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RNA pseudoknots 
Cornelis WA Pleij 

Leiden Universi ty,  Leiden, The Nether lands 

Many new RNA pseudoknot structures have been detected and proposed in 
the past year. Although we are still waiting for the first detailed structure of 
a pseudoknot, their role in processes such as translational autoregulation 
or ribosomal frameshifting has been extensively studied and is now well 
established. Pseudoknot structures appear to play a pivotal role in small 
subunit ribosomal RNA and in the noncoding regions of viral RNAs. There 
are also strong indications that RNA pseudoknots are highly suitable structural 

motifs for the recognition and binding of proteins. 

Current Opinion in Structural Biology 1994, 4:337-344 

Introduction 

It is common  knowledge that Watson-Crick basepair-" 
ing is the main folding principle in RNA. Although a 
number  of  different types of  tertiary interactions can 
shape the final three-dimensional (3D) structure, it 
was only during the last decade that Watson-Crick 
basepairing was realized to play a role at the level of  
tertiary structure formation. This involves base-pairing 
between a loop region in an orthodox secondary struc- 
ture and a complementary  sequence outside that loop. 
This type of basepairing leads to what is called a pseu- 
doknot  structure. It is now clear that in many cases the 
function of an RNA molecule can only be  unders tood 
in terms of such pseudoknot  formation. 

The simplest form of pseudoknot  arises when  a stretch 
of nucleotides from a hairpin loop basepairs with 
a complementary  single-stranded non-loop sequence 
close to the hairpin. Fig. 1 illustrates the four basic 
elements of  a pseudoknot  of  this type, showing the 
relative orientation of stems 1 and 2 ($1, S2) and the 
connecting loops 1 and 2 (L1, L2). In the case where  
both stem regions are contiguous, a stacking of  the 
two helices becomes  possible (as shown in Fig. 1). 
In principle, each of the two loops may consist of  
hundreds of  nucleotides, possessing their own  sec- 
ondary structure. There is some debate, however,  as to 
whether  pseudoknots  formed by long-range basepair-  
ing interactions, including stems formed by l oop - loop  
interactions, should be called tertiary interactions, and 
whether  the term pseudoknot  should be restricted to 
the simpler case illustrated in Fig. 1. For a discussion of 
these aspects of  definition and classification see [1-4]. 

This review evaluates the current status of  our under-  
standing of RNA pseudoknot  of  structure and function, 
based on the advances made during the past year. 
It should be  stressed that the number  of  pseudoknot  

structures proposed  in the literature is rapidly grow- 
ing, but that often these proposals  are not supported 
by experimental  results and/or  covariation search, and 
it is for that reason that these are given less attention 
here. (For recent reviews on RNA pseudoknots,  cover- 
ing the period before 1993, see [1,2,4].) 

Structure 

NMR and X-ray diffraction 
The progress made in the past year  in elucidating 
the 3D structure of an RNA pseudoknot  was only 
modest.  The near future looks more promising, how- 
ever, as a number  of groups are intensively studying 
pseudoknot-containing RNA fragments with high reso- 
lution NMR spectroscopy techniques (LX Shen, J Santa 
Lucia Jr, I Tinoco Jr, abstract 2, Alternate Readings of 
the Genetic Code, Parknasilla, Ireland, May 1993; M 
van der Graaf, BALM Deiman, MP Veldhoven, CWA 
Pleij, H van den Elst et al., VIIIth Conversation in the 
Discipline of Biomolecular Stereodynamics, Albany, 
June 1993). Biophysical studies on RNA pseudoknots  
suffer from many problems, in that apart from dealing 
with RNA, which has its own drawbacks for biophysi- 
cal studies, RNA fragments that can potentially form 
pseudoknots  appear  to be  apt to give aggregates, al- 
ternative conformations, or duplexes,  because of their 
intrinsically high basepairing capabilities and their rel- 
atively low stability. The most important structural con- 
tribution so far has come from the group  of Tinoco and 
coworkers [5], who  obtained evidence for the coaxial 
stacking of stems Sl and $2 w h e n  studying a synthetic 
RNA oligonucleotide with NMR. The helical segments 
Sl and S2 were  found to be of  the A-type, but less in- 
formation was obtained about the conformation of the 
loop regions L1 and L2. This means that the occurrence 
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3D--three-dimensional; BMV---brome mosaic virus; L--loop; NGF--nerve growth factor; 

