
www.landesbioscience.com	 RNA Biology	 735

RNA Biology 7:6, 735-743; November/December 2010; © 2010 Landes Bioscience

 review REVIEW

Introduction

Soon after catalytic RNAs were discovered, it was realized that, 
very much like proteins, RNAs fold into complex three-dimen-
sional structures that are essential for their activities. Several 
catalytic RNAs like self-splicing introns are active in vitro with-
out the help of proteins; however, many of these RNAs require 
non-physiological ionic conditions or are clearly dependent on 
proteins for optimal activity. Therefore the search for protein-
aceous splicing factors accompanied the studies on self-splicing 
intron catalysis from the very beginning. Genetic screens were 
the most common approach to explore proteins that promote the 
activity of catalytic RNAs. Two main strategies were employed: 
screens for trans-acting mutants that result in splicing deficiency 
or screens for suppressors of splicing deficient intron mutants.1-6 
A screen using splicing-deficient mutants of the T4 phage derived 
thymidylate synthase (td) group I intron was performed to search 
for E. coli proteins that could restore splicing. It resulted in the 
discovery of StpA, “suppressor of the td- phenotype”.7 StpA is 
not a specific splicing factor like the maturases or Cyt-18 and 
CBP2. In contrast, it interacts with RNA non-specifically and 
promotes splicing by acting as an RNA chaperone. In this review, 
we will discuss the properties of this interesting protein, which 
reveal many of the most important characteristics of this class of 
proteins.
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In bacteria, transcription, translation and gene regulation 
are highly coupled processes. The achievement of a certain 
functional structure at a distinct temporal and spatial 
position is therefore essential for RNA molecules. Proteins 
that facilitate this proper folding of RNA molecules are called 
RNA chaperones. Here a prominent example from E. coli is 
reviewed: the nucleoid associated protein StpA. Based on its 
various RNA remodeling functions, we propose a mechanistic 
model that explains how StpA promotes RNA folding. Through 
transient interactions via the RNA backbone, thereby shielding 
repelling charges in RNA, it pre-positions the RNA molecules 
for the successful formation of transition states from encounter 
complexes.

Mechanisms of StpA-mediated RNA remodeling
Martina Doetsch, Thomas Gstrein, Renée Schroeder and Boris Fürtig*

Max F. Perutz Laboratories; Vienna, Austria

Key words: StpA, RNA chaperones, RNA folding, folding mechanism, RNA-protein interaction

Functions of StpA in gene-regulation. StpA-like genes have 
so far been found in several Gram negative bacteria while Gram 
positive bacteria do not seem to express homologs of this protein.8 
StpA’s paralogy and overlapping function of the well-studied his-
tone-like nucleoid structuring protein (H-NS) were recognized 
immediately.9,10 In the form of a homo- or hetero-dimer with StpA 
or other proteins H-NS shapes the structure and organization of 
the E. coli genome by bending and bridging DNA11 and both H-NS 
and StpA restrain DNA supercoils in vitro. Thus, H-NS and StpA 
exert the role of pleiotropic regulators and influence transcription 
of certain genes in an either positive or negative way.10

In full medium, StpA is not abundant and its expression is 
only induced during a very concise period in mid-exponential 
growth phase. Expression of StpA can be enhanced through 
osmolytic stress or elevated temperatures and a more pronounced 
induction of StpA expression can be achieved in minimal growth 
medium.12 Apart from negative auto-regulation of both H-NS 
and StpA genes, both proteins cross-regulate their homologue’s 
expression in a negative way indicating that they have partially 
overlapping functions.10 Some H-NS regulated genes have indeed 
been found to be regulated by StpA, while others remain unaf-
fected. So far, no genes have been identified which are regulated 
by StpA only.8 Consistently, while mutation of the hns gene 
has noticeable effects on growth and cell structure, single stpA-
knockouts do not show a specific phenotype. However, growth 
of double hns/stpA mutants is strongly impaired under normal 
growth temperatures as well as under cold or heat shock. For 
those reasons, StpA is sometimes considered a ‘molecular back-
up’ of H-NS. However, the ability of H-NS to dimerize with 
StpA and other H-NS like proteins hints at the establishment of 
fine-tuning mechanisms in response to changing growth condi-
tions as opposed to simple H-NS substitution by StpA or other 
H-NS like proteins.11

