct with short exons, which is also used in the
cis-splicing assay. While 17% of the RNA was bound to
wild-type StpA, no binding to the RNA was detected for
the mutant protein. Even raising the protein concentration
of G126V–StpA 10 times over the concentration where
RNA chaperone activity is detected did not result in
binding (Figure 7A). Binding of StpA wild-type and the
G126V–StpA mutant was also tested with an intron
mutant variant, tdC865U, which has a disturbed base
triple interaction in the intron core resulting in a molecule
with destabilized tertiary structure (14). In Figure 7B, the
results of the filter-binding experiments show that both
wild type and G126V–StpA bind more efficiently to the

mutant intron than to the wild-type intron.
Approximately 27% of the tdC865U pre-mRNA are
bound to wild-type StpA and 7% to G126V–StpA. This
indicates that G126V–StpA retains RNA-binding affinity
to some extent, preferentially binding to less well-folded
RNA. These results further confirm that StpA prefers to
interact with more flexible RNA molecules. The better an
RNA is folded, the less efficient is its interaction with
StpA. Furthermore, amino acid Q126 in H-NS, which is
immediately upstream of the G127 (corresponding to
G126 in StpA), showed a strong chemical shift in NMR
spectra in the presence of DNA, stressing its involvement
in nucleic acid interaction (44).

The G126V–StpA mutant has a higher RNA chaperone
activity than wild-type StpA. In the cis-splicing assay,
G126V–StpA promotes folding of about 80% of the
RNA molecules (Table 2). Compared to wt StpA and
the single-protein domains, G126V–StpA is the most
active RNA chaperone (Figure 6B). The change from
a glycine to valine results in a shift from a small
and neutral amino acid in respect to its function to
a bulky and hydrophobic one. The position 126 in StpA
lies next to the region responsible for DNA binding (44).
The insertion of a hydrophobic and bulky moiety at
this position might disturb the nucleic-acid-binding
domain of the protein.

In silico analysis suggests that StpA is a highly disordered
protein

Recently, Tompa and Csermely (45) reported that proteins
with RNA chaperone activity belong to the class of highly
unstructured proteins. We further addressed this question,
because structural disorder would be a good candidate
property for explaining the mode of interaction of
StpA with RNA. Figure 8 shows the in silico prediction
for StpA of residue compactness and local secondary
structure as a function of residue position. The average
compactness value of StpA (or average residue exposure
(ARE)) is about 160, which is considerably smaller than
average ARE values of stably folded proteins. For
example, the average residue exposure of the proteins
stored in the PDB database was found to be about 300
(R.K., unpublished results). The considerably smaller
ARE value found for StpA is consistent with the notion
that conformational disorder plays a significant role in
RNA chaperoning interactions (45). The conformational
disorder for StpA was found to be 73.13% using the
PONDR algorithm. In contrast to existing disorder
predictors, however, our algorithm provides residue-
specific information about residue compactness (indirectly
related to solvent exposure) and local secondary structural
features. It thus allows for a per residue analysis of local
structural preformation and the availability of individual
residues for putative intermolecular interactions with
nucleic acids. Interestingly, the location of secondary
structure elements convincingly agrees with structural
features recently observed by heteronuclear NMR spec-
troscopy for the StpA homologue H-NS (44). Specifically,
the extended or b-strand conformation between residues
Y97 and W109 as well as the C-terminal a-helical
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segments was reproduced by the prediction algorithm.
Additionally, consistently smaller compactness values
were observed for residues 80–115 for which experimental
NMR chemical shift changes indicated an involvement

in DNA binding (44). The N-terminal part of StpA
comprises three a-helices between residues a1:1–19
(with a slight bend), a2:26–33 and a3:41–53. In the crystal
structure of H-NS, the a-helices a1 and a2 comprise

Figure 6. StpA mutant and domains. (A) Schematic representation of the different protein constructs used to specify the regions responsible for the
RNA chaperone activity of StpA. The N-terminal (NH2–StpA) and the C-terminal domains (COOH–StpA) as well as a mutant with a glycine to
valine change at position 126 (G126V–StpA) in the DNA-binding domain were prepared. (B) In splicing assays, 1.4 mM of the different protein
constructs were tested for RNA chaperone activity with 0.5 pM of the sho-sho pre-mRNA. The graphs show the decrease of pre-mRNA during
splicing.
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the dimerization motif (42). Interestingly, residues within
helix a3 also display significantly smaller compactness
values that is indicative of an additional preformed
interaction site.