S--stem; TYMV--turnip yellow mosaic virus; UTR--untranslated region. 
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Fig. 1. The formation of a simple RNA pseudoknot involving a hair- 
pin loop. (a) Conventional representation, showing the nucleotides 
from the loop (L2) basepairing with a complementary sequence out- 
side the loop (L1). (b) Schematic folding resulting in the formation 
of the two stem regions ($1 and $2). (c) Formation of the quasi- 
continuous helix upon stacking of the two stems. $1 and $2 rep- 
resent the two stem regions, L1 and L2 the two connecting loops. 
Watson-Crick basepairs are indicated by the black bars. 

of triple interactions be tween  L1 or L2 with the stems 
S2 and Sl, respectively, remains an open  question. The 
possibility of such interactions must certainly be  envis- 
aged since 'nucleoside triples' have been observed in a 
structural element of the Group I intron that has certain 
features in common with pseudoknots  [6]. 

The successful crystallization of a pseudoknot-harbour-  
ing RNA fragment further fosters our expectation that 
the elucidation of the detailed structure of  an RNA 
pseudoknot  will only be  a matter of time [7°]. 

Topology 
A recurrent question related to pseudoknot  structure is 
that of  the possible existence of real knots in natural 
RNA (see [1]). A few papers  last year reported topo- 

logically real knot formation in single-stranded nucleic 
acids. Interlocking RNA circles were  described by  Win- 
ter et al. [8] as a product of aberrant splicing in a yeast 
mitochondrial precursor for the large ribosomal sub- 
unit RNA, as a result of an activation of cryptic opening 
sites in the 5' exon of nmtant precursors. The first, small 
circle is derived from part of  the 5' exon and the sec- 
ond, large one comprises the intron. The results could 
be  explained by the formation of a pseudoknot  struc- 
ture involving the internal guide sequence (IGS). 

Knotting has also been  described for chemically syn- 
thesized, single-stranded DNA molecules ([9], and ref- 
erences therein). The basepairing schemes in these 
circular molecules of 70, or more, nucleotides are 
reminiscent of RNA pseudoknots.  The ligation of the 
3' to the 5' end gives rise to trefoil and figure-eight 
knots depending on the presence or absence of Z- 
DNA structure in one of the two helices. It would 
be very interesting to see whether  similar structures 
can be fashioned with single-stranded RNAs. A study 
of such RNA real knots may likewise reveal flexibil- 
ity constraints that could be useful for understanding 
pseudoknot  structures. 

Funct ion 

5' and 3' untranslated regions in viral RNAs 
Plant viruses 
The RNA pseudoknots,  as we know them today, were 
first discovered in the tRNA-like structure of some plant 
viral RNAs. Although aminoacylation at the 3' end of 
turnip yel low mosaic virus (TYMV) RNA takes place in 
vivo, probably  as a necessary step in the multiplication 
of the virus [10], it is still not known why a pseudo-  
knot is specifically used for the proper folding of the 
tRNA-like structure. This problem received a new twist 
with the observation by Haenni and coworkers [11] that 
a 3' terminal fragment of TYMV RNA of as few as 38 
nucleotides, harbouring just one pseudoknot,  is suffi- 
cient for specific initiation of minus-strand synthesis. If 
this is indeed the case, it would be interesting to know 
which part of  this pseudoknot  is responsible for the 
recognition of the viral replicase. 

It has been  difficult to understand the resemblance of 
the tRNAqike structure of  brome mosaic virus (BMV), 
encompass ing some 170 nucleotides, to the canoni- 
cal elongator tRNATy r. A recent, careful and extensive 
study by Felden et al. [12°], using chemical modifica- 
tion, enzymatic digestion and computer  modeling has 
led to an improved and more detailed structure. More- 
over, this Strasbourg group obtained experimental evi- 
dence for a pseudoknot  just upstream of the tRNA-like 
structure, as predicted earlier in my laboratory. 