Like H-NS, StpA is a histone-like protein that binds and 
bends DNA,10 and therefore, it was surprising when StpA was iso-
lated as a suppressor of an RNA-based phenotype. The ability of 
StpA to refold RNA molecules has been studied extensively. StpA 
has been shown to stimulate group I intron splicing by accel-
erating folding of the intron RNA both in vitro and in vivo.7,13 
While specific splicing factors stabilize the structure of RNAs 
by recognizing and binding a particular RNA sequence, StpA, 
being an RNA chaperone loosens the structure by non-specific 
interactions with RNA.13,14 Most important for distinguishing 
specific splicing factors from RNA chaperones is the observa-
tion that RNA chaperones are only needed during folding and 
as soon as the RNA is in its native conformation, the chaperones 
are no longer required.15 StpA can interact with many different 
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not exhibit activity in either the annealing or the trans-splicing 
assays, although in the cis-splicing assay, RNA chaperone activity 
was also found for the N-terminal domain. Bio-informatics pre-
dictions made for several RNA chaperones indicate a high pro-
pensity of disorder within the proteins, which may be a universal 
property of this class of proteins and mechanistically important 
for their function.22 Calculations using the PONDR-algorithm23 
to determine the overall disorder score indicate that StpA has an 
overall disorder of 73% and is therefore a largely unstructured 
protein.24 A study using the meta-structure approach25 resulted in 
the prediction of certain secondary structure elements: α-helical 
structures in the N-terminal domain (residues 115 to 134) and at 
the very C-terminal end, and a stretch of β-sheets for residue 90 
to 115. Moreover, the overall compactness for StpA CTD is lower 
in these calculations than for folded proteins with an ARCfolded pro-

teins (average residue compactness) around 300. Interestingly, the 
linker-region that is most sensitive to limited proteolysis shows no 
clear propensity for a certain secondary structure but a rather high 
measure of compactness, compared to the rest of the sequence.16

Contrasting the rigorous results of the PONDR prediction is 
the considerably strong homology to highly structured H-NS, for 
which three-dimensional structures of certain domains could be 
determined.26,27 This suggests that StpA might also exhibit folded 
domains. Furthermore, the stabilities of the homo- and hetero-
dimers with H-NS are remarkable.21 Therefore, we assume that 
StpA exhibits well-defined structured domains.

It is interesting that although both proteins harbor the same 
amount of basic amino acids (each with 23 arginines and lysines), 
H-NS is less active than StpA in the applied chaperone assays, 

RNA molecules and has no sequence preference.16 It accelerates 
annealing and strand displacement of many different RNAs. In 
an RNA recombination assay, StpA was able to enhance copy-
choice recombination during reverse transcription of HIV lead-
ing to higher reshuffling of genetic markers.17 Additionally, StpA’s 
simultaneous action on DNA and RNA could be explained by 
the spatial-temporal coupling of transcription and translation 
in bacteria. This has also been shown for the E. coli cold shock 
protein, CspA which also has RNA chaperone activity and regu-
lates transcription and translation.18 Recently, it was noticed that 
mRNAs in E. coli stay at their site of transcription attached to the 
chromosome during their lifetime. Thus StpA and other nucleic 
acid chaperones could easily act on both DNA and RNA sub-
strates to regulate gene expression.19

Structure of StpA. StpA is a modular protein with remarkable 
similarities to the chromatin-associated protein H-NS, sharing a 
58% identity over all residues.20 The protein can be subdivided 
into two domains (Fig. 1). The N-terminal domain compris-
ing residues 1–76, has a lower identity to the respective H-NS 
domain (51%) and functions as the site for homo-16 and hetero-
dimerization with H-NS.21 The C-terminal domain (residues 
90–134) shows a higher degree of similarity to H-NS (73% iden-
tity) and forms a stable 6 kDa product after restricted proteolysis. 
Both domains are connected by a flexible linker (residues 76–90) 
that is prone to proteolysis. According to Cusick et al.20 StpA’s 
RNA chaperone activity resides in the basic C-terminal domain 
(CTD) of StpA, which is also responsible for RNA/DNA bind-
ing. The CTD contains 5 lysine and 3 arginine residues in a total 
of 46 residues. In contrast, the StpA N-terminal domain does 

