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Abstract

Archaea use ribonucleoprotein (RNP) machines similar to those found in the
eukaryotic nucleolus to methylate ribose‘residues in néscent ribosomal RNA.
The archaeal complex required for this 2’-O-ribose-methylation consists of the C/D box
sRNA guide and three proteins, the core RNA binding al.7a protein, the aNop56 protein
and the methyltransferase fibrillarin protein. These RNP machines were reconstituted in
vitro from purified recombinant components, and were shown to have methylation
activity when provideci with a simple target oligonucleotide, complementary to the SRNA
guide sequence (Omer et al., 2002). The accuracy in directing methylation to the correct
nucleotide in the target of the in vitro reconstituted C/D box RNP wés shown.
To obtain a better understanding Qf the versatility and specificity of this reaction, °
the activity of reconstituted particles on more complex target substrates (including 58
rRNA, tRNAY" and “double guide” oligonucleotides that exhibit either direct or reverse
complementarity to both fhe D’ and D box guides) has been examined. The natural 5S
rRNA and tRNAY" substrates were efficiently methylated ir vitro, providing that the
complementarity between guide and target was approximately ten base pairs in length,
and lacked mismatches. Maximal activity of double guide SRNAs required that both
methylation sites be present in cis on the target RNA. These_experiments defined the
minimum number of components and ponditions required to achieve in vifro, RNA guide

directed 2’-O-ribose methylation of ribosomal and non-ribosomal target RNA.
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1 Introduction
1.1 Biogenesis of eukaryotic ribosomes

The biogenesis of ribosomes in the eukaryotic nucleolus is a remarkably complex
process, involving an intricate series of processing steps of the ribosomal RNA (rRNA)
precursor. First, the 188S, 5.8S and 28S rRNA are transcribed as one contiguous unit by
RNA polymerase I (Figure 1-1). The fourth rRNA (55) is transcribed independently by
RNA polymerase III, presumably in the nu’cleoplasﬁ (Pombo et al., 1999). Maturation of
the rRNA primary transcript requires covalent modification of the small subunit (SSU)
and large subunit (LSU) rRNA moieties and a series of endo- and exonucleolytic
cleavages that liberate the ﬁatme rRNAs. There are two prevalent types of modifications:
2’-O-ribose methylation and pseudouridylati'on, each involving more than 100 sites per

eukaryotic ribosome (Lane et al., 1995).

1.1.1 Posttranscriptional modification of ribosomal RNA

Posttranscriptional ribosomal RNA modification is common in all branches of the
tree of life - Eukaryotes, Eubacteria and Archaea. There are three basic types of
modification found in rRNA: base methylation, ribose methylation, and

pseudouridylation.
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Figure 1-1 Modification of rRNA by snoRNPs

An overview of eukaryotic ribosome biogenesis is illustrated. The scheme shown
is generic. Modifying snoRNPs act on pre-rRNA in the nucleolus during or after
transcription.

1.1.1.1.1 Base methylation

Base methylation is the best conserved modification, both in total number and
position among all species, with bacteria containing slightly more than the 10 commonly
found in eukaryotes. Base methylation takes place late in ribosome maturation, and

occurs only in highly conserved rRNA sequences. Base methylation within SSU rRNA in




prokaryotes.is not essential (Krzyzosiak et al., 1987), but it is thought to improve protein

translation efficiency (Raue et al., 1988).

1.1.1.1.2 Ribose methylation

Ribose methylation takes place on the nascent rRNA transcript. Because most
ribose methylation takes place éarly in rRNA processing, it is hypothesized to be
important for rRNA folding or association with chaperone profeins that may aid in
folding. No single site of ribose methylation has been found to be essential (Weinstein
and Steitz, 1999), although global rRNA demethylation caused by mutation in the Noplp
protein, the yeast homologue of fibrillarin, (a protein essential for methylation), severely
impairs growth (Tollervey et al., 1993). In hyperthermophiles, ribose methylation may
also be important in thermostability of rRNA and other structural RNA molecules (Noon
et al., 1998). In Eukaryotes and Archaea 2’-O-ribose methylation is mediated by RNA-
protein complexes (RNPs). The RNPs contain a small nucleolar RNA'(snoRN A) and
several associated proteins. The sﬁoRNA provides the guide function, and snoRNP
proteins catalyze the modiﬁcatidn reaction. In contrast to Eukaryotes and Archaea, the
rRNA of a typi_cal Eubacterium possesses only a handful of 2’-O-ribose methylations;
each of these modifications seems to be mediated by site-specific enzymes that do not

contain an RNA co-factor.

1.1.1.1.3 Pseudouridylation

The exact function of pseudouridines on a molecular level is not known, but

through its unique ability to coordinate a structural water moleculé via its free N1-H,

seudouridine exerts a subtle but significant "rigidifying" influence on the nearby sugar-
p g g y Sug




phosphate backbone and also enhances base stackirig; Several studies on eukaryotes and

~ prokaryotes show that deletion of pseudouridine-synthesiaing genes has a negative impacf
on cell gro§vth and protein synthesis rate (iecointe etal, 1998; Raychalidhuri etal.,
1998). In Eubacteria each pseudouridine modification appears to be modiﬁedl by a site-

- specific pseudouridine synthase without any RNA cofactor involved.

Conversely, in Eukaryotes pseudouridylation is guided by H/ACA box snoRNAs,

assembled in complex ribonucleoprotein particies. H/ACA box snoRNAs have recemly
been discovered in Archaea, suggesting that fhey might use a similar mechanism to

~ Eukaryotes to guide pseudouridylation in rRNA.

1.2 The two families of rRNA modification guides

ﬁxcept for the RNA component of R\Nase MREP, all snoRNAs to date fall into two
majar classes, the C/D box and the H/ACA box snoRNAs, based on the presence of shqrt
consensus sequence motifs (Balakin et al., 1996).

Most members of the two snoRNA families guide 2'-O-ribose methylation and
pseudouridylation, respectiveiy. However a few members are involved in pre-rRNA
cleavage instead (Tollervey, 1996).

In eukaryotes, the C/D box snoRNPs contain four common proteins: Fibrillarin,
which catalyzes the methyltransfer reaction; Nop56p and Nop5 8p, two protelns that have

substantial sequence 51m11ar1ty with each other; and 15.5 kD/Snu13p, Wthh is found in

both the C/D box snoRNPs and the U4 spl1ce0soma1 snRNP (Watklns et al 2000).




1.21 C/D box snoRNAs

C/D box snoRNAs contain one or two pairs of small distinguishing sequence
elements called box C (RUGAUGA, where R can be either purine) and D (CUGA) and a
less conserved copy of the C motif, termed box C’, and an additional box D motif, termed
box D’(Bachellerie ef al., 2002; Cavaille and Bachellerie, 1998; Kiss, 2001; Tycowski et

al., 1996).

C/D BOX RNA C/D BOX RNA

Figure 1-2 Structural features of eukaryotic C/D box snoRNA

(A) C/D box snoRNAs involved in ribose methylation contain one or two long
10-21 bp stretches of exact complementarity to ribosomal RNA, and four
conserved box features: C, C', D and D' boxes. (B) The C and D box
sequence motifs are required for snoRNA nucleolar localization, accumulation,
and association with the ribonucleoprotein particle complexes (RNPs). (B) The
proteins of the C/D box snoRNPs are arranged asymmetrically. al.7a binds to the
terminal core motif, followed by Nop58 and fibrillarin(Fib). Nop56 and fibrillarin
are binding to the C’/D’ motif. The position of 2'-O-methylation of rRNA is
within the helix formed by the complementary guide sequence of the snoRNA,
and precisely 5 nt upstream of D or D' box.



C/D boxes occur near the 5° and 3’ends of the RNA and C’/D’ boxes are located
internally (Figure 1-2A). The methylation guide sequence is located up-stream of the box
D or D’ element (Bachellerie et al., 1995; Kiss, 2001). The C and D box motifs are
generally brought together in a typical 5’-3” terminal stem-box structure, involving the 4-
5nt at both termini. This is critical for snoRNA biogenesis and nucleolar localization
(Bachellerie, 1998).

The C and D boxes form a secondary structure motif, designated as the k-turn

(Klein et al., 2001; Vidovic et al., 2000; Watkins et al., 2000).

Stem [

Stem 11

Figure 1-3 Consensus k-turn motif of C/D box snoRNAs

The consensus k-turn motif for canonical C/D box sRNAs is shown at the left. At
the right the C/D box core motif is folded into a kink- or k-turn.




The k-turn motif is highly conserved within C/D box snoRNAs and is formed
between C and D boxes via interaction of short inverted repeats present at the 5' and 3'
ends of snoRNAs (Watkins et al., 2000). Characteristic for this motif are two helical '
sfems separated by an internal three basé loop. Tﬁe ihternal loop is always asymmetrical
and purine-rich and contains th&e unpaired nucleotides at one side with a terminal U
base. The second helix exhibits two sheared G-A base pairs usuaily followed by a U-U
basé pair and a regular Watson—Crick base pair (Kle_in et al., 2002) (Figure 1-3). k-turn
motifs have not only been found in C/D box snoRNAs, but in various eukaryal and
prokaryal RNAs including ribosomal RNAs (Klein et al., 2002; Winkler et al., 2,(.)01)/ and
U3 and U8, C/D box snoRNAs that do funcﬁon a»s’ methjrlation guides. |

Immediate upstream from D and/or D’ box, snoRNAs exhibit antisense elements -
sequences 10-21 nt in length that are complementary to rRNA containing the site of 2’ O-
ribose methylation (Cavaille et al., 1996;‘ Kiss-Laszlo et al., 1996; Nicoloso et al., 19_9_6)
(Figure 1-2 A). Methylation is directed to the rRNA niicleotide that participates in a
Watson-Crick Base'pair five nuéleotides up-stream from the start of the D or D’ box; fhis
is the N plus five rule (Ni et al., 19970, Schimrhang etal., 1989; Wuet al., 1998).

In eukaryotes, expression of an artificial C/D box snoRNA carrying an |
appropriate antisense elemént is sufficient to target a novel ribose methylation on the

predicted pre-rRNA nucleotide. This shows that the antisense element associated with D

(or D) box is the sole determinant of the site of methylation (Cavaille et al., 1996).




1.2.2 Proteins associated with C/D box snoRNAs

Both types of snoRNAs (C/D and H/ACA) function as small ribonucleoprotein
particles (snoRNPs).

The snoRNA provides the guide function and an integral snoRNP protein
catalyzes the modification reaction. The tot;ll number of proteins in a particle is noi
known, nor is it known if all modifying snoRNPs are identical except for the RNA

component. However methylating snoRNPs contain four common, evolutionarily

conserved, core proteins, fibrillarin (Nop1p), Nop56p, Nop58p and 15.5 kD protein

(Snul3p).

Eukarya Archaea
Fibrillarin (Noplp) | Fibrillarin (aFib)
Nop56p aNop56 (aNop5)
Nop58p

15.5kD (Snul3p) |alL7a

Table 1-1 Core Proteins associated with C/D Box snoRNAs

Homologues of snoRNP core proteins have been identified in Archaea. Archaea containa -
single orthologue of the eukaryotic Nop56p and Nop58p proteins, termed aNop56 (or
aNop5).

1.2.2.1 Fibrillarin

Fibrillarin is generally accepted to be the 2'-O-methyltransferase. It exhibits



amino acid sequence motifs characteristic of S-Adenosyl Methionine (SAM)-dependent
methyltransferases (Niewmierzycka and Clarke, 1999). In support of this l.ine of
reasoning, point mutations in the methylase-like element have been shown to inhibit
globally ribose methylation in yeast cells (Tollervey et al., 1993). In addition, the crystal
structure of fibrillarin from Methanococcus jahnaschii, an archaeal orthologue that
contains the methylase signature elements, showed that most of the protein adopts a three
dimensional structure similar to many known SAM-dependent methylases (Wang et al.,

2000).

1.2.2.2 Nop56p and Nop58p

Nop56p and Nop58p are highly related to each other by sequence (Filippini et al.,
2000; Newman ef al., 2000). Both proteins were found to be essential and localized to the
nucleolus. The two proteins share 45% sequence identity and contain a KKD/E signature
sequence that is also present in other nucleolar proteins (Gautier et al., 1997). NopS6p
and Nop58p also disblay a significant seduence similarity with a newly identified 61kD
protein. The 61 kD protein is associated wifh the activation of the splicesome U4/U6-
specific proteins; Protein 61K directly contacts the 5' portion of U4 snRNA via a novel
RNA-binding domain (Nottrott et al., 2002).

Recent work has revealed the asymmetric distribution of the C/D snoRNP core
proteins upon the terminal C/D box core and internal C’/D’ motifs (Cahill et al., 2002;

Szewczak et al., 2002). In vivo crosslinking showed that Nop58p and Nop56p are

differentially bound to the C/D and C’/D’ box motifs, respectively (Figure 1-2 B).
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1.2.2.3 15.5 kD/ Snul3p

Most recently, the fourth core protein haé. been identified. Designated the 15.5 kD
protein in humans (Watkins ef al., 2000), Snul3p protein, the yeast homolog of
mammalian 15.5 kD protein, binds specifically to the C/D structural motif, the k-turn.
The eukaryotic 15.5 .kD/Snul 3p protein has two functipns and it is also part of the
U4/U 6.U5 tri-snRNP complex (Nottrott et al., 1999), where it binds to the same
structural motif in U4 snRNA. A previous crystal structure of the human 15.5 kD/Snul3p
protein in complex with U4 snRNA shoWed that it interacts almost exclusively with the
bulged loop situated between two short-stéms (Watkins'et al., 2000); similaf binding is
expected between Snul3p and the C/D box snoRNAs.These findings suggest that the
eukarybtic spliceosomal and modification machinery are related and share homologous

components (Nottrott et al., 1999).

1.2.24 Transiently associated proteins

Other proteins have been found to transiently interact with the snoRNPs.

1.2.2.4.1 p50/p55

Recently, a related pair of evoluti'onary conserved proteins, p50 (Rvb2) and p55 -
(Rvbl), were observed to bind to model C/D box snoRNA in vitro. Both proteiﬁs h’ave
DNA helicase activity and are linked to replication and transcription. It is suggested that
they function at an early stage of snoRNP biogenesis (Fil‘ippini et dl., 2000; Newman et
al., 2000) and are involved in the coordination of snoRNA processing and snoRNP

assembly with replication and/or transcriptional events in the nucleus. Studies of the
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Saccharomyces cere&isiae orthologue of p50 (Rvb2, Tih2p, and other names) showed,
that it is required for production of C/D snoRNAs in vivo and, surprisingly, H/ACA
snoRNAs as well. Homologs for both snoRNA-associated protein pairs occur in Archaea,
strengthening- the hypothesis that the C/D box RNA elements and their interacting

proteins are of ancient evolutionary origin.

1.2.2.4.2 Srp40p (Nopp140)

Using co-immunoprecipitation experiments, it has been shown that the nucleolar
and coiled-body protein Nopp140 (Srp40p) interacts with both classes - C/D box and
H/ACA box snoRNPs. It has been proposed that Nopp140 functions as a chaperone of

snoRNPs in yeast and vertebrate cells (Yang et al., 2000).

1.2.2.4.3 Survival of Motor Neuron (SMN) protein

While it has been shown that the SMN protein is involved in spliceosome
biogenesis andA pre-mRNA splicing, there is increasing evidence indicating that SMN
may also perform important functions in the nucleolus. Polyclonal anti-SMN antibodies
show a striking co-localization with fibrillarin, in both nucleoli and Cajal body (CBs).

- These studies raise the possibility that SMN may serve a function in rRNA
maturation/ribosome synthesis similar to its role in spliceosome biogenesis (Verheggen et

al., 2001; Wehner, 2002).

1.2.3 H/ACA box snoRNAs

The H/ACA snoRNAs share a common secondary strﬁcture consisting of two

large hairpin domains linked by a hinge, and followed by a short tail (Figure 1-4).
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Conserved motifs, termed H (ANANNA, where N stands for any nucleotide) and ACA (a
trinucleotide always found three nucleotides away from the 3' end) are located in the

hinge and tail respectively (Balakin et al., 1996; Ganot et al., 1997a; Ganot et al., 1997b).

Box H/ACA

Figure 1-4 H/ACA box snoRNA

Structural features of the eukaryotic H/ACA snoRNAs are shown. The H/ACA

box snoRNAs contain one or two regions of hyphenated complementarity to

rRNA that lie within the bulge regions of the 5’ or 3’ helices; base pairing to

rRNA positions the uridine nucleotide to be modified in a pocket between the

hyphenated regions of TRNA-snoRNA complementarity.

Like the C/D elements, the H and ACA box and neighbouring duplexes are
required for processing of snoRNA precursors, protein binding, and localization

(Filipowicz and Pogacic, 2002; Kiss, 2002). Substrate targeting involves base pairing

through two short guide sequences in the internal loop of one or both of the two large

hairpin domains (Ganot et al., 1997a; Ofengand, 1998) and a distance measurement of ~




14-15 nucleotideé from the H or ACA box (Ganot et al., 1997a; Ni et al., 1997b). In
Eukarya, in some cases, a k-turn motif can be folded manually. This is, however,

energetically less stable than alternate structures not exhibiting the k-turn

(Rozhdestvensky et al., 2003).

1.2.4 Proteins associated with H/ACA snoRNAs

-Proteins common to H/ACA snoRNPs include evolutionarily conserved protein

Cbf5p (dyskerin), Garlp, Nhp2p and Nop10p, all of which are essential for the

pseudouridylation reaction.

Eukarya Archaea

Cbf5p (dyskerin) Cbf5 homologue
(=pseudouridylase?) )

Garlp Garlp homologue
Nhp2p | al.7a "

Nopl0p Nop10p homdlogue |

Table 1-2 Core Proteins associated with H/ACA Box snoRNAs |
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All four orthologues of the eukaryotic pseudouridylation () snoRNP proteins have been

identified in Archaea (Watanabe and Gray, 2000).

1.2.4.1 CbfSp (dyskerin)

Cbf5p (centromere-binding factor 5) is likely to correspond to the catalytic

component of H/ACA snoRNA guided modification. It appears to be closely related to
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TruB/Pus4p, which catalyzes the W55 pseudouridine formation in the T loop of virtually
all tRNAs (Samuelsson and Olsson, 1990). CbfSp and Escherichia coli TruBp, a known
Y synthase, share the "KP" and "XLD" conserved sequence motifs found in the catalytic

domains of three distinct families of known and putative ¥ synthases. The crystal
structure of TruB bound to RNA suggests that both enzymes recognize RNA in a similar
manner (Hoaﬁg and Ferre-D'Amare, 2001).