These conserved pseudoknots  just downstream of the 
stop codon in the 3' untranslated region (UTR) are a 
recurrent motif in many  non-polyadenylated plant viral 
RNAs. In some cases only one pseudoknot  is present, 
as reported recently for TYMV RNA [13]. Other viral 
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RNAs usually harbour more pseudoknots, even up 
to eleven in a row like in some tobamoviruses (A 
Gultyaev, C Pleij, unpublished data). 

Two papers that appeared in 1993 dealt with the func- 
tion of these 3' UTR-pseudoknots [14°%15]. A few years 
ago Gallie and coworkers [14 °°] found that the three 
consecutive pseudoknots PKI-PK 3 in tobacco mosaic 
virus RNA (Fig. 2) promote efficient translation of the 
viral RNA in conjunction with the 5' leader. As such, 
they mimic the function of the polyA tail in cellular 
mRNAs. In a very extensive nmtagenesis analysis, Gal- 
lie and coworkers [14"] have pinpointed which part 
of the 72 base stalk, or upstream pseudoknot  do- 
main (UPD), mediates this regulation; it turned out 
that both the higher order structure of PK 2 and PK 3 
and their conserved sequences, especially in the 3' 
proximal PK3, are essential for translation. Using band 
shift analysis they also demonstrated that this upstream 
pseudoknot  domain is specifically recognised by pro- 
teins from wheat germ or carrot extracts. These pro- 
teins also recognise the 5' leader, thereby parallellingo 
the properties of polyA-binding proteins. 

Interestingly, Hall and coworkers [15] present a some- 
what different conclusion regarding the function of the 
pseudoknots in the 3' UTR of Brome mosaic virus 
(BMV) RNA. The results of deletion studies on BMV 
RNA 3, cotransfected with RNA 1 and RNA 2, point 
to a minor role in translational control. Rather, these 
pseudoknots seem to contribute to the overall replica- 

tion of the BMV RNAs. Further studies on other plant 
viral RNAs are needed to clarify this point. 

Picorna viruses 
It has been proposed that pseudoknots  are present 
in the 5' UTR of picornaviral RNAs, such as foot and 
mouth disease virus (FMDV), encephalomyocarditis 
virus (EMCV) or hepatitis A virus (HAV). These pseu- 
doknots of  the simple type (as shown in Fig. 1) are 
located upstream of the 'ribosomal landing pad' and 
border long single-stranded regions [16,17]. No func- 
tional role for these pseudoknots has been reported as 
yet. 

The 'r ibosome landing pad' (RLP) itself has also been 
described as containing a few pseudoknots, both in the 
human enterovirus and rhinovirus RNAs [18], and in the 
cardiovirus, hepatitis A and aphtovirus RNAs [17]. How- 
ever, some of these pseudoknots,  proposed on the ba- 
sis of sequence comparisons and computer prediction, 
clearly need  experimental verification because the pre- 
dictions are either not supported by covariations, or 
actually show contra-indicators in related sequences. 
If present, the role of these pseudoknots in the cap-in- 
dependent  initiation of protein synthesis remains to be 
established. 

Two different models for 3' UTR folding of the po- 
liovirus genome were recently proposed. Both models 
contain a pseudoknot  structure, possibly implicated in 
viral replication [19°,20]. The first, presented by Jacob- 
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Fig. 2. The folding of the 3' UTR of tobacco mosaic virus (TMV) RNA. The tRNA-like structure comprises nucleotides 1-105. The upstream 
pseudoknot domain (UPD), or stalk, consists of three consecutive pseudoknots (PK1-PK 3) and is formed by nucleotides 106-179. 
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son et al. ([19"], see Fig. 3a) was supported both by 
mutational studies and by structure probing, although 
the phylogenetic evidence is rather weak. The pro- 
posal has, to my knowledge, the unique feature that a 
stretch from the coding sequence is needed for pseu- 
doknot  formation. In the second model, proposed by 
Pilipenko et al. [20], the pseudoknot-forn~ng basepair- 
ing takes place with the loop of the downstream-lo- 
cated hairpin (Fig. 3b). An attempt was made to fold 
the 3' UTR in a tRNA-like structure, including an equiv- 
alent of  the T- and D-loop interaction of tRNA. In my 
view this resemblance is hardly visible, however, and 
the three-dimensional model could be called, at best, 
tRNA-like-like. 