Figure 1. Domain architecture of StpA in comparison to H-NS: (A) displays the primary structure of both proteins; in a color-coded scheme the distri-
bution of charged amino-acids is displayed, blue and red bars indicate positively (R and K) and negatively (D and E) charged amino-acids, respectively; 
the green letters separate every ten amino-acids; the over-bars indicate the domain structure of StpA as discussed in the text and the grey under-bars 
show the domains of H-NS for which high-resolution structures (pdb-codes: 1ni8 and 1 hns) are available; residues involved in H-NS DNA binding are 
highlighted by arrow heads; in (B) the three-dimensional structures are displayed in cartoon representation; the color-coding on the surface represen-
tation equates the electrostatic potential; residues involved in H-NS DNA binding are highlighted by stick representation.
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strand displacement (phase II). In the absence of StpA, phase II 
is dominated by the annealing activity, however in the presence 
of StpA, strand displacement is catalyzed with a rate constant of 
k

SD 
= 4 x 106 M-1sec-1.
T4 td Intron Splicing. The group I intron derived from the T4 

bacteriophage thymidylate synthase (td) gene self splices in vivo 
and in vitro. The splicing reaction is initiated by the nucleophilic 
attack of guanosine at the 5' splice site and followed by two trans-
esterfication reactions. Splicing of the td intron is strongly depen-
dent on the correct three-dimensional fold of the RNA. In vivo, 
the process is probably promoted by different trans-acting factors 
and is therefore fast and efficient, whereas in vitro, misfolding of 
the RNA renders the process slow and inefficient. Overexpression 
of StpA in E. coli cells expressing the td pre-mRNA leads to a 
3.0-fold increase of the pre-mRNA level and a 7.4-fold increase 
of the mRNA level. Thus, the mRNA-to-pre-mRNA ratio was 
increased 2.5-fold.7

Group I intron splicing in cis. In vitro transcribed td intron 
pre-mRNA is very inefficient in folding, probably due to stable 
misfolded intermediates. In a non-renatured sample of td intron 
pre-mRNA over 90% of the molecule are not able to splice effi-
ciently. RNA chaperones can resolve the misfolded structures 
and thereby elevate the fraction of fast-reacting molecules. At a 
concentration of 1.4 μM, StpA was shown to accelerate splicing 
of the td intron 30–45-fold compared to splicing of the RNA 
alone, leaving only a small fraction of RNA molecules in the slow 
reacting conformation.16,31

Group I intron splicing in trans. The td intron RNA structure 
is modular and can thereby be partitioned into pieces, which can 
refold and assemble into an active intron ribozyme.32 However, 
assembly of the RNA is inefficient at 37°C, whereas at 55°C or in 
the presence of an RNA chaperone, a splicing-competent confor-
mation is restored and effective trans splicing can occur.15 StpA 
strongly promotes trans-splicing in vitro, with a peak activity at 
about 2 μM protein.7

In vivo folding trap. Splicing of the td intron in vivo is strongly 
dependent on translation of the pre-mRNA, probably due to a 

indicating a possible structure-function relationship.20 The dif-
ference could be either attributed to the compensation of the 
positive charges by the presence of acidic residues or to the spatial 
distribution of the charged amino acids. The positive net-charge 
is lower in H-NS (H-NS-pI 5.44) than in StpA (StpA-pI 6.41; 
calculated using ExPASy). The spatial distribution of charged 
residues over the surface of the proteins shows a higher differ-
ence for the nucleic acids binding C-terminal domain harbor-
ing the RNA chaperone activity when compared to the NTD 
(Fig. 1). Moreover, the H-NS DNA binding site was mapped by 
NMR spectroscopic methods to a mostly positive charged surface 
region of the CTD of the protein. Most affected residues upon 
DNA binding are D101, T109, R113, T114 and A116 (see arrow 
marks in Fig. 1).28 If the homologous region of StpA is involved 
in nucleic acid binding, a net of two positive charges is added to 
the interaction surface.

Assays for RNA Chaperone Activity

The diversity of the assays that have been used is key to the 
understanding of the mode of action of proteins with RNA chap-
erone activity. Here all assays in which StpA has been tested, as 
well as its performance in these assays, are summarized. Besides 
full-length StpA, two mutant variants of the protein as well as the 
CTD and NTD were tested (Table 1). The NTD is responsible 
for dimerization and the CTD has been implicated in nucleic 
acid interaction. The RNA chaperone activity of StpA was shown 
in different in vitro and in vivo assays, comprising mono- and 
bimolecular reactions.