Genes for archaeal Cbf5p homologues have also been identified (Bult ez al., 1996;
Klenk et al., 1997; Smith et al., 1997) but their function is currently unclear. |
Putative Cbf5p homologues from archaeal kingdom Crenaréhaeota are composed of two
fragmented peptides encoded by two overlapping or adjacent open reading frames

(ORFs) (Watanabe et al., 2002).

1.2.4.2 Garlp

Garlp is a 25-kDa nucleolar protein that is essential for yeast cell growth and has
been shown to Be associated with every H/ACA snoRNA (Balakin et al., 1996; Ganot et
al., 1997b)r Although the Garlp protein is required for the accumulation of mature 18S
rRNA (Girard et al., 1992; Girar(i et al., 1994), its nucleolar function as a component of
numerous non-essential snoRNP particles is largely unknown. Garlp plays a specific and
fundamental role in global pseudouridylation of yeast IRNAs (Bousqﬁethntonelli etal.,
1997). Garlp, fibrillarin, and several nucleolar proteins involved in pre-rRNA processing,
all contain similar domains. These domains are rich in glycine and arginine residues and

are referred to as the GAR domain (Girard e al., 1992). Curiously, Garlp has two GAR

domains, one at each end of the protein, that together represent almost 40% of the total
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protein. However, the two GAR domains of Gafl.p are not necessary for cell growth nor

are they r\equired to target a reporter protein to the nucleolus (Girard et al., 1994).

1.2.4.3 Nhp2p

In S. cerevisiae, Snul3p and Nhp2p exhibit significant similarity to ribosomal
protein L30, raising the possibility of a further link between ribosome and snoRNP |
prodﬁction. Snul3p and Nhp2p share a common archaeal homologue, ribosomal protein
al.7a, pointing to a common evolutionary origin for the two families of modification

guides.

1.2.44 Nop10p

Nop10p is a small nucleolar protein that is specifically associated with H/ACA
snoRNA:s. It is essential for normal 18S rRNA production and rRNA pseudouridylation
by the ribonucleoprotein particles containing H/ACA snoRNAs (H/ACA snoRNPs).

Nopl10p is probably necessary for the stability of these RNPs (Henras et al., 1998).

1.2.4.5 Other proteins associated with H/ACA box RNAs

1.2.4.5.1 Naflp

Recently, the essential Saccharomyces cerevisiae Naflp protein was found to
interact in a two-hybrid assay with two core protein components of mature H/ACA
snoRNPs, Cbf5p and Nhp2p (Ito et al., 2001). Naflp is localized to the nucleus and is not

a stable component of the H/ACA snoRNPs, but it is required for the accumulation of all

H/ACA box snoRNAs. It is suggested that the Naflp is involved in H/ACA snoRNP
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biogenesis, trafficking, and/or function. (Dez et al., 2002) and is promoting snoRNP

assembly (Fatica et al., 2002).

1.3 Other targets for eukaryotic snoRNA guides

Intriguingly, an increaSing number of C/D box snoRNAs devoid of rRNA
antisense elements have been recently identified (Cavalille et al., 2000; Cavaille et al.,
2001; Huttenhofer et al., 2001; Jady and Kiss, 2000; Massenet, 1998) and indicate that |

snoRNPs are involved in processes other than the modification of rRNA.

1.3.1  Modification guides for spliceosomal snRNAs

Biogenesis of functional splicebsomal small nuclear RNAs (snRNAs) includes the
post-transcriptional covalent modification of numerous internal nuclcotides. Mammalian
Ui, U2, U4, US and U6 snRNA contain a very substantial number of 25-O—£ibose
methylations and pseudouridylationé, amounting collectively to 30 and 24, respectively
(Massenet, 1998). The modified nucleotides are confined to sSeRNA regions involved in
formation of RNA-RNA or RNA-protein interactions that are crucial for spliceosome
function, strongly suggesting that they have beneficial effects on the efﬁciency and/or
ﬁdelity of pre-mRNA splicing. Modification of snRNAs occurs in nucleopiasmic Cajal
bodies, where modification guide RNAs accumulate. Thus they were named small Cajal
body-specific RNAs (scaRNAs). The snoRNAs that guide modification of U6, are

structurally and functionally indistinguishable from snoRNAs directing modification of

the 188, 5.8S and 28S rRNAs (Filipowicz and Pogacic, 2002; Kiss, 2001; Terns and
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Terns, 2002). In fact, one 2'-O-methyiatioh guide snoRNA Was found to function in both
U6 and 28S rRNA modification (Tycowski et al., 1998).

A chimeric C/D-H/ACA snoRNA (a 'Siamese' snoRNA), U85, has also been
discovered in humans and Drosophila (Jady and Kiss, 2001). This unique énoRNA
possesses the box elements of both classes of snoRNAs and associates with both
ﬁbrillarin and Garlp. In vitro and in vivo pseudouridylation and 2'-O-methylation
experiments provide evidence that this snoRNA guides 2'-O-methylation and
pseudouridylation at two adjacent positions in U5 snRNA. Current observation suggests
that other chimeric C/D-H/ACA snoRNA guides for the 2°-O-methylation and
pseudouridylation of vertebrate SIRNAs might exist. Several putative 2'-O-methylation
and pseudouridylation guide snoRNAs with significant Sequence corﬂplementaritiés to the
Ul, U2, U4 and U5 snRNAs have been identified (Huttenhofer et al., 2001). The new
snoRNAs possess the potential to select known 2'-O-ribose methylated nucleotides and

pseudouridines in these spliceosomal snRNAs.

1.3.2 Telomerase RNA

Recently, it was discovered that vertebrate telomerése RNA contains a typical
H/ACA domain and that snoRNPs anci telomerase share evqlutionary conserved proteins
(Dez et al., 2001; Pogacic et al., 2000). No presumptive RNA target for
pseudouridylation has been identified for the H/ACA domain of vertebrate telomerase
RNA, but it has been shown that the human telomerase RNA H/ACA domain is essential

in vivo for accumulation, 3’ end processing, and telomerase activity (Mitchell et al.,

1999).
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1.3.3 Orphan guide snoRNA

An increasing number of ubiquitously expressed snoRNA belonging to the C/D
box or H/ACA box RNA family in mammals are devoid of antisense elements to rRNA
or snRNA havé béen reported (Huttenhofer et al., 2001; Jady and Kiss, 2000). These
snoRNAs are termed orphan guide snoRNAs.

A recent eﬁpressed sequence tag (EST) screen for mouse small non-mRNAs,
identified 15 C/D and 11 H/ACA orphan snoRNAs, the biological role of which remains
elusive (Huttenhofer ef al.,2001). Many RNA species that are not directly related to
ribosome Biogenesis (including several mRNAs) have been reportéd to localizé
transientiy to the nucleolus. The 5’ terminal ’p;ocessing of some pre-tRNAs in yeast by
RNase P also takes place in the nucleolus (Pederson, 1998) (Bertrand et al., 1998). This
suggests that a host of cellular RNAs might be targeted by these intriguing orphan
modification guides. A search for potential target sites in the three stable non—codiﬁg
RNAs trafficking through the nucleolus (telomerase RNA, RNase P and SRP RNA) was
negative for all the orphan snoRNAs reported so far. Alternatively, some orphan
snoRNAs could be exclusively involved in pre-rRNA cleavage instead of modifications,
similar to C/D snoRNA U3, U8 and U22 (Hughes, 1996; Sharma and Tollervey, 1999;
Tollervey, 1996) and yeast H/ACA snR10 and snR30 (Morrissey and Tollervey, 1993;
Tollervey, 1987). Remarkably, the vertebrate homologue of yeast snR30, U17, also
involved in pre-rRNA cleavage, has a 3’ domain exhibiting hallmarks of a
pseudouridylation guide for a still unidentified target, suggesting a dual function of this

snoRNA. Dual functions have previously been demonstrated for a few modification
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guides targeting rRNA, such as H/ACA snoRNA E2 and E3 and C/D snoRNA U14,
which all have an additional role in pre-rRNA cleavage (Enright ef al., 1996; Liang and

Fournier, 1997).

1.3.4 Brain specifi_c snoRNAs, genomic imprinting and mRNA targets

Recently, a collection of brain-specific snoRNAs whose expression is paternally
imprinted has been characterized (Cavaille et al., 2000). In a search for small bRNAs
expressed in mouse brain, three novel C/D box snoRNAs and one H/ACA box snoRNA
were found. Interestingly, genes encoding most of the identified RNAs map within a
region implicated in the neurogenetic disease, Prader-Willi-syndrome (PWS). Genes in
the PWS region are parentally imprinted, with only alleles being inherited from the fathér
beiﬁg expressed. The loss of imprinted gene expression results in severe developmental
and neurobéhavioral problems. The novel snoRNAs are ihtron-encoded like all guide
snoRNAs previously reported in vertebrates. However, the snoRNAs containing introns
and flanking exons are tandemly répeated several dozen times, while the adjacent exons
do not seem to encode any protein. The biological role of the brain-specific snoRNAs is
not known. Lack of complementarity to rRNA and their tissue-specific expression argue
against the possibility that they are involved in rRNA modification. The three brain C/D
box snoRNAs also show no significant potential to base-pair with known cellular small
RNAs, but one of them (MBII-52/HBII-52) has a guide region With an 18 nt
phylogenetically conserved complementarity to the serotonin receptor 5-HT,c mRNA

that is expressed in the brain (Cavaille et al., 2000). Based on this observation, it is

possible that a Variefy of mRNAs might be substrates for guided modification. Moreover,
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in the mRNA-coding region (Xie et al., 1996; Yu et dl., 1991) this complefnentarity
matches a conserved region which is critical, because it is subject to both alternative
splicing (Canton ef al., 1996), and adenosine-to-inosine editing at four vicinal sites
(Burns et al., 1997). The serotonin receptor mRNA transcripts undergo alternative
splicing and adenosine to inosine editing at four different sites, to yield proteins with
different signal transduction potentials. Remarkably, the mRNA nucleotide potentially
targeted for ribose methylation by MBII-52 corresponds precisely to one of the four
edited adenosines. Riboée methylation of ‘this adenosine should' dfamatically hamper its
deamination to inosine (Yi-Brunozzi et al., 1999). Ribose methylation at the editing site
could play a regulatory role, since adenosine to inosine editing is tissue-specific and most
abundant in brain mRNA (Paul and Bass, 1998). It could also interfere with the
utilization of the upstream alternate splice site present in the serotonin mRNA. An
alternativély spliced variant of the receptor is most abundant in the choroid plexus brain

area where guide MBII-52 is absent (Canton et al., 1996).

1.4 SnoRNAs involved in cleavage events

In addition to mediating modification reactions, a few snoRNAs are required for}
processing of pre-rRNA. The corresponding snoRNAs interact directly with rRNA, but
the actual function Q_f the snoRNA in processing is not known in most cases. In yeast the
U3, Ul4, éanO, snR30, and MRP RNA are directly involved in processing of the
primary transcript and with the exception of snR10, are essential for cell viability

(Maxwell and Fournier, 1995). The most abundant and well-characterized snoRNA is U3.

A large snoRNP complex (Mougey et al., 1993), termed the processome, interacts with
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the 5’ external transcript spacer (ETS) on the primary transcript via essential interactions
between the 5’ETS and the U3 snoRNA (Beltrame and Tollervey, 1992; Beltrame et al.,
1994) and is believed to contribute to the correct folding and presentation of the precursor
rRNA substrate (Tollervey and Kiss, 1997).

The third group of snoRNAs includes only a single member, the RNA component
of RNase MRP. Of the known snoRNAs, the MRP RNA is the only one possessing
catalytic activity (Lygerou ef al., 1994) and is related by homology to fhe RNA |
component of RNase P (Morrissey and Tollervey, 1995). RNase MRP is responsible for
the endonucleolytic cleavage of pre-rRNA, upstream of the 5.8S rRNA (Morriésey and
Tollervey, 1995). Protein components of RNase MRP are also shared with the RNase P
complex, that endonucleolytically generates the mature 5° ¢nd of tRNAs (Ursic eral.,

1997).

1.5 Biogenesis and assembly of shoRNPs

Both snoRNA families are closely reiated by their unusual genomic organization
and modes of biosynthesis. The DNA coding units for the snoRNAs occur in both
traditional and nével genetic arrangements. Some are transcribed from independent
promoters which serve mono- or polycistronic snoRNA coding units. Others are encoded
within introns of protein or protein-like genes. Regardless of the diverse genomic
organization, snoRNA synthesis appears to involve a number of pathways with common
steps: 1) folding of the precursor’ to form a C/D box or H/ACA box protein binding motif;

2) binding of protein(s) to this motif; 3) processing of the precursor to the mature RNA;
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4) partial or complete assembly of the snoRNP particle; and 5) transport to the nucleolus
(Allmang et al., 1999)

The snoRNAs encoded within introns of vertebrates are not independently
transcribed But processed from the pre-mRNA introns, in most cases by exonucleolytic
digestion of the debranched lariat. In yeast S. cerevisiae, only few guide snoRNA are
intronic and most are synthesised from independent mono-, di-, or polycistronic RNA
transcripts processed by endo-and exonucleases (Chanfreau ef al., 1998a; Chanfreau et
al., 1998b). Occurrence of clusters of multiple different snoRNA genes, transcribed as
polycistronic precursors, sometimes encodihg both C/D and H/ACA box types, from
which individual snoRNAs are processed, is also widespread in higher plants and in
T rypanosoma (Barneche ef al., 2001; Leader et al. , 1997; Leader et al., 1-998; Liang et
al.,2001; Quet al.,2001; Xu et al., 2001). U 86, a novel yeast C/D snoRNA which has a
human intronic homologue, is encoded within an open reading frame‘an'd its synthesis
appears to be alternative to that of the cotranscriBed mRNA (Filipi)ini etal., 2001). Most
genes hosting intronic snoRNA guides for rRNA modification, code for proteins involved
in ribosome biosynthesis or function, which suggests that this particular gene
organization might provide a regulatory link between partners in the same biological
process. However, several intronic snoRNA guides are hosted by different genes in
different eukaryotes, and an increasing number of vertebrate host genes lack any direct
relationship with translation, some even being devoid of protein-coding potential. A
common feature of these snoRNAs is that their production is alternative to that of the
mRNA, suggesting an important regulatory role for all the factprs involved in the

processing reaction.
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1.6 Archaea

While the Archaea are prokaryotes, they are as distinct from simple bacteria as
they are from the complex eukaryotes. Phylogenetic diyersity in the domain Afchaea is
subdivided into two main lineages: Euryarchaeota, that include the methanogens and the
extreme halophiles and Crenarcheaota that includes the sulfur-dependent thermophilic
acidophiles (Fox ef al., 1980).

The Archaea physically appear bacteria-iike since they lack a cell nucleus and
complex subcellular organélles, and possess circular chromosomes, multigene
transcription units and bacterial-like metabolic enzymes. In contrast, their machineries for

DNA replication, transcription and translation are generally eukaryotic-like (Dennis,

1997).

1.6.1 Ribosome biogenesis in Archaea

Within Archaea there is a significant variation in the structure of rRNA transcript
units. In Euryarchaeota, the units are generally bacterial-like, containing tRNA genes in
the spacer region and a cotranscribed 5S rRNA gene. In Crenarchaeota, the units are
more eukaryal-like, generally containing only 16S and 23S rRNA genes. The 5S rRNA
gene is relocated and independently transcribed. As in Eubacteria, archaéal primary
transcripts have conserved inverted repeat sequences in the spacer regions flanking the
16S and 23S rRNA that base-pair to form helices that are the sites for precursor RNA

cleavage and subsequent rRNA maturation (Dennis, 1997). -
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A first assay of the extent of rRNA 2’-O-methylation in the archaeon Sulfolobus
solfataricus, has revealed a high number of methylations - 67. This is very similar to the
number of methylations of eukaryal rRNA (Noon et al., 1998), pointing to the potential
existence of an RNA-guided site selection system in Archaea. In contrast, a typical
bacterium (E. coli) contains only four 2’-0-methylaﬁons and 10 pseudouridylations. Each
of these modifications appears to be catalyzed by a Site-speciﬁc protein enzyme, ribose
methylase or pseudouridine synthase, without any RNA co-factor (Caldas et al., 2000;

-Gustafsson et al., 1996, Ofengand, 2000).

1.6.2 Archaeal modification guides

Archaea contain orthologous components of eukaryotic ribose-methylation and
pseudouridylation snoRNPs (Dennis et al., 2001; Omer ef al., 2003). Modifications are
known to occur at many methylation sites in rRNA and tRNA and at six predicted
pseudouridylation sites in rRNA. The snoRNA-like guide RNAs are called SRNAs and

the modifying complexes are SRNPs.

1.6.3 CI/D box sRNA in Archaea

Archaeal homologues of C/D box snoRNAs have been discovered in two
independent screens. 18 SRNAs harbouring C/D hallmarks have been characterized in the
_ crenarchaeote Sulfolobus acidocaldarius (Omer et al., 2000) through analysis of a cDNA
library generated from small RNAs ivmmunopre.cipitated from total cell extracts with
antibédies raised against cloned archaeal homologues of fibrillarin and Nop56/58. A

previously developed eukaryotic search program (Lowe and Eddy, 1999) was retrained
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on the structural traits of experimentally identified S. acidocaldarius SRNAs. 13 high
scoring candidates were detected, 10 of which were confirmed in the closely related
archaeon Sulfolobus solfataricus. More than 50 candidates were also pfedicted in each of
the three sequenced Pyrococcus genomes, most of which were confirmed independently
(Gaspin et al., 2000; Omer et al., 2000).

A further 23 untested candidates in Aeropyrum pernix were predicted, but only 8
and 4 candidates in euryarchaea Methanocaldococcus jannaschii and Archaeoglobus
Sfulgidus, respectively. One additional presumptive methylation guide for rRNA was
detected in an experimental screen for small non-messenger RNAs in Archaeoglobus
fulgidus (Tang et al., 2002a), suggesting that the extent of rRNA 2’-O-methylation may
widely vary among Archaea, even amongst hyperthermophiles.
| Archaeal C/D snoRNA are slightly shorter than their eukaryotic counterparts,
probably reflecting the size constraints in compact archaeal genomes.