DISCUSSION

DMS modification of the td pre-RNA in the presence of
StpA revealed an increased accessibility of several bases
involved in the formation of tertiary structure elements
but no StpA-specific footprint or protection of the bases
from DMS modification could be detected. This suggested
the lack of a high-affinity binding site on the td pre-
mRNA (13). Nevertheless, it was clearly demonstrated
that StpA accelerates folding of the td pre-mRNA both
in vivo and in vitro by loosening the tertiary structure of
the intron (13,24). Specific and high-affinity binding of
a protein to an RNA molecule is expected to lead to an
increased structural stability of the RNA. It is part of the
definition of an RNA chaperone that once the RNA is
correctly folded, the chaperone is no longer required for
RNA function and is then displaced from the RNA (3,4).
For example, Cyt-18, a protein which specifically recog-
nizes and binds group I introns with high affinity, is
required to stabilize the intron RNA throughout the
splicing process (46–48). In contrast, for ribosomal protein
S12 (3) and for StpA (11) it was shown that they can be
removed after folding of the RNA without the RNA
loosing its structure. Therefore, it is conceivable that
proteins with RNA chaperone activity should not bind
tightly to the RNA, especially not to natively folded
RNAs. We are interested in understanding how these
proteins interact with RNA leading to the promotion of
folding.

Inverse correlation between RNA-binding and RNA
chaperone activities of StpA

For the E. coli protein StpA, we show that a mutation in
the DNA-binding domain leads to a decrease in RNA
binding compared to wt StpA. On the other hand, due to
this change from a neutral to a hydrophobic (glycine 126
change to valine) amino acid next to the nucleic-acid-
binding region, the protein acquires a higher RNA
chaperone activity. We further show that binding of
StpA to RNA is inefficient, that StpA has a clear

preference for unstructured RNAs and that binding is of
electrostatic nature. From all these observations, we
propose that there is an inverse correlation between the
RNA-binding efficiency of the protein and its RNA
chaperone activity. The stronger a protein interacts with
the nucleic acid, the less efficient might be its ability to
promote folding by structure destabilization. The low
binding efficiency and affinity of StpA to RNA as well
as the fact that low amounts of mono- and divalent metal
ions can easily impede protein binding suggest that the

Table 2. Influence of various forms of StpA (1.4 mM protein) on

splicing and folding of the sho-sho RNA construct.

Fast reacting Slow reacting

% kobs % kobs
[min�1] [min�1]

no protein 35� 3 0.42� 0.12 65� 3 6.7� 10�3
� 1.5� 10�3

StpA 63� 4 0.40� 0.04 37� 4 7.2� 10�3
� 4.5� 10�3

NH2–StpA 57� 7 0.35� 0.10 43� 7 2.6� 10�2
� 8.8� 10�3

COOH–StpA 47� 4 0.26� 0.04 53� 4 7.3� 10�3
� 2.0� 10�3

G126V–StpA 78� 3 0.38� 0.03 22� 3 5.2� 10�3
� 4.2� 10�3

Values and reaction rates were calculated as described in experimental
procedures and in Table 1.

Figure 7. Equilibrium filter-binding assays with wt and mutant StpA.
(A) Increasing amounts of wt StpA or G126V–StpA mutant (50 pM to
15 mM) were bound to 100 pM of sho-sho pre-mRNA construct of wild-
type intron sequence or (B) to a sho-sho pre-mRNA construct with a
mutation (C865U) in the joining region of J3/4 of the intron RNA.
This mutant has a destabilized tertiary structure (14).
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interaction between StpA and RNA is weak and most
probably highly transient. Furthermore, the rates at which
StpA accelerates folding, which is faster than can be
monitored by manual pipetting, also suggests that the
interactions are rapid and transient, rather than tight and
persistent.

Members of the E. coli cold shock protein family, like
CspA or CspE, have been found to exert RNA chaperone
activity both in vitro and in vivo (49). For both of them it
has been demonstrated that mutations in the RNA-
binding domains affect binding and chaperone activity.
By replacing aromatic amino acids with arginine the
binding affinity of CspE increases by one order of
magnitude. At the same time the in vitro nucleic acid
melting activity drops significantly. In vivo, these muta-
tions lead to the loss of the ability to cause transcription
antitermination (15–17,49).