These two studies at least show that the spatial fold- 
ing of the 3" terminus of the enteroviral RNAs may be 
rather complicated, or may harbour alternative confor- 
mations. 

Translation 
Ribosomal RNA 
On the basis of phylogenetic comparisons three dif- 
ferent pseudoknot  structures have been proposed in 
the small subunit rRNA (see also [4,21]). The nature 
of two of them (pseudoknots I and III in Fig. 4) have 
now been confirmed by mutagenesis, and a beginning 
has been made towards understanding their functional 
role in ribosome a&ivity. Powers and Noller [22] ob- 
tained evidence for a possible essential function of the 
pseudoknot  involving the 530-1oop (pseudoknot  III). 
A similar in vivo study was performed by Brink et al. 
[23"] on pseudoknot  I, using their so-called specialized 
ribosome system. From an elegant set of experiments, 
these authors concluded that mutations disrupting or 
weakening this tertiary interaction affected the forma- 
tion of the 70S ribosomal complex. Similar results were 
obtained by Dan~rnel and Noller [24] who studied a C 
to U substitution at position 23 in the 5' terminal pseu- 
doknot  helix. This mutant, which is cold-sensitive and 

impaired in assembly, also leads to accumulation of 
free 30S subunits in the cell. The hypothesis that these 
strongly conserved pseudoknots  play a role as crucial 
conformational switches still holds. 

Many potential tertiary interactions have been pro- 
posed in the large ribosomal subunit RNA (see [25]). 
Kooi et al. [26] obtained evidence that one such interac- 
tion in domain III in the 26S rRNA of yeast is essential. 
The loop- loop interaction of two base pairs is neces- 
sa W for binding of ribosomal L25 as deduced from an 
in vitro binding assay. 

Translational regulation 

The presence and functional significance of pseudo- 
knots in the 5' leader of prokayotic mRNAs is now 
a well-documented story. In 1993 a few papers ap- 
peared that contributed a great deal to our insight into 
this Wpe of translational regulation. New data have 
been presented about the pseudoknot-dependent  re- 
pression mechanisms of ribosomal protein operons in 
Escherichia coli [27%28,29°]. In the case of the complex 
pseudoknot  regulating the alpha-operon, Draper and 
coworkers [27%28] concluded from $4 binding studies 
and 'toeprint' assays that the repressor protein $4 does 
not simply 'displace' the ribosome from the mRNA, but 
rather exerts its activi W by an allosteric effect. The 
so-called inactive conformation containing the intact 
pseudoknot  structure binds $4 rapidly and tightly. This 
complex is still able to bind 30S subunits, but lacks the 
possibility of forming a proper  initiation (or pretemary) 
complex with tRNAf Met. 

Following a similar experimental approach for ribo- 
somal protein S15, Philippe e t a [ .  [29 °] reached the 
same conclusion in that the protein, by stabilizing 
the pseudoknot-containing conformation of the mRNA 
coding for S15, also blocks the ribosome in a preini- 
tiation complex. The unexpected outcome of these 
studies is that the pseudoknot  structure displays the 
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Fig. 3. Two different pseudoknot struc- 
tures predicted at the 3' terminus of 
poliovirus RNA. The translational stop 
codons are underlined. Lines connect- 
ing boxed regions indicate potential base- 
pairing interactions. (a) Adapted from 
[19"]. (b) Adapted from [20]. 
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Fig. 4. The secondary structural core of 
the E. col i  16S ribosomal RNA. Pseudo- 
knots are numbered by Roman numer- 
als (I-III). Basepairing interactions giving 
rise to pseudoknots II and III are indicated 
by solid lines. The numbering of the nu- 
cleotides is as for the entire 16S rRNA. 

property of providing determinants for both repressor 
and ribosome recognition. 

same mechanism for expression of overlapping genes 
in the -1 phase. 