Many of the SRNAs, particularly those in Pyrococcus, are "double guide" sRNAs
predicted to guide methylation to two different sites, usuallsf within the same molqcules
(i.e., 16S or 23S rRNA) and often in close proximity. This suggests the simultaneous
formation of two guide duplexes, which could reflect chaperone function in the control of
pre-rRNA folding. In contrast to eukaryotic C/D box RNAs, the archaeal SRNA appear to
guide methylation not.only to rRNA, but also to different positions within various tRNAs
(Armbruster and Daniels, 1997; Dennis et al., 2001). In many archaeal sRNAs, dne or
both of the D' or D box guide regions lack complementarity to 16S or 23S rRNA, but

exhibit complementarity to tRNA. Remarkably, the presence of a typical C/D box

methylation guide has been identified in pre-tRNA-Trp introns from numerous
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euryarchaeal species(Armbruster and Danieis, 1997). The general mechanism of reaction
has been investigated using a reconstituted system,'and the results demonstrate that the
intronically encoded C/D box RNA directs ribose methylation in cis to two sites in thg
mature tRNA halves (Clouet d’Orval etal.,2001).

Guide regions of SRNAs appear to evolve more rapidly than the corresponding
target regions in rRNA. As a consequence, most positions of methylation are not |
conserved between different genera. In the limited number of cases where methylation
sites are conserved between genera, it is uncertain whether this is due to common
ancestry or convergent evolution of the respective guide region's (Dennis et al., 2001).
Known genes for archaeal C/D sRNAs are not ;:lusfered but widely distributed in the
genome. They are encod\ed on both DNA strénds, usually mapping within the small
portion of archaeal genomeé to segments between open reading frames. A few C/D
- sRNAs, however slightly overlap the upstream and/or downstream protein-coding region
(Dennis etal, 2001; Gaspin et al., 2000; Omer et al., 2000).

Archaeal C/D box sRNA are able to assemble into functional RNA-protein

complexes in the eukaryotic nucleus and direct site-specific 2’-O-niethy1ation of

eukaryotic rRNA (Speckmann ef al., 2002).

1.6.4 H/ACA box sRNA in Archaea

Genes encoding homologues of three H/ACA snoRNP core proteins Garlp,
Nop10p and Cbf5p are present in archaeal genomes (Watanabe and Gray, 2000).

Recently, in an experimental screen, four candidates for H/ACA box sRNA have been

identified in the archaeon Archaeoglobus fulgidus (Tang et al., 2002a). The guide SRNAs
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are predicted to guide a total of six rRNA pseudouridylations. The presence of the six
pseudouridines hasbeenb experimentally verified in 16S and 23S A.fulgidus rRNAs.
Several non-messenger RNAs with a high degree of secondary structure were also
identified in the genomes of AT-rich hyperthermophilic Archaea by computational search
of GC-rich regions associated with a screen based en comparative analysis in
phylogenetically related species (Klein ef al., 2002). One of the srnall RNAs detected in |
three Pyrococcus species, three-hairpin Pf7, is unambiguously related to one of the
H/ACA box sRNAs identified in A. fulgidus (Afu-4 sRNA), both structurally and by its

potential to guide pseudouridylation (Rozhdestvensky et al., 2003).

1.6.5 Archaeal proteins involved in modification

Genomic and biochemical analyses showed that archaeal box C/D sRNPs contain
three proteins. These include a homologue for Fibrillarin, a single protein that is
homologous to Nop58p and Nop56p, and a ribosomal protein al.7a that is homologous to
15.5 kD/Snul3p. Interestingly al.7a is also related, to the middle portion of the protein
sequence for Nhp2p, one of the H/ACA AsnoRNA core proteins. This finding suggests that
al.7a may be able to substitute -fer the Nhp2p protein in archaeal H/ACA sRNAs. The in
vitro interaction of H/ACA box sRNA with al.7a from the archaeon Archaeoglobus

fulgidus has been analysed by band shift assays (Rozhdestvensky et al., 2003). The
H/ACA RNA motif required for al.7a binding exhibits a structure, designated as the k-
turn, which is also present in all C/D box sRNAs. These findings suggest a triple role for
al.7a protein in Archaea, e.g. in ribosomes as well as H/ACA and C/D box VSRNP

biogenesis and function by binding to the k-turn motif.
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1.6.5.1 Co-crystal structure of aNop56 and fibrillarin

The co-crystal structure of aNop56 in complex with fibrillarin from the archaeon
A. fulgidus and the methyl donor S-adenosyl-L-methionine has been recently determined
(Aittaleb et al., 2003). The archaeal SRNAs and eukaryotic snoRNAs generally contain
both C/D and related C’/D’ regions, flanked by a modification guide sequence, giving a

pseudo symmetric structure. There is also symmetry in protein structure (Figure 1-5).
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NopSp \
" o #__— box C
loriiann o 3 - )
ey (:%O@n Modification
guide
sequence
- -
Active Fibrillarin
Site ) Nop5p
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box C stem 2 5' pre-rBNA
RNA 5' 3\Stem 1 sRNA 5' 3'
s Ll

Adapted from Fatica. A. and Tollervey, D. Nat Struct Biol. 2003 Apr:10(4):237-9
Figure 1-5 Potential structure of archaeal C/D box sRNP

(A) A schematic view of the potential structure of archaeal C/D box sRNP and a
model for methylation site selection is illustrated. The archaeal sSRNAs (black;
with the modification guide in blue) contain C/D and C’/D’ boxes. Two copies of
Nop5p (aNop56) homodimerize. (B) The target RNA (red) is 2’-O-methylated at
the site (indicated by a purple dot) which is determined within the duplex formed
with the guide sSRNA - 5 nt from the D or D’ box.

Two copies of aNop56 homodimerize via a coiled-coil domain, linking the complex at

C/D and C’/D’. In eukaryotic snoRNPs a heterodimer between the closely related
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Nop58p and Nop5 6p proteins is predicted. Without the‘target RNA sequences, the single-
stranded guide sequence adjacent to the D box will be bound across the aNop56—
Fibrillarin surface and presented to potential substrates. Following substrate recognition,
the target RNA will form a duplex with the guide sequence (Figure 1-5 B). The site of 2’-
O-ribose methylation is determined solely by its position within a duplex (formed within
the guide SRNA) relative to the active site of Fibrillarin. This duplex is likely to be
stacked onto stem II, formed by the C/D of C’/D’ box elements, therefore resulting in a
continuous helix up to the k-turn. Accurate positioning of stem II within the complex is
likely to be assisted by binding of al.7a to the sharp k-turn in the loop formed between
boxes C and .D. al.7a binds only the loop of the k-turn, while the stem II is required fqr
binding of aNop56 and fibrillarin (Aittaleb et a?., 2003). The aNop5S6—fibrillarin structure
suggests that stem II of C/D box must be bound by aNop56. The interface between
fibrillarin and the N-terminal region of aNop56 is extensive, largely non-polar, and
exhibits surface complementarity features consistent with stable relative positioning
(Aittaleb et al., 2003). Consistent with this observation, a point mutation in fibrillarin that
lies within this interaction region inhibited methylation in yeast and in an in vitro system
derived from Sulfolobus (Omer et al., 2002; Tollervey et al., 1993). It is, therefore, likely -
that the positions' of both the snoRNA-target RNA duplex and fhe active site in fibrillarin
are tightly constrained relative to the C/D box bound to aNop56. The net result is that
only the 2'-hydroxyl in the target RNA that is positioned five base pairs, (or one half
helical turn), from the D box is available to the active site for modification. Aﬁy

mismatches would distort the snoRNA-target helix, altering the position of this 2'-

hydroxyl relative to the active site in Fibrillarin. This presumably contributes to the
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normally strict requirement for complete complementarity.

1.6.5.2 In vitro reconstitution of a C/D box methylation guide ribonucleoprotein

complex

Recently, RNA-guided methylation has been demonstrated in vitro, using a
reconstituted archaeal SRNP and a short rRNA fragment as substrate (Omer etal., 2002).
The archaeal proteins aFib, aNop56 and al.7a proteins (homologues of the eukaryntic
proteins fibrillarin, Nop56/58, and 15.5 kD/Snul3p respectively) from Sulfolobus
solfataricus have been expressed and purified ribonucleoprotein complex has been
assembled from the three proteins and an in vitro transcript of the Sulfolobus sR1 sRNA
(Omer et al., 2002). When provided with S-adenosylmethionine and a fragment of rRNA
complementary to the D box guide, this reconstituted complex was active in site specific
methylation. The presence of fibrillarin is essential for methylation. Mutant proteins
having amino acid replacements in the SAM-binding motif of fibrillarin can assemble
into an RNP complex, but the resulting complexes are defective in methylation activity
(Omer et al., 2002). This demonstration shows that that an SRNP complex containing
only the core proteins and guide RNA is sufficient to catalyze methylation.

Further investigations with in vitro assembly of an archaeal C/D box sRNP from
M. jannaschii using recombinant core proteins has yielded an RNA:protein enzyme that
guides methylation from both the terminal C/D box core and the internal C')D' RNP
complexes (Tran et al:, 2003). Efficient ribonucleotide 2'-O-methyiation requires that

both the C/D and C'/D' box RNPs function within the full-length SRNA molecule. In

contrast to the eukaryotic snoRNP complex, where the core proteins are distributed
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asymmetrically on the C/D and C'/D' box motifs, all three archaeal core proteins bind

both motifs symmetrically (Tran et al., 2003).
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1.7 Project Objectives

We have recently demonstrated RNA-.guided methylation in vitro with a
reconstituted archaeal SRNP and a short 16S rRNA fragment as substrate. The main
objectives of this research were to optimize the in vitro methylation assay, to show that
site-specific methylation of the rRNA fragment was achieved, and to obtain a better
understanding of the versatility and specificity of this reaction. Also, the activity of
reconstituted particles was examined on more complex target substrates, including 5S
rRNA and tRNA®" and “double guide” oligonucleotides that exhibit either direct or
reverse complementarity to both the D’ and D box guides.

This research should spur attempts to establish homologous eukaryotic systems and in

vitro systems for other RNA modifications (e.g. pseudouridylation).




2 Materials and Methods

2.1 Materials

211

Sulfolobus strains

Prokaryotic strains and plasmids
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Sulfolobus solfataricus and Sulfolobus acidocaldarius were used to obtain

genomic DNA (from Deutsche Sammlung von Mikroorganismen, Braunschweig,

Germany)

"Table 2-1 Sulfolobus strains

Strain ATCC/DSM number Reference
Sulfolobus solfataricus ATCC 35092 /DSM 1617 / P2 (Zillig, 1980)
| Sulfolobus acidocaldarius | ATCC 33909 / DSM 639 (Brock, 1972)

E.coli strains

E. coli strain JM109 and NovaBlue were used for the propagation of plasmid

vectors. BL21(DE3)pLysS and BL21(DE)pLysE were used for expression of

recombinant proteins. Their genotypes are listed in Table 2-2 .

Table 2-2 E.coli strains

Strain Genotype Reference .
IM109 el4 (McrA ™) recAl endAl gyrd96 (Yanisch-Perron et al.,
thi-1 hsdR17(rk mi') supE44 relAl | 1985)
.(lac-proAB) [F’ traD36 proAB laclg
Z.AM15] |
NovaBlue endAl hsdR17 (rxi-mk2t) supE44 | Novagen
thi-1 recAl gyrA96 reldl lac [F’
proA”B" lacllZAMIS5 TnlO(Tc")] :
BL21(DE3)pLysS | F~ ompT hsdSg (rB~ mB~) gal dem | (Studier and Moffatt, 1986;
(DE3) pLysS (Cm*?) Studier, 1991)
BL21(DE3)pLysE | pLysE F~ ompT hsdSg (rB~ mB~) (Studier and Moffatt, 1986;

gal dem (DE3) pLysE (Cm*®)

| Studier, 1991)




34

E.coli plasmid vectors

Table 2-3 Plasmid vectors

Vector Resistance . Reference

pGEM 3+ Ampicillin Promega, Madison, WI USA.
pET3d (expression vector) | Ampicillin Novagen, Madison, WI USA
PET28a (expression vector) | Kanamycin Novagen, Madison, WI USA
Enzymes

Restriction enzymes and DNA Ligase were purchased from Invitrogen (Carlsbad,
CA) or Amersham/Pharmacia (Piscataway, NJ). P1 Nuclease was obtained from Roche
Diagnostics (Basel, Switzerland). The Mega-Short Script kit was obtained from Ambion
(Austin, TX).
Chemicals

All radioactive nucleotides were purchased from Pérkin Elmer. Non;radioactive
nucleotides where purchased from Amersham/Pharmacia. 6ligonucleotides were
synthesized by Sigma Genosys or Invitrogen. Yeast extract, Bactotryptone and Bacto
Agar were supplied by Difco Laboratories (Detroit, MI). All other chemicals were
purchased from Fisher Scientific, Aldrich or Pharmacia. TLC plates weré purchased from
Merck, Darmstadt. The Sequenase Version 2.0 Sequencing Kit was purchased from
United States Biochemical / A_mérsham. The pGem Vector kit Was supplied by Promega. .

The pET system was obtained from Novagen. Dr. Arina Omer kindly provided the -

plasmid clone 27 containing sR10 and the plasmid pD1282.
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2.1.2 Media, buffers, solutions

2x YT medium:
Per liter:
Deionized H,O, 16 g Bacto-Tryptone, 10 g Bacto-Yeast extract, 5 g NaCl.

Medium was adjusted with SN NaOH to pH 7.0 and autoclaved.

SOC Medium
Per liter:
Deionized H,0, 20 g Bacto-Tryptone, 5 g Bacto-Yeast extract, 0.5 g NaCl.

Medium was autoclaved and 20 ml of a sterile 1M Glucose solution was added.

Medium for S. acidocaldarius
0.1 % w/v Bacto-Tryptone, 0.1% w/v Bacto-Yeast extract, 800 uM MgS04e7H,0, 2.25
mM CaCl,, 20 mM (NH4),S0O4, 22.5 mM KH,PO, and 0.1% v/v traée metal mix.
Medium was adjusted with H,SO4 to a pH of 3.6 prior to inoculation and continuously

adjusted to maintain this pH value during the growth of the culture.

Trace Metal mix
3.5 uM CuS0O4¢7H,0, 15 uM NaMoB4e2H,0, 15 uM VOSQO42H,0, 30 uM

CuCl,e2H,0, 75 uM ZnS0O4¢7H,0, 875 mM MnCl,#4H,0, and 1.25 mM

Na2B4O_70 1 OHzO
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Medium for S. solfataricus
20mM KH,POy4, 100 mM (NH4),SO4, 10 mM MgSO4e7H,0, S mM CaCl,, 30 mM
 glutamic acid, 1% Bacto-Yeast extract, 2% glucose. The pH was adjusted to 3.5 with

H,S0,.
TE buffer
10 mM Tris-HCI (pH8), 1 mM EDTA,

TES buffer

10 mM Tris-HCl (pHS8), 1mM EDTA, 0.1 M NaCl

10 xTBE buffer

0.89 M Tris-HCI, 0.89 M boric acid, 20 mM EDTA (pH 8)
Renaturation buffer R

25 mM sodium phosphate Buffer, pH 7, 100 mM NaCl
Binding buffer D

25 mM sodium phosphate buffer, pH 7, 100 mM NaCl and 1mM MgCl,

6 x Sequencing loading dye

0.09% Bromophenol blue, 0.09% xylene cyanol, 60% glycerol, 60 mM EDTA
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Protein loading buffer

100 mM Tris-HCI pH 6.8, 20% Glycerol, 4 % SDS, 5% B-mercaptoethanol, 0.2%

bromophenol blue .

Sonication buffer

50 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT, 15 mM MgCl,

SDS destain Solution

40% methanol, 10% acetic acid

Coomassie Blue Stain Solution

0.25% w/v Coomassie Blue R-250, 40% methanol, 10% acetic acid ,

DEPC Water

For RNAse-free water, DEPC was added to double-distilledv H,0 to a concentration of

0.05%, stirred overnight at room temperature and autoclaved.
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Oligonucleotides that were directly used as partially single-stranded templates for

run-off transcripts were precipitated with isopropanol and resuspended in TES buffer.

Table 2-4 Oligonucleotides

Name Sequence Description

0S7102 5' CCGATATCCATGGTGAAAA Complementary to 5’ end of Sso Nop —
TATACCTAATTGA ¥’ contains a Ncol site for cloning into pET28

087103 5' CCGAATTCTCACTTTCTTT Complementary to 3’end of Sso Nop —
TACCTCTTCTCT 3’ contains an EcoRlI site for cloning into

. pET28

0SZ120 5' TGGTCCCTCTTGTCACTGCG Used in combination with T7 primer to
ACCTACTGACCTATAGTGAGTC | directly transcribe the region of C1914 of
GTATTA 3° 23S rRNA (Sac sR2 and sR1/sR2 hybrid

target).

0SZ121 | 5 TAATACGACTCACTATAGGG | Complementary to 5'end of Sac sR2
AGTGATGAGACGAGCGATA 3’

087122 | 5 TTCTTCAGTTCGCTGTGAC 3° | Complementary to 3'end of Sac sR2

0OSZ173 5'CACCCTCAGCCATCCTTTA Used in combination with T7 primer to
ATCATCACTCATTTAACAGC directly transcribe sR24 from partially single
TCTCTCATCATAGGGTCCTAT stranded DNA template; T7 promoter is
AGTGAGTCGTATTAAATT 3' underlined. :

087174 | GTGAGCTGTTACGCACTCTTT | Used in combination with T7 primer to

: AAAGGATGGCTGCTTCCC directly transcribe 23S rRNA from1213 to
TATAGTGAGTCGTATTAAAT 1250 from partially single stranded DNA;
TT 3’ T7 promoter is underlined.

0SZ176 | STAGCCGGGCAGGGATTCGAA3' | Complementary to 3'end of tRNA"

0SZ180 5' GGGTTCGAAACGAGTCCGG Used in combination with T7 primer to

GTGTTACCCGCCTATAGTGAGT
CGTATTA 3'

directly transcribe the region of C32 from
Sac 5S rRNA.
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0SZ182

0OSZ183

0SZ190

087192

0SZ193

0SZ1%4

0SZ196

0SZ198

087199

08z200

087203

087206

0Sz207

5'TAATACGACTCACTATAGG
GATTTAAATGATGAGCTTG 3’

S'AAATGGATACTCAGCGGCTA3’

5' TAATACGACTCACTATAGG
GAATGATGTGGAATCCGGGA 3'

| 5 TCTTTAAAGGATGGCTGCT

TCTAAGCCTACCCTATAGTGAG
TCGTATTA 3'

5' GGGTGAGCTGTTACGCACT
CCCCTATAGTGAGTCGTATTA 3'

S'TAATACGACTCACTATAGC
CCACCCGGTCATAGTGAGC 3

5'CCCATCCCAGCTCCAGAGAGG
3|

S'GTTTGCTCTGAGCTTTGGCC 3

STAATACGACTCACTATAGG
CTGTGAAGACGCTAGACTT 3°

STAATACGACTCACTATAGAGC
CGGGTAGTCTAGTAGTCAAGG 3'

5TAATACGACTCACTATAGGGA

TTTAAATGATGATGAGCTTGAC
TACTTA 3" ‘ '

5' ATAATCAGCGCTCGCGCTT 3'

5Y’GGCCCCCGGGAATTCCGAG
CCGGGTAGTCTAGTGGTC 3'

Complementary to 5’end of sR11 from Sso.