RNA Annealing and RNA Strand Displacement. The two 
basic activities an RNA chaperone is expected to accomplish are 
the acceleration of hybridization (annealing) and the dissociation 
(displacement) of complementary RNA strands. Assays to moni-
tor annealing or strand displacement are usually carried out with 
radioactively labeled RNAs and visualized via gel electrophoresis. 
In addition, complementary RNAs can be end-labeled with fluo-
rophores and the fraction of double-stranded RNAs can be moni-
tored via FRET. Using a pair of unstructured 21mer RNAs that 
self-anneal with a rate constant of k

ann 
= 106 M-1sec-1, StpA was 

shown to accelerate the rate constant of annealing about 4-fold.16 
Using longer complementary RNAs of 96 nt and 92 nt, that are 
capable of forming a 86 bp duplex, but do not self-anneal due 
to intramolecular structures, StpA accelerates the initial rate of 
annealing >130-fold at 37°C.7 StpA shows the highest activity 
at about 1.8 μM. Due to the length of the substrate RNA, it is 
likely that the assay monitors not only the annealing reaction 
but also an unwinding step which is required because of second-
ary structures.29 The use of short unstructured RNA substrates 
allows the discrimination between strand annealing and unfold-
ing of pre-existing secondary structures in the complementary 
oligonucleotides.

In addition to annealing, StpA also stimulates strand displace-
ment without the addition of ATP.7,30 In a combined FRET-based 
assay, a pair of complementary 21mer long RNAs anneals in the 
presence or absence of StpA (phase I). The addition of a non-
labelled fully complementary competitor 21mer RNA initiates 

Table 1. The table summarizes the results of various in vitro chaperone 
assays for WT StpA, the N terminal domain (NTD) and the C terminal 
domain (CTD) of StpA as well as two StpA mutants G126V and L30P

Annealing
Strand 

displacement
cis-splicing trans-splicing

WT (+)7,10,20 (+)7(-)20 (+)31 (+)7,10,20

CTD (+)7/(-)30 (+)30/(-)20 (+)16 (+)20

NTD (-)20,30 (-)30 (+)16 (-)20

G126V n.d. n.d. (+)16 n.d.

L30P (-)30 (+)30 n.d. n.d.

(+) and (-) indicate activity or no activity, respectively, n.d. indicates that 
the respective assay was not applied, numbers refer to publications in 
the reference section. Mutant G126V was shown to have a decreased 
RNA binding efficiency but an increased cis-splicing activity when 
compared to WT StpA. Mutant L30P lacks the ability to dimerize. The 
assays varied in substrate RNA and experimental setup as described in 
the text for the respective assays. Contradicting results are discussed in 
the annealing section.
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molecules refold consist of three distinct steps: (a) the strand dis-
placement that disrupts stabilizing interactions in the starting 
state, (b) formation of a transition state and (c) strand association 
to form the final state.30,42 Depending on the RNA sequence, 
strand dissociation and association can occur simultaneously or 
sequentially.35 As mentioned above these processes are rate limit-
ing and therefore catalysis of the folding process is required, as 
the RNA folding problem is not only an in vitro artifact but also 
occurs in vivo.33,43 There are various mechanisms under discus-
sion as to how proteins facilitate the remodeling of RNA confor-
mations. The proposed models, which are not mutually exclusive, 
can be grouped into two main classes: (i) RNA-binding proteins 
act as cofactors, bind tightly to the RNA and become part of the 
native RNA-protein complex or (ii) proteins that interact only 
transiently with the RNA (most probably with the transition 
state) and thereby lower the activation energy in the remodeling 
reaction (Fig. 2).44 In general, RNA chaperones are defined as 
polypeptidic modulators of RNA conformations and molecular 
associations (referring to Gething et al.45). The mode of action of 
these chaperones seems to be as manifold as the interactions that 
shape RNAs. Here we will discuss the mechanistic properties 
of the RNA chaperone StpA, from its RNA binding properties 
to its ability to accelerate annealing and strand displacement of 
RNAs.

RNA binding properties of StpA. No specific RNA recogni-
tion sequence is known for StpA. In a Genomic SELEX screen16 
no binding motifs could be significantly enriched suggest-
ing that StpA does not exhibit any sequence-dependent RNA-
binding. StpA rather has a broad specificity to RNA molecules 
of any sequence. The dissociation constants measured for differ-
ent target molecules are in the low μM range. Interestingly, for 
unstructured RNAs (intronless mRNA) or small ssRNA oligo-
nucleotides the dissociation constant is lower than that for more 
structured RNAs (short exons carrying a folded intron), K