The bacterial FinO protein, which represses F-plasmid
conjugative transfer, facilitates sense–antisense RNA
interactions by accelerating RNA strand exchange. Like
StpA, FinO binds poorly to RNA with an affinity of
0.2–1mM and mutant variants of FinO that have partially
lost their RNA strand exchange acceleration ability
bind with higher affinity to RNA than the wild type.
Thus, like for StpA, an inverse correlation between RNA
chaperone and RNA-binding activity has been observed
for FinO (50).

Recently, single-molecule FRET has been used to
monitor conformational dynamics during folding of the
bI5 group I intron in the presence of its specific splicing
factor CBP2 (51). Two different types of interaction could
clearly be detected. Before CBP2 binds with high affinity
to the RNA, a non-specific mode of interaction is
observed, which causes conformational fluctuations in
the intron RNA corresponding to various conformations.

This non-specific mode of interaction is a mechanism,
which could be also used by proteins with RNA chaperone
activity. It is conceivable, that many proteins, which
interact specifically with an RNA molecule, first undergo
this type of non-specific interaction promoting conforma-
tional searching before they achieve successful specific and
high-affinity binding. This might explain, why so many
specific RNA-binding proteins have RNA chaperone
activity in addition to specific RNA-binding properties.

RNA annealing is promoted by simultaneous binding
of both RNAs

The term RNA chaperone activity is being used for a wide
and not very well-defined set of activities. Using different
assays to monitor RNA chaperone activity, different
activities can be detected. For example, StpA can
accelerate RNA annealing and strand displacement,
while ribosomal protein S1 can promote strand displace-
ment but not RNA annealing and in contrast, the E. coli
protein Hfq can accelerate annealing but not strand
displacement (O.M. and L.R. unpublished results). Thus it
becomes evident that RNA annealing and strand dis-
placement are different activities that require different
mechanisms. While strand displacement requires RNA
unfolding activity, this is not the case for RNA annealing,
providing that the RNAs are not highly structured.
We show here, that the mechanism of RNA annealing
acceleration acts via simultaneous binding of both
RNAs. Low levels of FRET demonstrated this after
incubation of non-complementary fluorophore-labelled
RNAs with StpA.

Protein disorder and RNA chaperone activity

A recent review by Jane Dyson and Peter Wright discusses
the role of structural disorder for protein function (52).
Intrinsically unstructured proteins or unstructured
regions in proteins do, in contrast to the classical view,
exert function. In favour of this view is also a recent model
proposed by Tompa and Csermely for the mode of action
of proteins with RNA chaperone activity. They observed
that RNA chaperones belong to the class of proteins with
the highest degree of structurally disordered regions (45).
Structural flexibility and dynamics facilitate intermolecu-
lar interactions by promoting conformational fluctuation
in search for tight binding. This model would fit well with
the behaviour of several well-studied RNA chaperones
(53). For example, the N-terminal region of the FinO
protein, which is essential for strand exchange activity,
was also found to be unstructured, at least in the free
protein (52,54). Very recently, an algorithm for disorder
prediction (DisProt VL3-14) was used to search for the
RNA chaperone domain in the Drosophila retrovirus
Gypsy Gag gene, and the region could be correctly
predicted (55). Here, we analysed structural features of
StpA using a novel tool for prediction of residue
compactness and local secondary structure elements
based on the primary sequence. The results obtained
revealed that StpA exists in solution as a largely unfolded
polypeptide chain lacking considerable stabilizing tertiary
interactions. However, despite its loosely packed structure

Figure 8. Residue compactness and secondary structure plot of StpA.
Predicted compactness and local secondary structural features of StpA
are shown as a function of residue position. Large compactness values
(black) indicate residue positions typically buried in the interior of the
3D structure, whereas small values are found for residues exposed to
the solvent. Corresponding local secondary structure elements (red)
are overlayed. Positive values are indicative of a-helical segments.
In contrast, continuous negative values are typical for extended or
b-strand regions.
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it comprises local secondary structure elements, which also
display significantly smaller calculated compactness values
than the average of proteins. StpA is thus prone to
intermolecular interactions with possible binding partners.
Most importantly, the location of these exposed pre-
formed regions coincide with experimentally validated
DNA-recognition sites found for its homologue H-NS
(44). StpA thus constitutes an additional member of the
growing class of intrinsically unfolded proteins with
preformed molecular recognition elements.
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