Complementary to 3’end of sR11 from Sso
Complementary to 5’end of sR10 from Sac

Used in combination with T7 primer to
directly transcribe D 1221 target for
Pyrococcus double guide (sR24) from
partially single stranded DNA

Used in combination with T7 primer to
directly transcribe D' 1243 target for
Pyrococcus double guide (sR24)

Complementary to 5’end of 5S rRNA of Sac
Complementary to 3’end of 5S rRNA of Sac
Complementary to 3’end of vsR14.from Sac
Complementary to 5’end of sR14 from Sac

Complementary to 5’ end of tRNA™.
Contains a mismatch at position 18, to
introduce a mutation from G18 to A18.

Complementary to 5° end of sR11. Contains
a mismatch at position +5 from the D’ box,
to introduce a mutation from C5 to T5.

Complementary to 3’end of sR10 from Sac

Complementary to 5’end of tRNAGIn _
(YTG) from Sso. Contains Eco RI site for
cloning into pGem3+.
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087208

0S5Z7216.2

087218

087219.2

087220

087221

087222

087228
087229
0827233

087234

087235

S'TCCCCCGGGAAGCTTTAGC
CGGGCAGGGATTCGAA 3

S'GTTTGCTCTGAGCTCTGGCCCT
TCACATGAGTCAGTCTAAGTCT
AGCGTCTTCACAGCCCTATAGT
GAGTCGTATTAAATT-3’

S’TATAATCAGCGCTCGCGCTT
TTTGTCATCATTCTCAGCACCC
GGACTCCACATCATTCCCTATA

GTGAGTCGTATTA 3’

STAATACGACTCACTATAGGA
TGATGACAAAGAGCCGAA3Z'

5'CTCTATCAGTGGCTGCCCAC3'

5’CTCCAGGGTGGGAAGAGCCG
ACATCGATGTAGCCTATAGTGA
GTCGTATTAY

5S’CCTTTAACGGGCGGGCAGCCC
CTACCCTTGGCCTATAGTGAGT
CGTATTAY’

5' TAATACGACTCACTATAGAC
AGATGATGAATTCCCGATAG 3*

5' AATCAGTTCGCAGTGACCT
AG 3’

5 TAATACGACTCACTATAGGC
TACATCGATGTCGGCTCT 3’

5’CTTTAACGGGCGGGCAGCCC
3 b

5’TAATACGACTCACTATGGGGT
GCCTATCGTGGTTTA 3°

Complementary to 3’ end of tRNAGIn
(YTG) from Sso. Contains HindIII site for

cloning into pGem3+.

Used in combination with T7 primer to
directly transcribe Sac sR14 from partially
single stranded DNA.

Used in combination with T7 primer to
directly transcribe an optimized Sac sR10
from partially single stranded DNA.

Complementary to the 5'end of Sac sR7

Complementary to the 3’end of Sac sR7

Used in combination with T7 primer to
directly transcribe region of D’ box target
(23S rRNA Sac C2649) from partially single
stranded DNA.

Used in combination with T7 primer to
directly transcribe region of D box target
(23S Sac U2692) from partially single
stranded DNA. -

Complementary to 5'end for sR1/sR2 hybrid
cloned in plasmid pPD1282.

Complementary to 3’end for sR1/sR2 hybrid
cloned into plasmid pPD1282.

Complementary to 5’end of target region of
Sac sR7 in 23S RNA

Complementary to 3’end of target region of
Sac sR7 in 23S rRNA '

Complementary to 5' end of C1914 region
in 23S rRNA (target for Sac sR2 and
sR1/sR2 hybrid)
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0SZ236

0SZ238

A063.1

AO65

AO66

AO67

AO70

AO71

HE63

T7

5’ACCCTTTCGGGCTAGCGGGG3’

5' CTTTAACGGAAGAGCCGACT

ACCCTTGGAGGCAGCTGCACCT
CCAGGGTGGGGCGGGCAGCCC

ATCGATGTACCTATAGTGAGTC
GTATTAAATT 3’

5" GTAATACGACTCACTATAG
GGATAAGCCATGGGAG 3’

S’TATTTAGGTGACACTATAGG
TTAGCCACGTGTTACTCAGCC
3 '

5> AGAATTCCCATGGACGCGC
GATGTCAAAAGCTAG ¥

5’ TTAGGATCCTTAACTTGAAG
TTTTACCTTTAATC 3’

5° AAAGATCTCCATGGCTGA
AGTAATTACCGTAAAAC 3

5> TTAGGATCCCTACCCTTTA
TATTTGCTAAGAAC 3’

5’GTTATCAGACCATGGG 3’

5’TAATACGACTCGCTATAG 3’

Complementary to 3' end for C1914 region
in 23S rRNA

Used in combination with T7 primer to
directly transcribe the target for Sac sR7,
containing the methylation sites in a “direct”
order.

Forward primer used to PCR-amplify the
DNA template for transcription of sR1 target
RNA. :

Reverse primer used to PCR-amplify the
DNA template for transcription of sR1 target
RNA.

Complementary to 5’end of Sso al.7a ORF.
Contains Ncol site for cloning into pET3d
vector.

Complementary to 3’end of Sso al.7a ORF.
Contains BamHI site for cloning into pET3d
vector.

Complementary to the 5’end of Sso aFib
OREF. Contains Ncol site for cloning into
pET3d vector. '

Complementary to 3’end of Sso aFib ORF.
Contains BamHI site for cloning into pET3d
vector.

Complementary to 3’end of sR1 from Sac

Complementary to T7 RNA Polymerase
promoter region

* T7 promoter region are underlined
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2.2 Methods

2.2.1 Cell culturing of S. solfataricus and S. acidocaldarius

S. solfataricus and S. acidocaldarius were grown at 80° C in a well-aerated 2 litre
Perkin-Elmer culture vessel in their appropriate medium. Cells were harvested when the
ODgoo was between 0.4-0.6. Cells were rapidly cooled to 10°C, pelleted by centrifugation
at 5,000 rpm in a Sorvall GS-3 rotor for 10 min. Cell paste was either stored at ~70°C or

resuspended in sonication buffer.

2.2.2 DNA extraction from Sulfolobus

1.5 ml of culture was harvested by centrifugation in a tabletop centrifuge and the
supernatant discarded. The cells were lysed by adding 0.4 ml of Lysis buffer (40mM
Tris-HCI, 20 mM EDTA pH 8.0) and incubated for 30 min at 37°C. 0.5 ml 5% SDS with
100 mg/ml RNase A were édded. The suspénsion was twice extractéd with

_phenol/chloroform. The équeous phase was transferred into a new microtube that
contained 15 pl 5 M NaCl and 1 ml of 95% ethanol was added. The suspension was
mixed until the DNA formed threads and then spooled on a sealed pasteur pipette. The
DNA was rinsed with 70% cold ethanol and dried by standing the tip up at room

temperature for 15 min. The DNA was recovered by introducing the pasteur pipette into a

new microtube, adding 200 pl of TE buffer and shaking overnight at 4°C.
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2.2.3 Cloning of tRNA®"

tRNA" (YTG) was amplified by PCR from S. solfataricus genomic DNA usingv
Qligonucleotides 0SZ207 and OSZ208, cloned between the EcoRI and HindIII sites of
pGEM3+ '(Promega) and propagated into the E.coli strain NovaBlue (Novagen).
Individual colonies were picked and used to verify the insert sequences for tRNA"

(TTG) and tRNA®" (CTG).

2.2.4 Cloning of the S. solfataricus aL.7a, aNop56 and aFib genes

The gene encoding S. solfataricus al.7a (accession number: S75397, gi:7440709)
was amplified by PCR using oligonucleotides AO66 and AO67, cloned between the Ncol
and BamHI site of pET3d and transformed into the E.coli strain BL21(DE3)pLysE, f;)r
overexpression. Cells would only grow if 0.2% glucose were added to the YT media.

~ PCR amplification of aNop56 (accession number: AKK41215, gi: 13814119) was
carried out with oligonucleotides 0SZ102 and OSZ103. The PCR fragment was cloned
into the Ncol and EcoRI site of pET28a and transformed into the E.coli strain BL21
(DE3). |

aFib (NP_342426, gi:15897821) was amplified by PCR using oligonucleotides
AQO70 and AO71, cloned between the Ncol and BamHI site of pET3d and transformed
into the E.coli strain BL21(DE3)pLysS .

Clones were subjected to restriction enzyme digest. Clones containing inserts of

the correct length were sequenced to confirm the insert sequence.
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2.2.5 Expression and Purification of Recombinant Proteins in E.coli

Expression
Cultures were grown to an ODggonm 0f 0.4-0.6 and protein expression was induced '

by adding 0.5 mM IPTG. Cells were grown overnight at room temperature and harvested

by low speed centrifugation, washed and resuspended in their appropriate buffer:

buffer A for al.7a: 50 mM Bis;Tris buffer, pH 6.5, SOmM NaCl, 10 mM DTT,

buffer B for aNop56: 50 mM Tris-HCl buffer, pH 7.5, 200 mM NaCl, 10 mM DTT and

buffer C for aFib: 50 mM Tris-HCI buffer, pH 8.5, 50 mM NaCl, 10 mM DTT. Cells

were disrupted by sonication and the clear lysate (10 pg/ul) was heated for 5 minutes at

65°C followed by centrifugation (Figure 2-1). Proteins were further purified by ion-

exchange chromatography.
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Protein 'g
concentration 4 pg/pl 13 pugiul §

S

R
Time (inmin) 15 10 5 15 10 5 5

<@ 54KD aFib dimer

| 4. 27kD aFib monomer

Figure 2-1 Purification of aFib by heat precipitation of E.coli extract

An example of S. solfataricus protein (aFib) expressed in E. coli is shown. Total
protein extracts from E.coli with concentrations of 4 pg/ul and 13 pg/ul were
heated for 5, 10 and 15 min. The supernatant was separated on SDS PAGE gel.
The lane with protein molecular weight standards (M) and protein sample that
has not been heated (untreated) are indicated. At high protein concentrations aFib
forms dimers. In further purifications concentrations of 10 pg/pl were used.
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Chromatography

al.7a: The heat soluble protein Was loaded on a 10 ml bed DEAE-Sepharose
column (Pharmacia), equilibrated with buffer A. The protein was collected in 4ml
fractions in the flow-through, concentrated (Centricon, Millipore) to an end volume of
» 500 pl and applied to a size-exclusion column (Superdex 75, 10/30, Pharmacia). Fraction
containing the purified aL.7a protein were pooled and concentrated (Figure 2-2).

aNop56: The heat soluble protein was loaded on a 10 ml bed DEAE-Sepharose
column (Pharmacia), equilibrated with buffer B. The bound aNop56 protein was eluded
‘by a step gradient in 4 ml fractions (salt concentrations: 200.mM, 400 mM and 700 mM |
NaCl). The majority of the aNop56 brotein would elute in the 400 mM NaCl fractions.
Protein was concentrated (Centricon, Millipore) to an end volume of 500 pl and applied
to a size-exclusion column (Superdex 75, 10/30, Pharmacia). Fractions containing the
purified aNop56 protein Were pooled and concentrated (Figure 2-2).

aFib: The heat soluble protein was loaded on a 10 ml bed DEAE-Sepharose
column (Pharmacia), equilibrated with buffer C. The protein was collected in 4 ml
fractions in the flow-through, concentrated (Centricon, Millipore) to an end volume of
500 pl and applied to a size-exclusion column (Superdex 75, 10/30, Pharmacia).
Fractions containing the purified aFib protein were pooled and concentrated (Figure 2-2).

The purified recombinant proteins were frozen in liquid nitrogen and stored at -80°C.
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M aFib alL7a aNop56

<— 47kD

<— 27kD

<€— 14kD

Figure 2-2 Purified proteins aFib, al.7a and aNop56

S. solfataricus proteins aFib, al.7a and aNop56 were expressed in E.coli and
purified as described in Materials and Methods. Protein samples from the size-
exclusion chromatography have been separated on SDS PAGE gel. The lane with
protein molecular weight standards is indicated (M) and the sizes of the purified
proteins in kD are shown.

2.2.6 Protein Assay

Protein concentrations in the purified fractions were determined using the BioRad

Microassay which is based on the Bradford Assay. The purified protein samples were
diluted to 800 pl volume with subsequent incubation for 10 min with 200 ul dye reagent

concentrate. BSA was used to develop a standard protein concentration curve.
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2.2.7 Invitro transcripfion of guide and target RNAs

The Mega-Short Script kit from Angbion (Austin, TX) was used for in vitro
transcription, following the manufacturer’s recommendations. The reaction was carried

out overnight at 37°C.

2.2.7.1 Standard target and guide

S. acidocaldarius sR1 and 16S rRNA fragment

sR1 was amplified by PCR from a plasmid containing the S. acidocaldarius sR1
gene using primer T7 and HE63.

The target RNA, a 112 bp fragment of rDNA spanning position U52, was
ampliﬁeci from S. acidocaldarius genomic DNA using primers AO 63.1 and AQ 65. The

products were purified by PAGE and used as template for T7 transcription.

22,72 Full length tRNA targets and guides

S. solfataricus sR11, S. acidocaldarius sR14and tRNAS™ targét

sR11 was amplified by PCR from S.solfataricus genomic DNA using primers
0SZ182 and OSZ183. The resulting fragment was precipitated with isopropanol and used
as template for T7 transcription. |

The mutant sR11 was amplified by PCR from S. solfataricus genomic DNA using
primers OSZZOZ% and OSZ 183. The fragment was used as template for T7 transcription.

sR14 was amplified by PCR from S. acidocaldarius genomic DNA using the
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primers OSZ198 and OSZ199. The product was precipitated with isopropanol.and used
as template for the T7 polymefase reaction. The T7 "template to transcribe mutant sR14
was generated from a partfaily single-stranded DNA templéte by annealing the T7
promoter primer to the oligonucleotide 0SZ216.2.

T7 template used to transcribe tRNAGI" was generated by PCR using the
respective templates pGEM_tRNA®™(UUG) and pGEM_tRNAG'"(CUG) and the primers
0SZ208 and T7.

The G18/A mutant tRNA was generated by PCR using S. solfataricus genomic
DNA and the primers OSZ200 and OSZ176. The fragment was sequenced and used as

template for the T7 polymerase reaction.

2.2.7.3 Full length ribosomal RNA target and guide

S. acidocaldarius sR10 and 5S rRNA target

sR10 was amplified by PCR from fhe plasmid clone 27 (obtained from Dr. Omer)
containing sR10 from S.acidocaldarius using primers OSZ190 and OSZ206.

Optimized sR10 was generated from a partially single-stranded DNA template By
annealing the T7 promofer to the oligonucleotide OSZ218.

5S rDNA was amplified from S. acidocaldarius genomic DNA by using primers
0SZ194 and OSZ196. The resulting fragment Was precipitated with isopropanol and used
as template for T7 transcription reaction. |

A T7 template used to transcribe a 30 nt long RNA containing the only the region
spanning C32 of 5S rRNA was generated from a partially single-stranded DNA template,

by annealing the T7 promoter primer to the oligonucleotide OSZ180. h
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2.2.7.4 Double guides and targets

S. acidocaldarius sR7 inverted guide and targets

sR7 was amplified by PCR from S .acidocaldarius genomic DNA using primers
QSZZI9.2 and 0SZ220. The fragment was precipitated and used as template for T7
transcription reaction. o

The two targets for Sac sR7, containing methylation sites C649 and C2692 of 23S
rRNA, were generated by using partially single-stranded DNA templates by annealing the
T7 promoter to the oligonucleotides OSZ221 and OSZ222 respectively.

Inverted target: The target molecule containing both methylation sites on one
molecule in an inverted order was arhpliﬁed from S. acidocaldarius genomic DNA by
using primers OSZ233 and OSZ234. The product was precipitated with isopropanol and
used as template in the T7 polymerase reaction.

Direct target: The target molecule containing both metﬁylation sites on one
molecule in direct order was generated by annealing the T7 promoter to oligonucleotide
0SZ238 and using the partially singlé stranded DNA as template for the T7 polymerase

reaction.

Pyrococcus sR24 direct guide and target

Pyrococcus sR24 was generated by using a partially single-stranded DNA
template by annealing the T7 promoter to the oligonucleotide OSZ173.

To generate the target RNA, spanning the two predicted sites of methylatioh.

(position C1243 and C1221) in 23S rRNA of Pyrococcus horikoshii, a 37 nt long
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partially single-stranded DNA template (OSZ 174) with an annealed T7 promoter was
used as template for a T7 transcription reaction. To produce the D box target (Cll 221) and
D’ box target (C1243), partially single-stranded templates were created by annealing the
T7 promoter to the oligonucleotides OSZ192 (D box target) and OSZ193 (D’box target)

respectively.

2.2.7.5 Engineered guide

Engineered sR1/sR2 hybrid sRNA, 8. acidocaldarius sR2 sRNA and target

sR1/sR2 hybrid RNA contains an 11 nucleotide-substitution of the S solfataricu&
D box guide region with that of S. acidocaldarius sR2. This replacement changes the
target methylation site from U52 in 16S rRNA to position C1914 in 23S rRNA; site
C1914 has been previously confirmed to be ribose-methylated in S. acidocaldarius but
not normally methylated in S. solfataricus. Plaémid pPD1282 (Omer AD) and
oligonucleotides OSZ228 and OSZ229 were used to generate the DNA template for the
run-off transcription of the sR1/sR2 hybrid RNA.

sR2 was amplified by PCR from S acidocaldarius genomic bNA using primers
0SZ121 and OSZ122. The fragment was precipitated and used as template for T7
transcription reaction.