D
 = 

0.58 μM vs. K
D
 = 0.73 μM, respectively. Furthermore, in a filter-

binding assay the retention is dramatically reduced by a factor 
of 8, if a highly structured and compact RNA is tested in com-
parison to the more unstructured mRNA. The same low binding 
affinity is monitored for structured short RNAs such as small 
stable duplexes and hairpins.16 In all assays the optimal concen-
tration for the action of StpA is close to but above the determined 
dissociation constants (between 1.4 μM and 8 μM).7,10,20 Similar 
results were also reported for other proteins with RNA chaperone 
activity (e.g., Ncp7), in which an inhibitory effect is shown for 
concentrations beyond this optimum.14

Dissociation constants for the interaction between StpA and 
DNA are in the same range as between StpA and RNA (K

D
 = 

0.7 μM, for the H-NS/DNA interaction the dissociation con-
stant is determined to be K

D
 = 2.8 μM). Other proteins with 

RNA chaperone activity (e.g., Nucleolin) have been shown to be 
both RNA46 and DNA47 chaperones. Since StpA interacts with 
both RNA and DNA with comparable dissociation constants 
the most probable interaction occurs at the phosphate-backbone 
interface of the nucleic acid. In line with the proposed interaction 
via the phosphate-backbone, the potency of interaction between 
StpA and RNA is highly dependent on the ionic strength of the 

folding trap consisting of a 9 bp interaction between exon and 
intron sequences. The ribosome disrupts this interaction during 
translation enabling a splicing competent intron conformation. 
A stop-codon directly upstream of the folding trap prevents its 
resolution by the ribosome and traps the intron in a slow reacting 
conformation with a splicing efficiency of less than 1%. StpA 
rescues the stop codon mutant but not the intronic mutants, dis-
rupting the thermal stability of the three-dimensional structure 
of the intron. This distinguishes it from proteins like CYT-18 
which specifically recognize and stabilize the intron structure, 
thereby rescuing activity of both mutants.33

Mechanisms

From assays towards the understanding of mechanisms. 
Annealing and strand displacement refer to different events in 
the folding of an RNA molecule and are therefore discussed 
individually in this review. It has to be kept in mind, that the 
rate-limiting step in RNA folding is the dissociation of formed 
base pairs. Depending on the structural context of the RNA 
interaction (e.g., domain architecture, structure of the transition 
state, large or many extended regions etc.,), annealing becomes 
a second important step in the folding reaction, and both func-
tionalities must coincide. StpA has been tested in various assays 
using a large variety of different substrates resulting in more or 
less complex reactions, making it difficult to distinguish between 
strand annealing, strand dissociation and the influence of StpA 
on tertiary interactions. Moreover, it is probable that the two 
processes of annealing and displacement affect each other to a 
certain extent. Not only might the strand displacement activity 
of a chaperone support annealing by the opening of mispaired 
nucleotides, but the displacement of one strand by a competi-
tor might also be strongly dependent on annealing. Even further, 
annealing and strand displacement may be part of one and the 
same process (see the discussion in the last section with the gen-
eralized model).

In order to discuss possible mechanisms of how StpA chap-
erones RNA folding, a closer look into the mechanisms of RNA 
folding itself is necessary. Within milliseconds after synthesis, 
significant amounts of the RNA molecule fold to form various 
possible secondary structures. In many regions, the structure 
may initially consist primarily of small base-paired elements. 
Over time, ranging from microseconds to minutes,34-37 parts of 
the molecule will continue to fold into compact structures sta-
bilized by tertiary interactions. Via such folding routes, RNA is 
prone to adopt non-native stable conformations which may act 
as folding traps.38,39 To overcome these folding traps, the RNA 
molecules have to partially unfold and refold to reach the final 
functional state. Furthermore, many ribonucleic acids are able 
to adopt more than one single three-dimensional structure.40,41 
These alternative structures have again very similar thermody-
namic stabilities but show substantially different dynamics and 
function. Structural transitions between a single or several dif-
ferent metastable RNA states and the final functional state often 
constitute the rate-limiting steps on the folding pathway towards 
a functional RNA fold.38 The mechanisms by which RNA 
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other words, binding of the RNA to protein induces a structural 
change in the RNA that makes it favorable for annealing (for 
further discussion see the generalized model section).