The translational repression by the bacteriophage T4 
gene 32 protein also requires a pseudoknot  structure 
in the 5' leader, as first shown by Gold and cowork- 
ers [30]. The pseudoknot  structure is of the classical 
type (as shown in Fig. 1), and located at the very 5' 
end in this case, functions as a nucleation point for 
cooperative binding of gene 32 protein, which then 
proceeds in the 3' direction covering the initiation 
codon. This model  was confirmed recently and the 
important pseudoknot  structural determinants for bind- 
ing the protein were  determined [31]. How this single 
strand specific protein binds so tightly to the compact 
pseudoknot  structure remains an intriguing question. 

Ribosomal frameshffting 
One of the clearest examples of the functional role 
of  pseudoknot  structures is found in the case of pro- 
grammed translational errors like ribosomal frameshift- 
ing and translational readthrough. Brierley et al. [32] 
were  the first to convincingly show that the efficiency 
o f - 1  franaeshifting in a coronaviral RNA was strongly 
dependent  on a pseudoknot  structure downstream of a 
slippery heptanucleotide sequence. Since then a large 
number  of other viral RNAs were shown to use the 

I will not review here all the new viruses, or virus 
groups, for which pseudoknots  were predicted to play 
a role in the translation of their overlapping genes, but 
rather I shall focus on some new aspects and new types 
of pseudoknots. For a more detailed discussion of 
pseudoknot-dependent  frameshifting and readthrough 
and other related 'alternative readings of the genetic 
code', the reader is referred to an excellent review of 
a recent meeting on this subject [33°°]. 

Most of the pseudoknots involved in ribosomal frame- 
shifting are of the classical type, as illustrated in Fig. 
1, though the stems and loops can be relatively large. 
Sometimes the structures involved in this process can 
be quite complex, as was recently shown by Herold 
and Siddell [34°]. They obtained evidence that a third 
stem structure, $3, is a necessary component  of the 
hepatitis C virus (HCV) 229E pseudoknot  in the overlap 
of open  reading frames la  and lb. Stem S3 results from 
basepairing of loop L2 with a region downstream of the 
classical pseudoknot.  This gives rise to a complex or 
'elaborated' pseudoknot  which is reminiscent of the 
structure present in the alpha-operon of E. coli (see 
above). Apart from the two possible stacking modes of 
the three stems, this extra stem may contribute to the 
stability of the entire pseudoknot  structure and thereby 
increase the pausing time of the ribosome. 
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It is generally thought  that ribosomal pausing caused 
by the (stable) pseudoknot  is a prerequisite for effi- 
cient frameshifting. Heel-printing experiments on the 
L1 double-stranded RNA virus of  Saccharomyces cere- 
visiae have provided evidence that r ibosomes have a 
decreased rate of  movement  through a pseudoknot  
[35]. This r ibosomal arrest at the pseudoknot  was fur- 
ther substantiated by Somogyi et al. [36 °] who  observed 
a new translational intermediate when  a pseudoknot  
was inserted at a specific location in an influenza mes- 
senger RNA. A simple s tem-loop  structure with the 
same basepairs as the pseudoknot  was less effective in 
stalling the ribosome, though still more than expected 
on the basis of its frameshifting efficiency. 

Although -1 frameshifting does occur in prokaryotes, 
no evidence has so far been  reported for the require- 
ment of a pseudoknot  structure. In this respect, it is 
interesting to k n o w  whether  eukaryotic frameshifting 
signals, including the pseudoknot,  are active in E. coli. 
Garcia et al. [37] examined the eukaryotic frameshift 
signal of  beet  western  yellows virus (BWYV) RNA in 
E. coli [37]. They showed that the frameshifting ob- 
served, which is relatively low in both the prokaryotic 
and the eukaryotic system, is only slightly sensitive to 
a disruption of the pseudoknot .  However, it cannot be  
excluded that a pseudoknot-including frameshift signal 
is dependent  on other requirements in the prokaryote, 
e.g. a different spacer length between pseudoknot  and 
shifty heptanucleotide or a more stable pseudoknot.  

A pseudoknot -dependent  frameshift in beet  western 
yellow virus in RNA was also reported by Kujawa et 
al. [38], in contrast to an earlier paper  which reported 
the involvement of  a hairpin structure only [39]. 