‘To generate the target RNA spanning the region of C1914 in 23S rRNA of _

‘Sulfolobus a 28 nt long partially single-stranded DNA template (OSZ 120) with an

- annealed T7 promoter was used as template for a T7 transcription reaction.
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To ensure the integrity of all transcripts from every reaction (20 ul), 3 ul were
removed and ([a—*P] GTP or [0—>?P] CTP) were added prior to incubation, to uniformly

label the transcripts. The transcripts were separated on an 8% or 6 % polyacrylamide gels

and visualized by Phosphor Imager.




Table 2-5 Guide and target RNAs
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Guide and target RNAs used in this study. Complementary regions in guide and

target are underlined. The residue predicted to be methylated in the target RNA is bold.

| Guide RNA | Target RNA
Sac 5’ CAGUUGAUGAGAAGUUAAAAAAGCGA | Sac 57 GGAUAAGCCAUGGGAGUCUUACACUCCCGGGUARAG
sR1 | UGGAUGAGCUUAACUCCCAUGGUCUGAU | 168 GGAGUGUGGCGGACGGCUGAGUAACACGUGGCUAACC
AAC 3’ rRNA | UACCCUCGGGACGGGGAUAACCCCGGGAAACUGGGGA
/us2 UAA 3'
Sso 5’ UCGGAUUUAAAUGAUGAGCUUGACCA | tRNA | 5’ AGCCGGGUAGUCUAGUGGUCAAGGAUCCAGGGCUY
sR11 | CUUAUGAAGCUAGAUGAUAUAAUAAAGG | GIn(Y | UGGCCCCUGGGACCAGGGUUCGAAUCCCUGCCCGGCU
UAGCCGCUGAGUAUCCAUUU UG) A 3
/G18
Sso 5 ' UCGGAUUUAAAUGAUGAGCUUGACUA | tRNA | 5’ AGCCGGGUAGUCUAGUAGUCAAGGAUCCAGGGCUY
Mut | SUUAUGAAGCUAGAUGAUAUAAUAAAGG | GIn(Y | UGGCCCCUGGGACCAGGGUUCGAAUCCCUGCCCGGCU
sR11 | UAGCCGCUGAGUAUCCAUUU UG) A 3
G18->
Al8
Sac 5’ GCUGUGAAGACGCUAGACUUAGACUG | tRNA | 5'AGCCGGGUAGUCUAGUGGUCAAGGAUCCAGG
sR14 | ACUCAUGAUGAAGGGCCAAAGCUCAGAG | GIn(U GCUUUGGCCCCUGGGACCAGGGUUCGAAUCCCU
CAAAC 3’ UG) GCCCGGCUA 3’
/U34
Sac | 5’ GCUGUGAAGACGCUAGACUUAGACUG | tRNA | 5’ AGCCGGGUAGUCUAGUGGUCAAGGAUCCAGG
Mut | ACUCAUGAUGAAGGGCCAGAGCUCAGAG | G1n(C | GCUCUGGCCCCUGGGACCAGGGUUCGAAUCCCU
sR14 | CARAC 3’ UG) GCCCGGCUA 3’
) /C34
Sac 5 GAAUGAUGUGGAAUCCGGGAUCUGAG | Sac 5" CCCACCCGGUCAUAGUGAGCGGGUAACACCCGGAC
sR10 | AAUGAUGACAAAAAGCGCGAGCGCUGAU | 55 -UCGUUUCGAACCCGGAAGUUAAGCCGCUCACGUCAGA
UAUA 3’ RNA | GGGGCCGUGGGAUCCGAGAGGGCCCGCAGCCUCUCUG
/C32 AGCUGGGAUGG 3’
Sac 5 ' GAAUGAUGUGGAAUCCGGGAUCUGAG | Sac 5S | 5’ GCGGGUAACACCCGGACUCGUUUCGAACCC 3’
sR10 | AAUGAUGACAAAAAGCGCGAGCGCUGAU | y\RNA
UAUA 3’ fromt
Opt. | 5'GAAUGAUGUGGAGUCCGGGUGCUGAG | Sac 5" CCCACCCGGUCAUAGUGAGCGGGUAACACCCGGAC
Sac | AAUGAUGACAAAAAGCGCGAGCGCUGAU | 58 UCGUUUCGAACCCGGAAGUUAAGCCGCUCACGUCAGA
sR10 | URUA 3’ ' | rRNA | GGGGCCGUGGGAUCCGAGAGGGCCCGCAGCCUCUCUG
/C32 AGCUGGGAUGG 3’
Opt. | 5’'GAAUGAUGUGGAGUCCGGGUGCUGAG | Sac 5S | 5’ GCGGGUAACACCCGGACUCGUUUCGAACCC 3’
Sac | AAUGAUGACAAAAAGCGCGAGCGCUGAU | rRNA
sR10 | UAUA 3’ frgmt
Sac 5 GAUGAUGACAAAGAGCCGAAUGGAUU | Sac G2649;
sR7 | AGUGACAUCUAAUUUUGUGGGCAGCCAC | 23§ 5 CUACAUCGAUGUCGGCUCUUCCCACCCUGGAG 3’
UGAUAGAG 3’ RNA | U2692:
/G649 | 5 CCAAGGGUAGGGGCUGCCCGCCCGUUAAAGG 3
/U2692
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Sac 5 GAUGAUGACAAAGAGCCGAAUGGAUU | Sac G2649 and U2692 (inverted)
sR7 | AGUGACAUCUAAUUUUGUGGGCAGCCAC | 238 5’ GCUACAUCGAUGUCGGCUCUUCCCACCCUGGA
UGAUAGAG 3’ RNA | GGUGCAGCUGCCUCCAAGGGUAGGGCUGCCCGCC
G2649 | CGUUAAAG 3’
+
U2692
Sac 5 GAUGAUGACAAAGAGCCGAAUGGAUU | Sac U2692 and G2649 (direct)
sR7 AGUGACAUCUAAUUUUGUGGGCAGCCAC | 23§ 5’ GCUACAUCGAUGGGGUAGGGCUGUCCCACCCUGGA
UGAUAGAG 3’ rRNA | GGUGCAGCUGCCUCCAAUCGGCUCUCCCGCC
U2692 | ccuuaaac 3’
+
G2649
Pho | 5'CCCUAUGAUGAGAGAGCUGUUAAAUG | Pho C1221
sR24 | AGCGGUGAUUAAAGGAUGGCUGGCUGAG | 23S 5/ UAGGCUUAGAAGCAGCCAUCCUUUAAAGA 3’
GGUG 3’ RNA | C1243
5 ' GGAGUGCGUAACAGCUCACCC 3’
Pho | 5’'CCCUAUGAUGAGAGAGCUGUUAAAUG | Pho '
sR24 | AGCGGUGAUUAAAGGAUGGCUGGCUGAG | 23S 5 ' GAAGCAGCCAUCCUUUAAAGAGUGCGUAACAGCUC
GGUG 37 rRNA | &C 37
ci1221
+
C1243 | -
Engin 5’ CAGAUGAUGAAUUCCCGAUAGUACGA | Sso/Sac )
eered | UUGAUGAGCUAGGUCACUGCGAACUGAU | 235 5 ' UCAGUAGGUCGCAGUGACAAGAGGGACCU 3
sR1/ | UAG 3’ rRNA
sR2 /C1914
sR2 5’ GAGUGAUGAGACGAGCGCUAACAGAG | Sso/Sac -
AGAGUGAAGAGGUCACUGCGAACUGAAG | 23S 5" UCAGUAGGUCGCAGUGACAAGAGGGACCU 3"
AARA 3’ rRNA ’
/C1914
2.2.8 In vitro methylation assay

Equimolar amounts (720 pmol) of guide RNA and target RNA were mixed (final

volume 120 pl, in renaturing buffer R: 25 mM phosphate buffer, pH7/ 100 mM NaCl),

denatured by incubating for 2 min at 95°C, and renatured by cooling rapidly to 55°C. The

RNAs were added at 0°C to 75 upl containing aFIB, aNOPS56, al.7a (6 pmol each), and

tritiated-S-adenosyl methionine (360 pmol, 3.9 Ci/mmol, Amersham Pharmacia) in

binding buffer D (25 mM phosphate buffer, pH 7, 100 mM NaCl and 1mM MgCI2).

Aliquots (20 pl) were removed and transferred to 700C in a Thermalcycler (Eppendorf);
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after 3, 6, 10, 20 and 45 minutes the individual 20 pl samples were removed and
precipitated at 0°C for 15 min with 5% trichloroacetic acid. The precipitates were
collected on 0.2 um nitrocellulose ﬁlters (Millipore), dried and radioactivity was
measured by scintillation counting in a Beckman LS6000IC scintillation system. The
scintillation cocktail used was ScintiVerse (Fisher Scientific), containing 1,2,4-

trimethylbenzene.

229 Thih Layer Chromatography

Target and guide RNA were transcribed in vitro and mixed in a 20 pl reaction in
the standard methylation assay (except that [methyl->’H] SAM specific activity was 72.15
Ci/mmol; 60 pmol per assay) and incubated at 70°C for 1 h. The RNAs were extracted
with phenol/chlorophorm from the reaction mixes, precipitated and resuspended in 4 pl
of 50 mM Na actetate, pH 5.2 and digested with 0.01 unit of P1 nuclease (Roche
Diagnostics) for 12 h at 37°C. Products Weré mixed with Snmol each pAm, pCm, pGm,
pUm, pUmG, pCmC and pCmA standards (Dharmacon Research, Lafayette CO) before
two-dimensional TLC séparation (Keith, 1995)‘. TLC anélysis was carried out on thin-
layer cellulose plates (10 cm x 10 cm, Merck, Darmstadt) by using the following
chromatographic system: first dimension, isobutyric acid/concentrated NH,OH/H,O
(66:0.5:33.5; vol/vol/vol); second dimension 0.1 M sodium phosphate, pH
6.8/ammonium sulfate/n-propyl alcohol (100:60:2; vol/wt/vol). Unlabeled standard was

detected by UV irradiation and *H labeled spots where identified by autoradiography

using standard 2D-TLC maps as described (Keith, 1995).
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2.2.10 Standard Molecular Biology’Techniquves‘

Polymerase Chain Reaétion (PCR)

PCR was used to amplify geﬁes from S. acidocaldarjus and S. solfatariéus
genomic DNA. Reactions weré either performed in a ERICOM Twin Block™
Thermocycler or an Eppendorf Mastercypler@ gradient Thertﬁbcycler. Cycling
parameters Variéd depending on the particular expefimenlt; howéver, they usually
included a 95°C denaturing step (45 sec), an annealing step at the theoretical Tm-5°C (30
sec - 1 minj, and polymerase extension step (72°C for 1 min). The theoretical Tm was
calculated as 4x(#G+C) nts + 2x(#A+T) nts. The annealing temperature used was the
lowest Tm-5°C for the pair of oligoﬁucleotides used. Taq polymerase (Invitrogen)‘ or

Thermal Ace polymerase (Invitrogeri) were used for amplification.

Isolation of plasmid DNA from E.coli cells
Plasmid DNA was essentially isolated using the procedure for Alkaline Plasmid
Mini-Preparation as described in (Sambrook, 1989). Altefnatively the QIAprep Spin

Miniprep kit from Qiagen was used, following the recommendations of the manufacturer.

DNA Sequencing -

Sequencing was done either using the Thermo Sequenase Radiolabeled

Terminator Cycle Sequencing Kit (USB, Cleveldnd, OH, USA), following fhe

manufacturer’s recommendations or performed at the NAPS Unit (Nucleic Acid Protein
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Service) at the University of British 'Columbia) with an Applied Biosystems PRISM 377

automated sequencer and Applied Biosystems BigDye™ v3.1 Terminator Chemistry .

2.2.11 Gel Electrophoresis

Nati;'e Gel
Agarose

Agarose slab gels (1%-2%) were routinely employed for resolving DNA
fragments ovér 100‘bp in length. Gels were poured and samples were electrophoretically
separated using the Pharmacia GNA-200 Gel Electrophoresis Apparatus in 0.5x TBE,
adding ethidium bromide to both gel and buffer for visualization of nucleic acid by UV
light irradiation. Samples were electrophoresed at 100-150 V on a Pharmacia 500/400 -

Power Supply.

Nén-denaturing Polyacrylamide

DNA fragments under 100 bp were resolved on 6-10% non-denaturing
polyacrylamide gels, in 0.5xTBE buffer, using the BioRad Mini Protean I system. DNA
fragments were visualized by ethidium bromide staining for 10 min.
Agarose and non-denaturing polyacrylamide gels were also used for the isolation and
pufiﬁcation of restriction enzyme generated linear DNA fragments' or for purification of
oligonucleotides. The ethidium bromide stained bands were excised from the gel, gel

slices put into Spectrum Spectra/Por ® molecular pofous membrane dialysis tubing in-

0.5xTBE buffer and electroeluted at 1'00 V for 1h-3 h, the duration depending on the size
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of the fragment. The eluted DNA was extracted with phenol/chloroform, ethanol or
isopropanol precipitated, dried and resuspended in dHO.
1kb and 100 bp Base-Pair Ladder (BioRad) were used as size markers.

Non-denaturing polyacrylamide gels were also used in EMSA and to verify the
integrity of RNA transcripts. After resolving the RNA-protein complex in a 6-10% gel,
gels were transferred to Whatman Filter Paper, covered with PVDC wrap (plastic wrap)
and dried on the BioRad Model 583 Gel nyer.

Perfect RNA markers (Novagen) for the 0.1-1 kb range and decade RNA markers
(Ambion, TX) for the 10-100 nt range were used as size makers were appropriate. The

markers were prepared following the manufacturer’s directions.

Denaturing Gel

6% or 8% polyacrylamide gels containing 8M urea were used to separate DNA
sequencing products. Samples were boiled for 2 min in sequencing sample buffer.
Samples were separated by electrophoresis in 0.5xTBE buffer using a Pharmacia ECPS
3000/150 power Pack at 32 W constant power (1800-2000 V). Gels were transferred to

Whatman Filter paper and dried on the BioRad gel Dryer.

SDS PAGE
Purified proteins were separated by size using SDS PAGE and visualized by

Coomassie blue stéining of the gel. Purified samples were diluted in SDS protein sample
buffer (Sambrook, 1989) and heated at 90°C for 3 min prior to loading the gel. Gels were

prepared according to the method of Laemmli using a 5% acrylamide stacking gel and
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either 10, 12 or 15 % acrylamide separating gel, depending on the size range of the
protein to be resolved (Laemmli, 1970). All gels were prepared using a BioRaq 30%
Acrylamide solution (Acrylamide/Bis ratio of 37.5:1). Gels were poured and protein
samples were electrophoretically separated‘ using the BioRad Mini Protean II
Electrophoresis system run at a constant voltage of 100-150 V using Tris-Glycine gel
running buffer. Following electrophoresis, gels were rinsed briefly with water, incubated
for 5-10 min in destain solution. Gels were then stained for 10-20 min in stain solution
followed by destaining.

Images of gels were obtained using DiaMed Transillumihator and Imager 7.500 Digital

Imager.

2.2.12 Visualization of radioactive gels

Radioactive gels were visualized using a Typhoon Imager 8600 (Molecular Dynamics)

and ImageQuant image analyzing software.

2.2.13 Bioinformatics tools

RNA Secondary Structure Prediction

RNA secondary structure predictions were done using the program mfold (Zuker,
2003). MFold predicts optimal and suboptimal secondary structures for an RNA or DNA
molecule using the most recent energy minimization method by Zuker. The web based

tool can be accessed at: http://www.bioinfo.rpi.edw/applications/mfold/old/rna/form1.cgi .



http://www.bioinfo.rpi.edii/applications/mfold/old/rna/forml.cgi
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BLAST search

BLAST/(Basic Local Alignment Search Tool) was used té search for sequence:
simiiarity of DNA or protein in all available databases. BLAST uses a heuristic algorithm
that seeks local as opposed to gloBal alignments and is therefore able to detect
relationships among sequences that share only isolated regions of similarity (Altschul et
al., 1990). BLAST and variation of BLAST can be accessed at the NCBI (National

Center for Biotechnology Information) web page at:

http://www.ncbi.nlm.nih.cov/BLAST/ .



http://www.ncbi.nlm.nih.Rov/BLAST/

61

3 Results’

3.1 The in vitro methylation assay

3.1.1 Development of an in vitro methylation assay

Eukaryotic C/D box snoRNAs associate with four common core proteins;
however, the total number of proteins in a particle is not known. The core proteins are
Fibrillarin, Nop56p, Nop58p and 15.5 kD protein.

Fibrillarin has long been associated with C/D box snoRNAs in Eukaryotés and is
generally accepted to be the 2’—O-methyltransfera§e (Tollervey et al., 1993; Wang et al.,
2000). Nop56p and Nop58p are related to each other and both proteins have been shown
to interact with snoRNAs (Cabhill et al., 2002; Filipowicz and Pogacic, 2002). The 15.5
kD prdtein belongs to a larger family of related RNA-binding proteins that includes
human L7a, S12 and yeast L30 ribosomal proteins. (Mao et al., 1999; Nottrott et al.,
1999; Watkins ef al., 2000). The 15.5 kD protein binds to the characteristic asymhe&ic
stem-loop structure - the k-turn- that includes the canonical C/D elements (Watkins et al.,
2000).

In corﬁplex eukaryotic cells guide-containing RNP complexes are transient and unstable.
Their molecular architecture has been difficult to establish or reconstitute. The best

progress in purification and functional characterization of these complexes to date has

1«A version of this chapter has been accepted for publication. Ziesche, S.M., Omer, A.D.
and Dennis, P.P. (2004) RNA guided Nucleotide Modification of Ribosomal and Non-
ribosomal RNAs in Archaea, Mol. Microbiol.”
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involved purification of yeast C/D complexes that retained mefhylation activity (Galardi
et al., 2002). Are there simpler systems where the biochemical, structural and functional
complexes of the RNP can be more easily addressed? The first demonstration that
Archaea possess guide RNAs that direct methylation to rRNA came from biochemical
studies with the archaeon Sulfolobu; acidocaldarius to which I was a contributor (Omer
et al., 2000; Omer et al., 2002).

Analysis of archaeal genomes has also revealed the presence of C/D box core
pr’oteih coding sequences, including fibrillarin and N6p5 6/58 (Amiri, 1994; Omer et al.,
2000). A single archaeal aNop56 takes the place of the eukaryotic Nop56/N0p58 protein
pair (Omer et al., 2002; Tang et al., 2002b). Notably absent has been a defined homolog
of the 15.5 kD core protein. However, database searches in the Sulfolobus solfataricus
genome and other archaeal genomes révealed a high degree of sequence similarity
between the eukaryotic 15.5 kD protein and the archaeal protein al.7a. The Sulfolobus
al.7a protein has been annotated as rib(;sonial protein. These observations suggest that
the archaeal 2’-O-methylation complex might be simpler than its eukaryotic counterpart,
with three proteins rather than four.