Aside from the low dissociation constant and the broad speci-
ficity of StpA, the concept that the interactions between protein 
and RNA are only of transient nature is founded on the observa-
tion that the protein does not need to stay bound, when the fold-
ing reaction of the RNA is completed. It can be digested without 
changing the reaction dynamics or ‘un-folding’ the chaperoned 
RNA.7 This also implies that in ribozyme-based assays the physi-
cal folding steps are affected but the functional steps are not. 
Furthermore, a mutant of StpA (G126V), which has a dramati-
cally reduced binding affinity to RNA (K

D
 >10 μM), harbors an 

increased RNA chaperone activity.16 This implies that the tighter 
the binding strength of a protein is to RNA, the more reduced is 
its ability to promote RNA folding as an RNA chaperone. This 
correlation between RNA chaperone activity and weak RNA 
binding16,49-51 gives strong evidence that the transient nature of 
RNA-protein interaction is a necessity for RNA structure remod-
elling. In fact, the nature of the StpA-RNA interaction fits well 
with the notion that ‘transient complexes’ are dominated by long-
range electrostatic interactions.52

solution. Mono- as well as divalent-ions can compete for the 
RNA’s interaction with the protein and can also induce simi-
lar changes on the protein structure as RNA (Fürtig B, unpub-
lished).16 The increase of magnesium ion concentration reduces 
the efficient binding of RNA to StpA by a factor of ~4. When 
increasing the concentration of magnesium from 0.1 mM to 
0.5 mM, the same behavior is observed as during an increase in 
concentration of monovalent ions from 25 mM to 250 mM.16 
Assuming that the interaction with the phosphate backbone is 
the dominant recognition mode, then shielding the charge of 
the phosphate backbone could contribute to the RNA annealing 
and displacement activities by reducing either inter- or/and intra-
molecular repulsions.48

From a dual binding assay, which probes the interaction of 
StpA with two non-complementary 21mer RNAs16,30 it can be 
deduced that the protein is able to interact with two different 
strands of RNA at the same time. The dual binding assay further 
suggests an additional interesting fact: although the amplitudes 
of the annealing reaction and the dual binding reaction differ 
strongly, the rate constants for both reactions are identical (k

obs, 

ann
 = k

obs,bind
 = 4 x 106 M-1s-1). This suggests that the rate-limiting 

step for StpA catalyzed RNA annealing is the binding step. In 

Figure 2. Two simplistic models of how proteins facilitate the remodeling of RNA conformations. (A) Energy landscape for a tight binding protein that 
acts as a co-factor for RNA and through binding induces a conformational change that is more stable (red) then the respective RNA conformation in 
the absence of the protein (blue). (B) As an experimental example for such a scenario the changes in the td intron structure upon binding of Cyt-18 are 
shown. Without the protein residues, A46 and A47 are moderately accessible to DMS modifications (blue line). In the presence of Cyt-18 these residues 
become involved in a stable tertiary interaction and are protected (red line). No apparent changes are monitored for A48 which is part of a secondary 
structure element. (C) Energy landscape for proteins that interact only transiently with the transition state of an RNA and thereby lowers the activation 
energy in the remodeling reaction (blue versus red reaction path, for RNA alone and RNA/protein, respectively). (D) As an experimental example for 
this scenario the changes in the td intron structure upon interaction with StpA are shown. Without the protein residues A46 and A47 are moderately 
accessible to DMS modifications. In the presence of StpA these residues sample more open conformations and are easier to access by DMS (red lines). 
No apparent changes are monitored for A48 as it is involved in a secondary structure interaction; (B and C) are adapted from reference (Waldsich et 
al.).13
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RNA displacement. As indicated above, the opening of 
stretches of base-paired nucleotides and subsequent exchange of 
one of the pairing partners are fundamental steps in RNA fold-
ing. Most often, the opening process is energetically disfavored 
and characterized with a low rate constant, that decreases expo-
nentially with the length of the stretch that has to be opened.60 
Catalysis of this process is beneficial in order to increase the over-
all folding rate of RNAs and is therefore an important feature of 
RNA chaperones.61 Using a FRET assay, an orders-of-magnitude 
increase in strand displacement activity could be monitored for 
StpA.30

Mechanistically, strand exchange has to involve open or at 
least partially open RNA conformations as intermediate or tran-
sition states. This reduction in the extent of structure is necessary 
to speed up the zippering process.49 In the open states, nucleotides 
are exposed and subsequently available for new interactions. This 
effect was seen for StpA. Upon interaction with StpA the td group 
I intron showed a higher accessibility to modifying agents, such as 
DMS, for tertiary structure elements and a reduced compactness 
of the overall fold (Fig. 2).13,31 Interestingly, the sensitivity of an 
RNA towards StpA correlates with the three dimensional struc-
tural stability of the RNA.62 Intron mutants with lower thermal 
stability showed a decreased splicing efficiency in the presence 
of StpA. This effect could be reverted by dropping the tempera-
ture from 37°C to 25°C, indicating that the opening of RNA 
structures by StpA is only beneficial for folding up to a certain 
degree.62 This result is consistent with the notion that there is an 
optimal concentration for StpA beyond which folding efficiency 
is again decreased. Even so, it is also notable that StpA can not 
unfold stable RNAs completely.62 These results show a clear dif-
ference between StpA and specific binding proteins such as tRNA 
synthetase Cyt-18, which acts in an opposite way, by binding to 
the RNA and stabilizing tertiary elements in the RNA (Fig. 2).13

A Generalized Model for StpA Activities

All these findings can be used to define a generalized mechanism 
for StpA promoting RNA annealing and strand displacement.