Exactly how pseudoknots  stinmlate frameshifting (or 
readthrough) still remains unclear, although it could 
well be that the r ibosome cannot easily handle this 
structure during the necessary unwinding. This may be 
due to the presence  of structurally unusual connecting 
loops, especially L2 which is closest to the shifty hep- 
tanucleotide may  be responsible for the stalling of the 
ribosome (see [33"]). 

Hepatitis delta virus ribozyme 
The genomic and antigenomic RNAs of hepatitis delta 
virus contain a self-cleavage site formed from 85 nu- 
cleotides. Three different secondary structure models 
have been p roposed  for the region around this cleav- 
age site, and none  of them resemble the canonical 
hammerhead or hairpin/paperclip motif. One of the 
three models involves a pseudoknot-containing struc- 
ture with four basepaired regions (see [40] and refer- 
ences therein). The pseudoknot  can be represented 
by the basepairing of a big hairpin-containing bulge 
loop with a sequence  near the 5' end of the 85 nu- 
cleotides [4]. The proposed  pairings have now been 
tested and confirmed by structure mapping and nm- 
tational analysis by  various groups [40-43]. Two of the 

stems that are essential for pseudoknot  formation were 
found to be  indispensable for the catalytic activity. 

Conclusions 

It has become  clear that pseudoknots are an important 
structural motif in RNA folding, and that they are essen- 
tial for the biological activity of  many RNA molecules. 
These pseudoknot  interactions are usually detected in 
a way  that is basically no different from establishing 
any other double-stranded region in RNA - -  that is, 
by  means of techniques such as sequence compar- 
isons, chemical modification and enzymatic digestion, 
computer  prediction and site-directed nmtagenesis. In 
fact, one needs a minimum of two basepaired regions 
in order to describe a pseudoknot  structure. Many new 
pseudoknots  have been  proposed on the basis of these 
techniques and it is safe to predict that the list of  pro- 
posed  and proven pseudoknot  structures will keep 
growing in the near future. On the other hand, with 
RNA pseudoknots  being both popular  and fashionable 
at the current time [21], some authors sometimes seem 
to forget that pseudoknot  structures also need  some 
experimental  verification or support  from sequence 
comparisons,  especially when potential interactions of 
three basepairs or less are involved. Generally speak- 
ing, pseudoknots  may serve to bring together RNA re- 
gions that are far apart in the sequence, so that a com- 
pact and biologically active RNA molecule is formed. In 
this way, RNA pseudoknots  may be compared  some- 
what  with S-S bridges in proteins (see [4] for a more 
elaborate discussion). 

There are, however, a few fundamental aspects of 
pseudoknot  structures that deserve special attention. 
First of all, it is essential that the structure of one or 
more  pseudoknots  of  the simple type (Fig. 1) is deter- 
mined at atomic level, because certain mechanisms and 
processes seem to be  directly related to, or dependent  
on, the proper  folding of this motif. Good  examples 
are the pseudoknot-dependent  frameshifting in many 
viral RNAs, the binding of gene 32 protein to the pseu- 
doknot  in its own messenger RNA, or the regulation 
of translation by the three consecutive pseudoknots  in 
the 3' UTR of tobacco mosaic virus RNA. 

It is also intriguing that a pseudoknot  structure is some- 
times specifically recognized by proteins. Therefore, 
it is of  utmost importance to determine which struc- 
tural features are responsible for this specific recog- 
nition. The observations of Gold and coworkers  [30] 
are highly relevant in this respect. Using their SELEX 
method for selecting RNAs that bind with a high affin- 
ity to a certain protein, they often find that the 'win- 
ning' ligands are pseudoknots.  This was first discov- 
4red for the HIV reverse transcriptase [44"], while a 
second example was provided when  the nerve growth 
factor (NGF) was tested [45]. Both pseudoknot  struc- 
tures were  of  the type illustrated in Fig. 1, except that 
an extra hairpin is present in the L2 loop in the case 
of  NGF. These findings suggest that pseudoknot  struc- 



tures are very well equipped for binding to proteins. It 
is obvious that elucidation of the detailed structure of  
a pseudoknot-prote in  complex is highly desirable. 
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