' The S. solfataricus genes were cloned and recombinant protein were expressed in
E. coli (see Material and Methods). The ability to form an RNP together with C/D box
SRNA that is active in vitro in site-directed methylation of a fragment of target RNA was

tested and the complex was active in targeting S-adenosyl methionine dependent, site-

specific 2’-O- methylation (Omer et al. , 2002).
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sR1 guide sRNA |

Sulfolobus acidocaldarius sRi sRNA (Sac sR1) was selected as the model SRNA
for in vitro sRNP aséembly. S. acidocaldarius sR1 sRNA contains well-defined and
highly conserved C (AUGAUGA) and D (CUGA) box motifs located near the 5' and 3'
ends, respectively (Figure 3-1). Internally, S. acidocaldarius sR1 contains C' and D' box
motifs, giving the RNA a characteristic dyad repeat struéfure. The C/D motif can be
structured according to the k-turn consensus. The C’/D’ motif deviates from the
consensus by forming a loop instead of stem I, and by exhibiting a Watson-Crick base
pair CG, instead of a non-canonical base pair in stem .II (Figure 3-1).

The D box guide of S acidocaldarius sSR1 sRNA recognizes a region of the 16S
rRNA in vivo. Methylation occurs at position U52 in the 16S rRNA. Southern
hybridizations have confirmed the existence of a single-copy S. acidocaldarius sR1
encoding sequence within S. acidocaldarius genomic DNA (Omer et al., 2000).

S. acidocaldarius sR1 sSRNA has a homologous sRNA in the related archaeon,
Sulfolobus solfataricus, termed Sso sR1. S. solfataricus sR1 sRNA is also predicted to
guide methylation to the same U52 positiofl in 16S rRNA. In addition, the D’ box of S.
solfataricus sR1 sRNA is predicted to methylate position U605 and/or position U33 in
16S rRNA, although neither of these sites have been confirmed. Both S. acidocaldarius

sR1 and S. solfataricus sR1 sRNAs overlap (by 21 and 18 nt, respectively), the C-

terminal end of the aspartate aminotransferase gene coding region (Figure 3-1).
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Figure 3-1 S. acidocaldarius sR1 sRNA

(A) A model of the secondary structure of S. acidocaldarius sR1 sRNA is
depicted. The predicted k-turn consensus of the C/D and C’/D’ motif is shown at
the right. The C’/D’ motif derivates from the consensus by forming a Watson-
Crick base pair CG instead of a non-canonical base pair in stem II. (B) The RNA
sequence derived from the 3’ end of the aspartate amino transferase and the
sR1 genes in S. solfataricus (Sso) and S. acidocaldarius (Sac) are illustrated
The termination codon of the aspartate amino transferase is overlined. The
conserved boxes of the SRNA are shaded. The D guides that direct methylation to
position U52 in both 16S rRNAs is boxed. The D’ guide of Sso sR1 appears to
direct methylation to position 16S U33 (not shown), whereas the D’guide of Sac
sR1 lacks complementarity to rRNA.
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The most highly conserved portion of the SRNA genes is in the 3°-half that lies
outside the ORF. It contains the D box antisense element. The 5’-half of sSR1 sSRNA gene
is poorly conserved which is reflected in numerous amino acid replacements in the C- |
terminus of the aspartate aminotransferase protein. The translation termination codons are
both located within the complementary guide region associated with the D’ box (Dennis

et al., 2001; Omer ef al., 2000).

Target

The target RNA (29 nucleotides) was designed to contain the region of Sulfolobus
16S TRNA that)is recognized in vivo by the D box guide of the S. acidocaldarius sRll
sRNA; methylation occurs at position U52. Methylation at the predicted U52 positions in
S. solfataricus and S. acidocaldarius 16S rRNA has been verified vby dNTP
concentration-dependent primer extension (Omer et al., 2000). In this assay, reverse
transcription shows characteristic pausing at most 2’-O-methylation sites in an ANTP
concentration-dependent manner, a pause observed at the predicted site of methylation,

ihdicating a likely 2'-O-ribose methyl (Maden et al., 1995).

In vitro methylation assay
The S. acidocaldarius sR1 sSRNP complex was assembled in vitro by incubating
in vitro transcribed S. acidocaldarius sR1 sSRNA, with recombinant S. solfataricus SRNP

core proteins al.7a, aNop56, and aFib. In the presence of target RNA and SAM
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(radiolabeled at the methyl position), radioactivity was incorporated into acid-insoluble

material (Figure 3-2).

3.1.2 Optimization of the assay

Reaction incubation jtemperature, time, concentration of the three core proteins
(al.7a, aNop56 and aFib), and concentration of guide and target RNAs were varied in
order to find the optimal in vitro assay conditions (Figure 3-2). Different reaction
temperatures were used (37°C, 42°C, 55°C, 65°C, 70°C, 75°C). The reaction requires

-elevated temperatures around 70°C (data not shown). The elevated temperature might
induce conformational changes in the core proteins and/or the sRNA that are critical for
protein binding. Assuming that a sufficient cqncentratioﬁ of suitable substrate is
available, increasing the concentration of the enzyme will increase the reaction rate. The
initial rate of the methylation reaction is linear (as a function of protein concentration)
and reaches a plateau at protein concentrations highér then 6 pmoles (Figure 3-3); this
observation suggests other factors became limiting at high protein concentrations.

It was determined that a reaction containing equimolar amounts (120 pmol) of
guide RNA and target RNA, and 6 pmol of each of the recombinant protein aFIB,
aNop56, aL.7a produced the best results, by maximizing the activity and product
formation per pmol of protein used. In previous experiments, lower protein
concentrations were used. The reaction was carried out at 70°C in a Thermalcycler with a
heated lid to minimize condensation of the reaction mix. The methylation depends both
on the addition of a suitable complementary target RNA (data not shown) and on the

presence of aFib in the complex. In additional control reactions where only RNAs and
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either single proteins, or combinations of only t§vo proteins were added, radioactive
methyl incorporation into acid-insoluble material was not detected (data not shown).

Within the limits of the determination of protein concentration, the amount of

| product formed (about 12 pfnol per reaction) was approximately two times the molar
amount of aFib present (6 pmol per reaction). This implies that under these reaction
conditions, éach molecule of aFib was, on average, able to participate in the methylation
of two target RNAs. In contrast; when the amount of protein was doubled (12 pmol of
aFib per reaction), only a slight increase in product production could be detected (14
pmol per reaction), implying other limiting factors in the reaction, such as misfolded and
thus unproductive RNA.

The linear incorporation of labeled methyl groups reached a plateau after 20-30
min (Figure 3-2). This plateau appears to be largely thé consequence of the degradation
of the RNA and SAM cofactor at 70°C required for catalysis, rather than a consequence
of inactivation of the three proteins. Supplementation of the reaction after 45 min with
additional guide and target RNAs has been shown to result in a 50-100% increase in
production of methylated target, whereas supplementation with the three proteins has no
effect (data not shown). The mechanism for enzymatic turnover is currently not clear.
Either the RNP complexes are disassembled after eaéh methylation and reassembled
before the next round of methylation, or mulfiple target RNA are able to associate and

disassociate from single preassembled RNP complex. The supplementation experiments

- suggest that some reassembly occurs.
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Figure 3-2 Effect of protein concentration on the efficiency of the methylation

reaction

RNP guide-dependent methyl incorporation into U52 of 16S rRNA is illustrated.
The RNP complex was assembled by renaturing in vitro transcribed S.
acidocaldarius sR1 sRNA with target RNA (Table 2-5) and mixing various
amount of aFIB, aNop56, and al.7a: (0.5 pmol, 4 pmol, 6 pmol, 12 pmol) and
[*H]-methyl-SAM at 0°C. The mixture (120 pl containing 720 pmoles of sR1
guide RNA, 720 pmoles of target RNA, 360 pmoles of radioactive SAM, and 3,
24, 36, 72 pmoles of each of the three recombinant proteins) was divided into five
20 pl reactions and transferred to 70°C. At various time intervals, single 20 ul
reactions were removed and precipitated at 0°C with 5% trichloroacetic acid. The
precipitates were collected on nitrocellulose filters, dried, and radioactivity was
determined by scintillation counting.
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Figure 3-3 Initial rates as function of protein concentration

The initial rates (pmoles/min) of the methylation reaction (U52) as a function of
protein concentration (equal amounts of the three proteins aFib, al.7a and
aNop56) are illustrated. Initial rates are linearly dependent on the protein
concentration. A plateau is reached at concentrations higher then 6 pmoles of
proteins. ‘ - *
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3.1.3 Specificity of the methylation reaction

Based on the N plus five rule, the site of methyl modification within the target
RNA is predicted to occur at the nucleotide position corresponding to U52 in 16S rRNA
(Lafontaine and Tollervey, 1998; Maxwell and Fournier, 1995). This residué within the ‘
target RNA is part of a unique UG dinucleotide. To show that methylation is speciﬂé to
the U52 position, target RNA was incubated in the presence of [’H]-methyl SAM in the
standard methylation assay and then subjected to digestion with nuclease P1. Nuclease P1
has a single-strand-specific endonuclease activity, but only slowly digests phosphodiester
bonds adjacent to residues methylated at the ribose under conditions where non
methylated nucleotides are completely hydrolyzed. The hydrolysis products were mixed
with 2'-O-ribose methylated NMPs (pAm, pCm, pGm and pUm) and pUmG standards,
and separated by two-dimensional thin-layer chromatography (Figure 3-4).

The position of individual standards was observed by UV shadowing and
superimposed on the image obtained by tritium imaging. The tritiﬁm radioactivity was
uniquely found in the pUm and pUmG spots, as further cohﬁrmed by [*H]-radioactivity
scintillation couhting of all individual UV-detectable spots (pUm, 1129 cpm, pUmG,
5955 cpm, pAm, 23 cpm, pCm, 37 cpm and pGm, 28 cpm,). Omission of any of the
RNA or protein components from the reaction rrﬁxture resuited in background levels of

incorporation (data not shown).
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Figure 3-4 Two-dimensional thin-layer chromatography

Thin-layer chromatographic separation of the hydrolysis products of the target
RNA is shown. (A) The standard 29 nt long target RNA contains a single unique
UG dinucleotide. The U residue in this dinucleotide is the expected site of
methylation and corresponds to position U52 in 16 S rRNA. (B) Guide and
target RNAs were mixed in a 20 pl reaction in the standard methylation assay
using [methyl-’H]SAM and incubated at 70°C for 1 h. The RNA was
extracted, digested with 0.01 units of P1 nuclease for 12 h at 37°C, and
products were mixed with 5 nmol each of pAm, pCm, pGm, pUm, and pUmG
standards before the two-dimensional TLC separation. Unlabeled standards
were detected by UV shading, and radioactivity was detected by *H-imaging.
The spots corresponding to the UV-detectable standards were excised from the
plate and each subjected to scintillation counting (pUm, 1129 cpm, pUmG, 5955
cpm, pAm, 23 cpm, pCm, 37 cpm and pGm, 28 cpm,). Omission of any of the
RNA or protein components from the reaction mixture results in background level
of incorporation of radioactivity into acid-insoluble material.
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3.2 Non-ribosomal target RNA

3.21 tRNA methylation

3.2.1.1 Archaeal sSRNAs guide methylation to tRNAs

In many archaeal SRNAs, one or both of the D' or D box guide regions lack
complementarity to 16S and 23S rRNA, but exhibit complementarity to tRNA. In all
cases, the predicted position of méthylation within the tRNA corresponds to one of the 22
sites of documented ribose methyl modification, and never to the remaining positions
where ribose methyl modification has never been observed (Figure 3-5).

- To determine if unmodified tRNA could serve as a substrate for guide-directed
methylation in vitro, I used sR11 sRNA from S. solfataricus, and sR14 sSRNA from S.
acidocaldarius to investigate modification of Sulfolobus tRNA (th‘e tRNA sequences

from S. acidocaldarius and S. solfataricus are identical in the target region of the guide

RNAs).
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Figure 3-5 Predicted methylation sites in tRNA of Archaea

Predicted methylation sites in archaeal tRNAs are shown. The positions
predicted to be methylated are based on sRNA guide sequence
complementarity. The corresponding guide sRNA are shown in boxes, with
archaeal species being indicated by three letter abbreviations (4pe: Aeropyrum
pernix; Afu: Archaeoglobus fulgidus, Pae: Pyrobaculum aerophilum, Pab:
Pyrococcus abyssi, Pfu: Pyrococcus furiosus, Pho: Pyrococcus horikoshii,
Mja: Methanocaldococcus jannaschii (formally in the genus Methanococcus);
Sac: Sulfolobus acidocaldarius; Sso: Sulfolobus solfataricus). sRNAs (Sso
sR11 and Sac sR14) used in this study are shown in bold. The structure of tRNA
is depicted in the standard cloverleaf configuration. Conserved tRNA
nucleotides are indicated as letters. Variable nucleotides are indicated by
numbers only.
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3.2.1.2 D’ guide of S. solfataricus sR11 guides methylation of G18 in tRNA®"™

In S. solfataricus, the sR10 and sR11 sRNA genes are co-transcribed and
generatéd by nucleolytic processing (A.D. Omer, unpublished). The D box of S.
solfataricus sR10 sRNA is predicted to guide methylation of residue A2082 of the 23S
rRNA while the D’ box guide of sR11 is predicted to guide methylation to position G18
~ in tRNA®", The C/D and the C’/D’ motifs of sR11 sSRNA can be struc@ed according to
the k-turn consensus motif, with the exception that the C’/D’ motif contains a non-
éanonical GA pairing in Stem II rather than a typical Watson-Crick pairing. In addition,
S. solfataricus sR11 sRNA can form a 6 base pair terminal stem (Figure 3-6).

The G18 residue is highly conserved in all tRNAs (Dirheimer, 1995; Giege et al.,
1993), and is responsible for the formation of the L-shaped three dimensional structure by
D-loop/T-loop interaction through the tertiary base pairs G18-¥55 and G19-C56 (Kim,
1974, Robertus, 1974).

To determine if the S. solfatarz"cus sR11 sRNA could direct methylation to
position G18 of a full length tRNA" target, the SRNA was assembled along with alL7A,
aNop56 and aFib into an RNP complex.

In the presence of radioactive SAM and unmodified tRNA®"™, the assembled complex
was able to direct methylation as evidenced by the incorporation of radioéctivity into acid
insoluble material (Figure 3-7). In contrast, the complex was inactive on a G18A mutant

form of tRNAS", Similarly, a complex assembled using a C to U mutant at position five

in the D’ box guide of sR11 was also inactive on wildtype tRNA™.
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Figure 3-6 S. solfataricus sR11 sRNA

A secondary structure model of S. solfataricus sR11 sRNA is depicted. The
predicted k-turn consensus of the C/D and C’/D’ motif is shown on the right.
The D’ box guide shows a ten base pair complementarity to the D-loop region
of tRNA®™, The residue G18 is predicted to be methylated.
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However, when a canonical base pair was reestablished at the site of methylation
by combining the C to U mutation in S. solfataricus sR11 sRNA guide with the G18A
mutation in the tRNAS™ target, nearly full activity was recovéred. This suggests that the
sR11 RNP is capable of directihg accurate methylétion to position G18 of unmodified
full length tRNAS™. The amount of product formed in the sR1 sRNA control reaction
~ was lower (about 4-5 pmol per reaction) than anticipated. The quantity of product for
sR11 and tRNA(G18) a;nd the compensatory mutation reaction were slightly lower (4 and
3 pmol per reaction respectively). Th1s might be due to the quality of the purified aNop56
protein used in the reaction. | |

There is no evidence to date that any of the numerous nucleotide modifications in
eukaryotic tRNA are sno_RNA-directed. It has been shown that ribose methylation
increases base stacking, suggesting that at high temperature, archaeal pre-tRNAs may

assume the correct tertiary structure only after ribose methyl modification by the guide-

RNA- directed mechanism.
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Figure 3-7 (see next page for legend.)



Figure 3-7 RNP guide-dependent methyl incorporation into G18 of tRNA®"™

(A) RNP complex was assembled by renaturing in vitro transcribed S
solfataricus sR11 sRNA and tRNAC™ (Table 2-5) and mixing with aFIB,
aNop56, al.7a, and [ *H]-methyl-SAM at 0°C. The mixture (120 pl containing
720 pmoles of sR11 guide RNA, 720 pmoles of tRNA®" 360 pmoles of
radioactive SAM, and 24 pmol of each of the three recombinant proteins) was
divided into five 20 pl reactions and transferred to 70°C. At various time
intervals, single 20 pl reactions were removed and precipitated at 0°C with 5%
trichloroacetic acid. The precipitates were collected on nitrocellulose filters, dried
and radioactivity was determined by scintillation counting. Nucleotide
substitutions were introduced into the S. solfataricus sR11 D box guide (C to U at
the N plus five position relative to the start of the D box) and the tRNA®" target
(G to A at position correspondmg to G18). Methylation assays, as described
before, were carried out using (i) wild-type guide and mutant target and (ii)
compensatory mutant guide and mutant target. As a control reaction S
acidocaldarius sR1 and target rRNA with and without aFib protein in the reaction
were used. The structure of S. solfataricus sR11 guide RNA duplex with tRNAS"
target RNA is shown in (B). The structure of the mutant guide and the mutant
target is shown in (C). The tRNA nucleotide paired to the fifth nucleotide
upstream from the D’ box is denoted by an arrow with indication of the position
in mature tRNA using the universal numbering system for tRNAs.