The astounding identity of rate constants. The rate constants 
of the StpA catalyzed annealing, strand displacement and dual 
binding reactions hint at which step StpA influences RNA fold-
ing.16,30 Strikingly, all three rate constants are identical within error, 
namely about 4 x 106 M-1sec-1, suggesting that all three activities 
are subject to the same rate-limiting step in the presence of StpA.

The RNA-only folding scenario. To explain this phenome-
non, we first consider the RNA folding reaction simplified as the 
annealing of two complementary RNA molecules (Fig. 3A). On 
their way to the formation of the thermodynamically most stable 
complex, the RNA molecules form a first encounter complex, 
which might either proceed into a transition state or fall apart. 
While the encounter complex is characterized by long-range 
(mainly electrostatic) interactions, the transition state contains 
RNAs that have already formed initial base pairs.52 The formation 
of the final duplex evolving from the transition state is assumed 
to be very fast.63-65 The annealing rate constants of complemen-
tary RNAs are very small and in the conformationally-controlled 

RNA annealing. So far, three different, but not necessarily 
mutually exclusive, mechanisms for the acceleration of comple-
mentary RNA annealing have been proposed: (a) the active 
attraction of RNA molecules to increase the encounter frequency 
between them, (b) stabilization of the annealing transition state 
by shielding the negative RNA backbone charges (often referred 
to as ‘matchmaker activity’) and (c) ‘conversion’ of the RNA into 
an annealing-prone conformation.53-55 Studies of annealing accel-
eration that used different proteins suggest not a general appli-
cability of one of the above mentioned scenarios, but instead the 
co-existence of several (mixed) mechanisms.

In all the applied annealing assays the protein was used in a 25- 
to 200- fold molar excess over RNA single strands. Furthermore, 
a threshold StpA concentration of 0.6 μM was found in a mixed 
annealing and strand displacement assay below which no reac-
tion acceleration could be detected.7 It is generally assumed for 
RNA annealers (as well as for chaperones) that several molecules 
of protein bind one RNA molecule. This ‘RNA coating’ is pre-
sumed to be a necessity for acceleration of annealing (and strand 
displacement).

Several authors described the importance of positively charged 
amino acids for nucleic acid annealing activity.55-59 In fact, the 
CTD of StpA is rich in basic residues and carries a net charge of 
+3. We analyzed RNA annealing acceleration by the short HIV-1 
Tat protein-derived peptide Tat(44–61) (Doetsch et al. paper in 
preparation). Our results stress not only the importance of the 
overall charge of the protein, but also suggest a distinct spatial 
arrangement of basic residues within the peptide. The same rela-
tion between positive charges and annealing activity may also 
apply to StpA: Interestingly, H-NS is less active than StpA in 
annealing assays,20 which could be explained by the different dis-
tributions of positive amino acids within their sequence (Fig. 1). 
RNA annealing activity is sometimes connected to the ability 
of proteins to actively increase the encounter frequency between 
complementary RNA molecules.29 One potential mechanism for 
the StpA-catalyzed annealing reaction is an increase of local con-
centration of the RNA molecules, as proposed by Mayer et al.16 
and Rajkowitsch et al.30 It was suggested that for simultaneous 
RNA binding and thus RNA annealing acceleration, dimeriza-
tion of the protein is indispensable. This hypothesis is supported 
by the dimerization-deficient StpA L30P mutant that is inactive 
in annealing assays. These results oppose those from the Belfort 
lab, reporting that both CTD and NTD individually are inac-
tive in annealing assays.30 The CTD’s lack of annealing activity 
was explained by its inability to bind two RNAs simultaneously. 
Since StpA dimerization is attributed to the NTD, the CTD 
alone may have only one RNA binding platform. However, more 
recent experiments show that the CTD is active in annealing 
(Fürtig B, et al. unpublished results). The contradicting perfor-
mance of the CTD might be explained with different protein 
preparations resulting in different concentrations of active pro-
tein, as well as with the use of different salt concentrations in the 
applied annealing assays. StpA’s activity, like that of other RNA 
chaperones, is inhibited by low amounts of MgCl

2
 and NaCl. 