3.2.13 S. acidocaldarius sR14 guides methylation to the wobble base in tRNA®™

Many tRNA species have a 2’-O-ribose methylated nucleoside at the first
(wobble) position of the anticodon; this modification is believed to stabilize the codon-
anticodon interaction (Satoh et al., 2000). A comprehensive examination of archaeal
sRNAs has revealgd 16 instances of poténtia‘l metﬁyl modification at position 34 of the
anticodon in various tRNAs; 13 of the predicted modifications are at C nucleotides and
three are at U nucleotides (Dennis et al., 2001). For example, the D box guide in S.
acidocaldarius sR14 sRNA (Sac sR14) is predicted to methylate the wobble base U34 in

tRNA®" (UUG), but not the corresponding position C34 in the isoacceptor tRNA®™

(CUG) (Figure 3-8).
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To test the ability of S. acidocaldarius sR14 sRNA to guide methylation of tRNA
at position U34, the guide RNA was assembled into an RNP complex and provided with
radiolabeled SAM and an in vitro transcript of tRNA™ (UUG). Radioactivity was
efficiently incorporated into acid insoluble material, indicating that the complex was

active in directing methylation to a full length tRNA substrate (Figure 3-9).
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Figure 3-8 S. acidocaldarius sR14 sRNA

A secondary structural model of S. acidocaldarius sR14 sRNA is depicted.
The predicted k-turn consensus of the C/D and C’/D’ motif is shown on the
right. The D box guide displays a ten base pair complementarity to the
anticodon region of tRNA™ (UUG). The wobble base U34 is predicted to be
methylated.
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In contrast, either an A to G mutant at position 5 of the D box guide of S.
acidocaldarius sR14 sSRNA or the use of the isoacceptor tRNAC" (CUQG) as target,
- reduced incorporation to background levels. Activity was fully restored by re-establishing

a canonical base pair at the site of methylation using the S. acidocaldarius sR14 A to G

mutant with the tRNA" (CUG) target.
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Figure 3-9 (see next page for legend.)
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Figure 3-9 RNP guide-dependent methyl incorporation into tRNAC™

‘anticodon.

(A) RNP complex was assembled by renaturing in vitro transcribed S.
acidocaldarius sR14 sRNA and tRNA®"™(UUG) and mixing with aFIB,
aNop56, al.7a and [ *H]-methyl-SAM at 0°C. The mixture (120 ul containing
720 pmoles of sR14 guide RNA, 720 pmoles of tRNA™ 360 pmoles of
radioactive SAM and 36 pmol of each of the three recombinant proteins) was
divided into five 20 pl reactions and transferred to 70°C. At various time
intervals, single 20 pl reactions were removed and precipitated at 0°C with 5%
trichloroacetic acid. The precipitates were collected on nitrocellulose filters,
dried, and radioactivity was determined by scintillation counting. A Nucleotide
substitution was introduced into the S. acidocaldarius sR14 D box guide (A to
G at the N plus five position relative to the start of the D box) and tRNAS™
(CUG) was used as tRNA target. Methylation assays, as described were carried
out using (i) sR14 wildtype guide and tRNAC" (UUG) target, (i1) S.
acidocaldarius sR14 mutant guide and tRNA®™ (CUG) target, (iii) sR14
wildtype guide and tRNA®™ (CUG) target, and (iv) S. acidocaldarius sR14
mutant guide and tRNA®™ (UUG) target and (v) S. acidocaldarius sR1 and RNA
target as control with and without aFib protein in the reaction. The incorporation
kinetics for the six reactions is illustrated. The structure of S. acidocaldarius sR14
guide RNA duplex with tRNA®™ (UUG) target RNA is shown in (B). The
structure of the mutant guide and tRNA®™ (CUG) target is shown in (C). The
tRNA nucleotide paired to the fifth nucleotide upstream from the D box is
denoted by an arrow with indication of the position in mature tRNA using the
universal numbering system for tRNAs. The anticodon is overlined.
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3.3 Full length ribosorﬁal target

3.3.1 55 rRNA methylation

5S rRNA is an integral component of the large ribosomal subunit found in all
known organisms, with the exception of the small ribosomes of fungal and animal
mitochondria (Szymanski et al., 2002). 5S rRNA is normally the smallest RNA
constituent of a ribosome and enhances protein synthesis by stabilization of the ribosome
structure; its exact role in protein synthesis is still not known.

In S. acidocaldarius the D' box guide of sR10 ékhibits a short interrupted eight
base pair complementarity to the region spanning residue C32 of 5S rRNA, with a
conspicuous mismatch at position +9 of the D' box guide (Figﬁre 3-10).

Oligonucleotide fingerprinting and MALDI mass spectrometry have shown that
the 5S rRNA of S. acidocaldarius is modified at position C32 (Kirpekar et al., 2000). To
determine if S. acidocaldarius sR10 sRNA might be involved in this modification, I
assembled an RNP complex and tested its ability to guide methylation to full length 5S

rRNA.

3.3.2 Full length §S rRNA

After combining full length 5S rRNA transcript, S. acidocaldarius sR10 sRNA,
and the three proteins, radioactive methyl incorporation into acid-insoluble material was
not detected above the control reaction that contained S. solfataricus sR1 sRNA, target

RNA and proteins with the aFib protein omitted (Figure 3-11).
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Figure 3-10 S.acidocaldarius sR10 sRNA
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A secondary structural model of S. acidocaldarius sR10 sRNA is illustrated.
The predicted k-turn consensus of the C/D and C’/D’ motif is shown at the
right. The D' box guide exhibits a short eight base pair complementarity to the
region spanning residue C32 region of 5S rRNA, with a mismatch at position +9
of the D' box guide.
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Figure 3-11 RNP guide-dependent methyl incorporation into 5S rRNA

(A) Methylation assays were carried out as described in the legend to Figure 3-9 .
The following guides and targets (Table 2-5) were used: (i) in vitro transcribed S.
acidocaldarius sR10 sRNA and full length 5S rRNA from S. acidocaldarius,
(ii) in vitro transcribed S. acidocaldarius sR10 sRNA and 30 nt long 5S rRNA
fragment containing the region of C32, (iii) in vitro transcribed optimized sR10
(nucleotide substitutions were introduced at position +1, + 2 and +9 upstream
of the D' box), and full length 5S rRNA, and (iv) optimized sR10 and 30 nt long
5S rRNA fragment. S. acidocaldarius sR1 sRNA and rRNA target were used
as controls with and without aFib protein in the reaction. The incorporation
kinetics for the six reactions are illustrated. (B) The structure of S. acidocaldarius
sR10 guide RNA duplex with S. acidocaldarius 5S rRNA target RNA is shown.
Mismatches at position +1, +2 and +9 relative to the D' box in 5S rRNA are
indicated by bullets.(C) The structure of the optimized sR10 and 5S rRNA target
is shown. :
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33.2.1 Secondary structure prediction of S. acidocaldarius 5SS rRNA

The secondaryAand three-dimensional architecture of the 5S rRNA substrate might
influence the efficiency of the metﬁylation reaction. 5S rRNA molecﬁles have a high
degree of predicted secondary structure and stability. To predict where .in the structure of
5S rRNA residue C32 was situated, the secondary structure of 5S was examined. The
secondary structure of S. acidocaldarius 5S rRNA has been reported previously by Shen
and Hagerman (Shen and Hagerman, 1994). However, a closer investigation of the
sequence used iﬁ this study led me to believe that their identification of the strain as S.
acidocaldarius was probably incorrect and that instead the 5S rRNA of S. solfataricus
had been examined. There has been considerable confusion about the specific
identification of Sulfolobus strains employed in studies in the past. It had been reported
that the 5S rRNA from the two species S. acidocaldarius and S. solfataricus are identical
(Dams et al., 1983; Stahl et al., 1981). However, the sequences of 5S rRNA of S.
acidocaldarius and S. solfataricus were later found to differ at 17 of 124 positions
(Durévic etal., 1994).

To predict the secondary structure of 5S rRNA from S. acidocaldarius the
program mfold (Zuker, 2003) was used. In addition, the nucleotide sequence of 5S rRNA
is. highly conserved throughout nature, and phylogenetic analysis alone provided an initial

model for its secondary structure.




88

C32
I N c
I :u It ﬁ M‘:v AC |
: ~AUn , G a B L AC e
5'eampa dnpmerC:  CGUGAGCGG UAAC CCGG. UCSu
T e L VT .
UL JcGCC.. AUUG. GGCC . AGeY
G —¢ Helix III
-c...
g_
G \V
c— | o
G- S.acidocaldarius
‘ ‘5STRNA

'A

S
3
@00%,00000,00000»a>0

Paoonnaan

o
9]
>

Figure 3-12 Predicted secondary structure of S. acidocaldarius 5S rRNA

Predicted secondary structure of 5S rRNA from S. acidocaldarius. The
sequence is presented in a standard 3-arm form (Stahl et al., 1981), with helices I
through V indicated. Residue C32 is buried in helix III and its position is
indicated by an arrow.

In agreement with secondary structures of 5S rRNA determined for other species,
the structure consists of five helices (I-V), with residue C32 buried within helix III and
two hairpin loops (C and E), two internal loops (B and D) and a hinge region (A),

organized into three helix junctions (Szymanski et al., 2003). Altogether the 58 rRNA

exhibits a high degree of predicted secondary structure. .
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3.3.2.2° S5S rRNA fragment

To test if the secondary and three-dimensional architecture of fhe 5S rRNA
substrate would influence the efficiency of the methylationAreaction, a 29 nt long
fragl;lent of 5S RNA containing the C32 target was used in the methylation assay (Figure
3-13). Even under these conditions, radioactive methyl incorporation was still not above

background (Figure 3-11). |

C32

‘57 GGGGUAACACCCGG  UCGy
1 I UU
,CC  AGC

3 A

Figure 3-13 Structure of the 29 nt long 5S rRNA fragment

A predicted secondary structures of the 29 nt 5S rRNA fragment. The residue
predicted to be methylated (C32 in 5SS rRNA) is indicated by an arrow.

3.3.23 Optimized S. acidocaldarius sR10 guide

The results with wildtype S. acidocaldarius sSR10 sSRNA s‘uggest that the lack of
activity may be due to the short length of the complementarity and the internal mismatch
at position 9. To confirm this, T to G, A to T, and A to G mutations were introduced to at

positions 1, 2, and 9, respectively, within the D’ box guide of S. acidocaldarius sR10

sRNA. This eliminated the guide target mismatch at position 9, and extended the
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complementarity from eight to eleven base pairs. The mutant sSR10 sSRNA exhibited a
level of activity on both the oligonucleotide fragment, and on the full length 5S rRNA

targets (Figure 3-11) that was about 50% of the control S. acidocaldarius sR1 sSRNA

mediated methylation activity.
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3.4 Engineered sR1/sR2 hybrid

A key feature of the guide RNA modification systems is that few if any
constraints are placed on the substrate beyond complementarify to the guide RNA
sequence; this suggests that artificial guides can be constructed to direct methylation to
new sites in én RNA target molecule. In yeast it has been shown that methylatidn can be
shifted to novel sites by eithef moving the D or D’ box relative to the antisense guide
sequence or by equipping a snoRNA with a new guide sequence (Liu et al., 2001; Ni et
al., 1997a). Methylation has been directed to rRNA nucleotides which are normally not

| ribose methylated and to sites that usually are. In some cases methylation impairs growth,
indicating that a functionally important nucleotide has been altered.

The S. acidocaldarius and S. solfataricus sR1 sRNAs both guide methylation to
position U52 in 16S rRNA using the D box guide. The sR2 sRNA from S. acidocaldarius
guides methylation to position C1914 in 23S rRNA. Methylation at this position has been
confirmed in fivo in S. acidocaldarius but the position is not methylated in S. solfataricus
(Omer et al., 2000). To determine the plasticity and flexibility of the guide-direc';ed
methylation system, I replaced the D box guide sequence of the S. solfataricus sR1 with
the D box guide sequence of sSR2 sRNA of S. acidocaldarius. Thus the sR1/sR2
eﬁgineered mutant contains a replacement of the indigenous sR1 D box guide region of S.

solfataricus with the guide region of S. acidocaldarius sSR2 RNA and therefore should

guide methylation to a novel site, C1914 in 23S rRNA in S. solfataricus.
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SsosRI/sR2  5’ACAGAUGAUGAAUUCCCGAUAGURGERUU

C1914 in Sso

Figure 3-14 Engineered Sulfolobus sR1/sR2 hybrid

(A) The predicted secondary structure of the engineered Sulfolobus sR1/sR2
hybrid (Sso sR1/sR2) is illustrated. The predicted k-turn consensus of the C/D
and C’/D’ motif is shown at the right. The C’/D’ motif exhibits a Watson-Crick
base pair instead of the non canonical basepair in stem II. (B) The nucleotide
sequences of S. solfataricus sR1 (Sso sR1), S. acidocaldarius sR2 (Sac sR2) and
S. solfataricus sR1/sR2 are shown. In S. solfataricus sR1/sR2 the eleven
nucleotide D box guide sequence has been replaced by the D box guide sequence
from S. acidocaldarius sR2, changing the target residue from U52 in 16S rRNA to
C1914 in 23S rRNA.
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A 29 nt long target containing the regioh of C1914 in 23S rRNA Qas assembled
with the engineered sR1/sR2 hybrid and the three core proteiné in the presence of SAM
(Figure 3-15). Metﬁylation occurred and exhibited an intermediate level of activity
compared to the control reaction with sR1 sRNA, but similar activity to the reaction
using the natural S. acidocaldarius sR2 guide and the tafget containing C1914. This
result shows that ﬁew sites of RNA modification can readily be specified in the guide
RNA modification systeﬁs. No constraints seem to be placed on the substrate beyond
complementarity to the guide RNA sequence, allowing the conétruction of artificial
guides. Ultimately, it will be necessary to ponﬁrm.that the reconstituted system is an
accurate representation of the in vivo system. The engineered guide presented here is a
prime candidate for epigenetic expression in the recently developed genetic system for S.
solfataricus in order to probe the in vivo function of the methylation guide machinery
(Sowers, 2003). In S. solfataricus, residue C1914 in 23S rRNA is not methylated. With
the introduction and expression of the engineered sSRNA in transformant S. solfataricus
cells, methylation at residue C1914 should occur. Since the site‘is known to be
methylated in S. acidocaldarius, it is expected that the engineered methylation at this site

in S. solfataricus will not be harmful or will not impair growth of the cells.
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Figure 3-15 (see next page for legend.)
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Figure 3-15 RNP guide-dependent methyl incorporation with sR1/sR2 hybrid

(A) Methylation assays, as described in the legend to Figure 3-9 , were carried out
using an engineered S. solfataricus sR1/sR2 guide sSRNA and a 28 nt long target
containing the C1914, the site of methylation in 23S rRNA in Sulfolobus

(Table 2-5). In S. solfataricus sR1/sR2 sRNA the S. solfataricus sR1 D box guide
is replaced by the D box guide of S. acidocaldarius sR2 sRNA. The methylation
assay was carried out with the following controls: S. acidocaldarius sR2 sRNA
and the S.acidocaldarius sR2 28 nt target, and S. acidocaldarius sR1 sRNA and S.
acidocaldarius sR1 rRNA target. (B) The structure of S. solfataricus sR1 guide
RNA duplex with D box target is illustrated. (C) sR1/sR2 hybrid with the D box
target of sR2 in 23S rRNA is shown.
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3.5 Double Guide Methylation

3.5.1 Pyrococcus double guide

Moré than half of the sRNAs'Iidentiﬁed in the genomes of the hyperthermophilic -
Euryarchaeota Pyrococcus furiosus, P. abyssi and P. horikoshii have rRNA antisense
elements associated with both the D' and D box motifs, whereas only about 20% of
eukaryotic C/D box snoRNAs have double guide function (Kiss-Laszlo et al., 1996;
Omer et al., 2000). Moreover, the predicted methylation targets in the Pyrococcus sRNAs
are often in close proximity within either the 16S or the 23S rRNA molecule. The two
target site sequences caﬁ be in either a direct or reverse orientation relative to the SRNA
guide sequences. In the direct orientation, the region within the rRNA that is
complementary to the D box guide is located 5’ to the region complementary to the D’
box guide, and simultaneous interactions between the SRNA guides and rRNA target,
~ would form a hyphenated anti-parallel duplex structure. Conversely, in the reverse
‘orientation, the region within the rRNA. that is complementary to the D box guide is
~ located 3’ to the region complefnent;:lry to the D’ box guide, and simultaneous
interactioﬁs between the SRNA guides and rRNA targets would form a pseudoknot
structure. In these instances it is uncertain if both of the guides are active, and if they
function simultaneously to form an extended,.hyphenated and more stable structure.

The Pyrococcus sR24 sRNA has D and D’ box antisense elements that are

predicted to guide methylation in a direct orientation to positions C1221 and C1243



97

respectively in 23S rRNA (Figure 3-16). The simultaneous interaction of the guide and

target sequences is expected to form a hyphenated anti-parallel duplex structure.

ci243  Pho23S rRNA cip .
’ Ac ’
Cacyceacaaut® U € A GG apyuccuacceact
RRERRE NRERERERRERER

N | e
PhosR24 5’ ACCCUAUGAUGAGAGAGCUGUUAARUGEGUGAUGAUUAAAGGAUGGCUGGEBEBAGGGUG 3’
D’box D box

C1221

A
Y Uta Gy
26CAgecAVccy € G ¢ 6cCU
¢ 11l Il A
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7N,
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C1243

Figure 3-16 Pyrococcus sR24 direct double guide

(A) The sequence of Pyrococcus sR24 sRNA is shown, and the conserved motifs

are boxed and shaded. sR24 sRNA is predicted to guide methylation to C1243
and C1221 in 23S rRNA in a direct manner; the sequence of the target RNA is
illustrated.(B) The potential secondary structure of the 50 nt long in vitro
transcript used in the in vitro methylation assay is depicted. Pyrococcus sR24 is
predicted to guide methylation to C1221 and C1243 in 23S rRNA. The target

residues are boxed and shaded.
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Figure 3-17 Pyrococcus sR24 direct double guide
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(A) A secondary structural model of Pho sR24 sRNA is depicted. The
predicted k-turn consensus of the C/D and C’/D’ motif is shown on the right.

The D box guide exhibits a fourteen base pair long complementarity to the
region spanning residue C1221 of 23S rRNA, and the D’ box guide displays
ten base pair complementarity to the region spanning residue C1243 of 23S

rRNA. PhosR24 also forms a six base pair long stem at the C/D box motif,
(B) Sequences of the three Pyrococcus sR24 sRNAs are shown, and the

conserved boxes are shaded.
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To understand the function of these direct double guide interactions, I tested the
methylation activity of sSR24 sRNA containing RNP complexes on target oligdnucleotides
containing eifher one or both of the predicted sites of methylation (Figure 3-16 B).

To my sufprise, the RNP complex was virtually inactive on the C1221 and C1243
single target oligonucleotides, when added either indiglidually or together in the
methylation reaction (Figure 3-18). Maximum activity was detec_ted"wheﬁ both the C1221
and C1243 targetsv were present in cis on a single oligonucleotide substrate. When C1221
and C1243 targets were preseht on separate molecules the initial rate of activity reached
only approximately 25% of the single oligonucleotide substrate. This suggests that the
sR24 has evolved to function efficiently as a double guide RNA and requires

simultaneous base pairing of the two guide regions to a single target molecule. The

activity of the sR24 double guide was about 40% of the control sR1 sRNA activity.