Therefore, the hypothesis that annealing activity is conferred by 
simultaneous RNA binding needs further confirmation.
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strand displacement: when a competing RNA strand is present 
(especially when it is in molar excess) it will be able to invade 
a just partly opened duplex and thus replace one of the strands. 
Thus, the strand displacement reaction is strongly coupled to an 
annealing process.

The connection of annealing, strand displacement and dual 
binding. In the presence of StpA both reactions, annealing and 
strand displacement, become diffusion-controlled while steps 
subsequent to encounter complex/transition state formation are 
very fast and thus not rate-limiting anymore. This means, the 
reactions are only dependent on the velocity with which RNA 
molecules collide. The process of StpA-coated RNA molecules 
meeting each other is what is measured with the dual binding 
assay. That annealing, strand displacement and dual binding 
share the same rate-limiting step is the reason for their iden-
tical rate constants. In summary, we propose that StpA does 
not accelerate diffusion of RNA molecules towards each other 
but instead pre-positions RNAs and stabilizes the encounter 
complex and thus increases the probability of successful RNA 
remodeling.

regime. This means that the reaction veloc-
ity is restricted by necessary RNA refolding 
events which have to take place before the 
transition state formation.52 For example, 
long 69mer RNAs with some degree of inter-
nal secondary structures anneal with a rate of 
3.4 x 103 M-1sec-1 and a 21mer unstructured 
RNA anneals with a rate of 106 M-1sec-1 in the 
absence of RNA chaperones.30,54 We therefore 
assume that the rate-limiting step of the fold-
ing reaction is the conversion from encounter 
complex to transition state. We suggest that 
the restricting processes are conformational 
changes in both RNA molecules that are nec-
essary for base pair formation. Apart from 
folding into the most stable conformation, the 
RNAs have the propensity to form other more 
or less stable duplexes. Thus, RNA molecules 
might either get trapped in alternative folds or 
they might form duplexes that fall apart due to 
low stability (Fig. 3A).

The effect of StpA on RNA annealing. 
In the presence of StpA (Fig. 3B) collid-
ing RNA molecules are most probably not 
‘naked’ but instead coated with one or more 
StpA molecules. Due to electrostatic attrac-
tion between RNA and StpA and the strong 
molar excess of protein over RNA, it is very 
likely that most RNAs are in an StpA-bound 
state. Thus, the encounter complex contains, 
besides the two RNAs, additional StpA mol-
ecules. The rate constants for annealing and 
strand displacement lie within the diffusion-
controlled regime, meaning that StpA changes 
the rate limiting step of RNA folding. Thus, 
we assume that StpA acts on the conversion 
between encounter and transition state. Considering the role of 
basic amino acid residues in StpA’s chaperone activity, we suggest 
that the protein alters RNA conformation in such way that the 
probability of progression into the transition state is increased 
and less encounter complexes fall apart. In addition to its con-
formational influence on the RNA, StpA could also act through 
shielding of negative RNA backbone charges and thus stabilize 
the first encounter complex. In summary, StpA induces confor-
mational changes in the RNA that overcome structural barri-
ers that prohibit base pair formation and thus render the RNA 
strands prone for annealing.

The catalysis of strand displacement by StpA and its con-
nection with RNA annealing. Another difference from the 
‘RNA only’ scenario is the propensity of StpA to open up stable 
duplexes (Fig. 3B). This results in the refolding of the alternative 
duplexes so that the most prominent product of annealing will be 
the thermodynamically most stable structure. Since StpA works 
in a sequence unspecific way, one has to keep in mind that all 
base paired regions are susceptible to being opened up, including 
the thermodynamically most stable duplex. This is the basis for 

Figure 3. A Generalized Model for StpA Activities. (A) Two annealing RNAs (R1 and R2 with 
complementary sequences) run through different states before they form a duplex. In addi-
tion to the most stable double-strand, alternative duplexes (indicated by the subfix ‘alt’) can 
form and, depending on their thermodynamic stability, eventually fall apart again. (B) Pro-
posed mechanisms for StpA-facilitated RNA-RNA annealing and strand displacement. Partial 
opening of the R1R2 duplex (indicated through parentheses) allows the R1-complementary R3 
RNA to invade the double-strand.
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