1
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Figure 3-18 (see next page for legend.)

100



101

Figure 3-18 RNP guide-dependent methyl incorporation with double guide

sRNA

(A) Methylation assays were carried out as described in the legend to Figure 3-9,
using the following guide RNAs and targets (Table 2-5): (i) in vitro transcribed -
Pyrococcus sR24 and a 30 nt long target containing the D box site of
methylation (C1221 of 23S .rRNA), (ii) Pyrococcus sR24 and a 21 nt long target
containing the D’ box site of methylation (C1243 of 23S rRNA), (iii) Pyrococcus
sR24 and two separate targets containing the D and D’ box site of methylation,
(1v) Pyroccocus sR24 and a 37nt long target containing D and D’ box site of
methylation on one molecule, and (v) sR1 and rRNA target as control with and
without aFib protein in the reaction. The incorporation kinetics for the six
reactions are illustrated.(B) Structure of Pyrococcus sR24 guide RNA duplex with
D box target and (C) the D’ box target in 23S rRNA are illustrated. (D) The
structure of the Pyrococcus sR24 guide RNA and the duplex with D and D’ box
are shown.

There are a number of possible explanations for the reduced activity obtained
when using Pyrococcus RNA. One explanation is that the reduction in activity could be
due to the heterologous proteins from Sulfolobus used in this experiment. Although both
organisms belong to the domain Ar;:haeal' and are thermophiles, Sﬁlfolobus belongs to the
phylum of Crenarchaeota, whereas Pyrococcus belongs to the Hyperthermophiles in the
phylum of Euryarchaeota. An alterﬁative explanation for the reduced activity is that it

could be due to the more complex nature of the double guide reaction, where the two

targets have to bind to the two antisense elements of the SRNA simultaneously.
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35.1.1 Specificity of Double Guide

Residues C1221 and C1243 are predicted to be methylated, guided by Pyrococcus
sR24 sRNA. These residues are found in a CC and a CA dinucleotide, respectively. To
assign the sites of methylation in the Pyrococcus double target, two-dimensional thin-
layer chromatography was performed. The oligonucleotide substrate with both térgets
was incubated in the presence of [’H]-methyl SAM in the standard methyiation assay and
then subj ected to digestion with nuclease P1 under conditions where non methylated
nucleotides are completely hydrolyzed. The hydrolysis products were mixed with 2'-O-
ribose methylated NMPs (pAm, pCm, pGm, and pUm) as well as p>CmC and pCmA
standards and separated by two-dimensional thin-layer chromatography. The position of
individual standards was observed by UV shading and superimposed to the image

obtained by tritium imaging (Figure 3-19). The tritium radioactivity was uniquely found

only in the pCm and pCmC and the pCmA spots.
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Figure 3-19 Two-dimensional thin-layer chromatography - Pyrococcus sR24

sRNA

Thin-layer chromatographic separation of the hydrolysis products of the sR24
sRNA target RNA. (A) The standard 37 nt long target RNA containing the CC
and CA dinucleotide is illustrated. The C residues are the expected site of
methylation and correspond to position C1221 and C1243 in 23S rRNA. (B)
Guide and target RNAs were mixed in 20 pl reaction in the standard methylation
assay using [methyl->’H]SAM and incubated at 70°C for 45 min. The RNA was
extracted, digested with 0.05 unit of P1 nuclease for 16 h at 37°C, and products
were mixed with 10 nmol each of of pAm, pCm, pGm, pUm, pCmC, and pCmA
standards before the two-dimensional TLC separation. Unlabeled standards
were detected by UV shadowing, and radioactivity was detected by *H-imaging.
Omission of any of the RNA or protein components from the reaction mixture
results in background level of incorporation of radioactivity into acid-
insoluble material (data not shown).
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3.5.2 Inverted double guide

The S. acidocaldarius sR7 sSRNA has D and D’ box antisense elements that are
predicted to guide methylation in a reverse orientation to positions U2692 and G2649,
respectively, in 23S rRNA. The simultaneous interaction of the guide and target

sequences is expected to form a pseudoknot structure (Figure 3-20).

Sac 23S rRNA
cRCCCUGGAGGUGCAGCUGCCUCCAAGG g
c U
- G2649 5 3 vz

UUCUUGGCU Cceeeceueeae

TRl [AEERRRRE
SacsR7 5’ GAUGAUGACAAAGAGCCGAAUGGAUUAGUGACAUCUAAUUUUGUGGGCAGCCAGUGAUAGAG 3’

D’ box D box

Figure 3-20 S. acidocaldarius sR7 inverted double guide

The sequence of S. acidocaldarius sR7 is shown, and the conserved motifs are

boxed and shaded. S. acidocaldarius sR7 sRNA is predicted to guide

methylation to G2649 and U2692 in 23S rRNA in a reverse orientation; the

target sequence is partially illustrated. In this reverse orientation, simultaneous

interactions between the guides and targets forms a pseudoknot structure.

S. acidocaldarius sR7 sSRNA shows several uncommon features. First, the C* and
D’ motifs contain exceptions to the consensus motifs of these boxes. The resulting k-turn
deviates from the consensus by forming a GC Watson-Crick base pair instead of a non-

canonical base pair in stem II of the predicted k-turn. Second, the spacing between the C’

and D box is, at 22 nucleotides, unusually long. Typically the distance between these

boxes is 11 to 16 nt in archaeal SRNA. Last, no terminal stem pairing can be predicted;
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this might be due to the fact that only incomplete RNA was cloned, and the genomic

sequence of S. acidocaldarius is currently not available.
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Figure 3-21 S. acidocaldarius sR7 sSRNA

A secondary structural model of S. acidocaldarius sR7 sRNA is illustrated.
The predicted k-turn consensus of the C/D motif is shown on the right. The
C’/D’ motif deviates from the consensus by forming a GC Watson-Crick base
pair instead of a non-canonical base pair in stem II. The D box guide exhibits
a ten base pair long complementarity to the region spanning residue U2692 of
23S rRNA, and the D’ box guide displays nine base pair complementarity to
the region spanning residue G2649 of 23S rRNA.
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To understand the function of these reverse double guide interactions, I tested the
methylation activity of sR7 containing RNP complexes on target oligonucleotides
containing either one or both of the predicted sites of methylation (Figure 3-23).

As with the Pyrococcus sR24 double guide, maximal activity was observed with a

target containing both target sites in cis ('.' sR7/D-D’ target). However the overall
efficiency of the reaction was rather poor compared to the control reaction. To my
surprise, the U2692 single target oligonucleotide activity ('O' sR7/D target) reached
50% of the activity of the target with both sites in cis, whereas the RNP complex showed
virtually no activity on the G2649 single target ('@' sR7/D’ target). Consequently,
intermediate active was observed when both U2692 and G2649 single target
oligonucleotides were added together ("' sR7/D+D’ target) in the reaction.

To determine if the reverse orientation of the target influences the methylation
efficiency, the target was mutated to resolve the pseudoknot structure. The sequence
complementary to the D guide box sequence was substituted by the D’ antisense element
and the D’ box guide antisense element was replaced by the sequence complementary to
the D box guide, resulting in a direct target (Figure 3-23 E). Still, methylation was very
limited ("Q‘“ sR7/D’-D target) and did not show more activity than the target containing
both sites in a reverse order.

The D box guide of sR7 guides methylation to the homologous position U2692
(U2552 - E.coli numbering), that has been implicated in an interaction with the 3’end of
the A site in tRNA (Kim and Green, 1999; Moazed and Noller, 1989). This region shows
a high degree of secondary structure, and a ten base pair long stem with a four nucleotide

bulge and a terminal loop is predicted between the antisense element of the D box guide



and the D’ box guide (Figure 3-22). The limited activity observed with the reverse double

guide and the direct double guide in the assay with S. acidocaldarius sR7 (Figure 3-23)

may reflect the requirement for an RNA helicase in the reaction.
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Figure 3-22 S. acidocaldarius sR7 target

The sequence and structure of the 23S rRNA target region of S. acidocaldarius
sR7 sRNA are depicted. S. acidocaldarius sR7 sRNA is predicted to guide
methylation in a reverse orientation to G2692 and the homologous position
U2692 (U2552 in E.coli numbering). The targets residues are boxed and shaded.
The thin arrows indicate the start and end of the in vitro transcript used in the
methylation assay.
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Figure 3-23 RNP guide-dependent methyl incorporation with inverted double

guide sR7

(A) Methylation assays were carried out as described in the legend to Figure 3-9,
using the following guide RNAs and targets (Table 2-5): (i) in vitro transcribed S.
acidocaldarius sR7 and a 31 nt long target containing the D box site of
methylation (G2649 of 23S rRNA), (ii) S. acidocaldarius sR7 and a 32 nt long
target containing the D’ box target (U2692), (iii) S. acidocaldarius sR7 and
two separate targets containing the D and D’ box site of methylation , (iv) S.
acidocaldarius sR7 and a 74 nt long target containing D and D’ box site of
methylation on one molecule, (v) S. acidocaldarius sR7 and a 74 nt long target
with the D and D’ box exchanged, resulting in a direct guide and (vi) sR1 and
rRNA target as control with and without aFib protein in the reaction. The
incorporation kinetics for the six reactions is shown.

(B) Structure of S. acidocaldarius sR7 guide RNA duplex with D box target
and (C) the D’ box target in 23S rRNA are illustrated.(D) The structure of the S.
acidocaldarius sR7 guide RNA and the duplex with D and D’ box are shown
in and the S. acidocaldarius sR7 guide RNA and (E) the duplex with the
exchanged D and D’ box, resulting in a direct guide is illustrated. '

¢
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3.5.3 Conserved Methylation Sites

Previous studies analysed the distribution of methylation sites within the
secondary structure of the srhall and large rRNAs of Eukaryotes and Archaea (Dennis et
al., 2001; Maden, 1990). Modifications cluster in the universally conserved functional
regions of IRNAs. Most 2°O-methylated residues are conserved, with almost no
differences among the more than 100 sites. Yéast rRNA contains 55 2’-O-methylated
. residues, 18 of which éorrelate with those in higher eukaryotes. There are three
methylated sugar moieties found in Escherichia coli 23S rRNA; two of which (G2251
“and U2552) seem to be universally conserved.

The D box guide of sR7 guides methylétion to the homologous position U2692
(U2552 - E.coli numbering), which has been implicated in an interaction with the 3’end
of the A site tRNA (Kim and Green, 1999; Moazed and Noller, 1989).

sR3 sRNA from three Pyrococcus species also guides methylation to this position
~ and are potential double guides with a D’ target in close proximity. However, the D’ box
guides/targets do not show sequence similarities to the D’ box guide sequence of S.
acidocalé’arius sR7 sRNA, but instead show complementarity to .the region of C2612 - 62
nt up stream of the antisense element of the D box (Figure 3-24). This could imply that

the D’ box is more important for stability of the SRNP complex, rather than for guiding

methylation to this position. Double guides could therefore be involved in direct folding

of nascent rRNAs.
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C box * D’box C’box * D box

Pho sR3 AATTGTGGCG
Pfu sR3 ACCTCCGGCG A

Pab sR3 TATGAAGGCG B

Figure 3-24 Alignment of sR3 from three Pyrococcus species

sR3 sRNA is predicted to guide methylation from its D box antisense element
to the homologous position U2592 in 23S rRNA. The D’ box is predicted to
methylate a position is close proximity - C2612 in 23S rRNA. The conserved
box elements are shaded in light grey, the antisense element complementary to the
target sequence is shaded in dark grey. The asterisks indicate the nucleotide 5 nt
up-stream of the guide box, which forms a Watson-Crick base pair with the
nucleotide that is being methylated.

To determine if there are homologous sRNAs to S. acidocaldarius sR7 in other
archaea, whose sequences have been published, I performed a BLASTN search against
the non-redundant nucleotide database. Since short sequences often do not find any
significant matches to the database entries under the standard nucleotide-nucleotide
BLAST settings, the significance threshold of the expected (E) value parameter was set to
be less stringent (1000) and the default word size parameter was set to seven (a lower
setting then the default of ten in the standard nucleotide BLAST search). I recovered a hit
against an intergenic region of the Sulfolobus tokodaii genome (score = 46.1, bits, E-
value of 0.005). Searches with short sequences can be virtually identical and have relative
high E values, because the calculation of the E-value takes the length of the sequence into
account. However, after close examination of the region, I was able to identify canonical
C and D boxes and C’ and D’ boxes and designated this new putative C/D sRNA S.

tokodaii sR7 (Figure 3-25).
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The S. tokodaii sR7 sRNA gene is encoded intergenically, between the genes
ST9989 tRNAM and ST0264, a 221aa long hypothetical protein. A BLASTP and a PSI
(Position-Specific Iterated) BLAST search did not reveal any homologous proteins in
other organisms, nor could it detect any known domains in this hypothetical protein.

S. tokodaii sSR7 sSRNA was examined for potential guide sequences with S.
tokodaii TRNA, and regions of complementarity to 23S rRNA were identified adjacent to
the D and D’ box. Similar to S. acidocaldarius sR7, S. tokodaii sR7 sRNA is predicted to
target methylation to positions U2692 and G2649 in 23S rRNA. S. tokodaii sR7 sSRNA
shows an overall high sequence similarity to S. acidocaldarius sR7 sSRNA, except for the
5 nt insertion between the C’ box and the D box, that is not present in S. tokodaii sR7
sRNA. No significant hits against other sequenced genomes were recovered; this might

be due to the limitation of the BLAST search.

C’box ¥ D box

CATCTAATTTT i eeee” GI6A TAGAG

Sac sR7 ----- G

Sto sR7 CCCATT A

Figure 3-25 Alignment of sR7 sRNA from S. acidocaldarius and S. tokodaii.

The alignment of sR7 of S. acidocaldarius and S. tokodaii is shown. The
conserved boxes are shaded in light grey, the antisense elements
complementary to the target are in dark grey. The asterisks indicate the
nucleotide 5 nt up stream of the guide boxes.
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3.6 Novel sRNA in Sulfolobus

S. acidocaldarius sSRNA homologues in Sulfolobus

S. acidocaldarius sR7 SRNA has been identified in a biochemical study with

Sulfolobus acidocaldarius. Antibodies against aFib and aNop56 protein from S.
acidocaldar?’us were used to immunoprecipitate complexes containing these proteins
from cell extracts. Nearly 30 different cDNA clones with features characteristic of
eukaryotic C/D box RNAs were recovered from the RNA present in these precipitates
(Omer et al., 2000). The finding of sR7 sRNA in S. tokodaii prompted searches for other
unidentified homologues of S. acidocaldarius SRNAs in the recently sequenced genomes
of the genera Sulfolobus. Thirteen SRNAs had been previously identified computationélly
in the unfinished genome of S. solfataricus (Omer et al., 2000).
Only four genomes from crenarchaeota are completely sequenced and puBlished to date -
Sulfolobus tokodaii (Sto), Sulfolobus solfataricus (Sso), Aeropyrum pernix (Ape) and
Pyrobaculum aerophilum (Pae). The genome of a fifth crenarchaeon, Sulfolobus
acidocaldarius (Sac), is currently being sequenced. .

Fifteen new putative SRNA homologues could be detected: five in S. solfataricus

and ten in S. fokodaii. S. solfataricus sR1 sRNA had been predicted in a previous screen

(Omer et al., 2000). In three cases (sR2, sR17, and sR26), previously unknown potehtial

methylation sites could be identified.
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Table 3-1 Result of S. acidocaldarius sSRNA BLAST search

Results of a BLAST search against the non-redundant nucleotide database with
29 sRNA from S. acidocaldarius, that had been biochemically identified
(Omer et al., 2000). S. acidocaldarius sSRNAs for which putative homologues in
other Sulfolobus genera have been identified have been shaded. “D” or “D’”
indicates the box adjacent to complementarity. Predicted target ribose methylation
sites are specified. In cases where no target could be identified, a “?” is shown.”*”
indicates that a putative homologue sRNA has been identified in S. shibatea. S.
solfataricus SR3sRNA has been annotated as snoRNA 2, and S. solfataricus sR14
sRNA has been annotated as snoRNA_6 in the Sulfolobus solfataricus genome.
sR1 sRNA
A BLAST search with S. acidocaldarius sR1 resulted in no hits against the
genome of S. tokodaii. However, the S. tokodaii genome contains an orthologue to the
aspartate aminotransferase gene of S. acidocaldarius and S. solfataricus. After
examination of the C-terminus and its adjacent sequencé, a sR1 sRNA homologue could
be identified in S. tokodaii. The newly predicted sR1 sSRNA was named S. tokodaii sR1
sRNA (Figure 3-26).
S. tokodaii sR1 sRNA overlaps the C-terminal end of the aspartate

aminotransferase coding gene region by 21 nt. It contains the D box antisense element
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that is used to guide methylation to position U52 in 16S rRNA. Although S. tokodaii sR1
sRNA shows striking similarity to the D’ box antisense element of S. solfataricus sR1

(only one mismatch at position +7), no target could be predicted for the D’ box guide.

* D box
Sac sRl CAG [f GCTTAREEEEEE ™ CiGA ThAC
Sso sR1l CA A ceTArBEEEEEE, CICGE TTAG

Sto sR1 ATG ] A CACCCTGATAGT € A TCTA

Accax G |

Figure 3-26 Alignment of sR1 SRNA from three Sulfolobus species

sR1 from S.acidocaldarius, S. solfataricus and S. tokodaii are aligned. The
conserved boxes are shaded in light grey. The translation termination codon
of the aspartate amino transferase is underlined. The antisense element of the
sRNA is shown in dark grey. The asterisk indicates the nucleotide 5 nt up-stream
of the D’ box.

sR2 sRNA

A BLAST search with S. acidocaldarius sR2 sRNA resulted in a weak hit (Score:
34.2 bits, E-value: 18) partially overlapping the N terminus of a long conserved
hypothetical protein (ST0964) in S. tokodaii. After examining the hit, conserved C/ D
boxes and C’/D’ boxes could be identified, and the new putative SRNA was designated S.
tokodaii sR2 (Figure 3-27). S. tokodaii sR2 posses a 9 nt long D box antisense element
while S. acidocaldarius sR2 posses a 11 nt D box antisense element for 23S rRNA. The
predicted site of methylation is residue C1914 in 23S rRNA in both cases. In addition, the
D box guide of S. fokodaii sSR2 sSRNA has a 10 nt base pair complementarity with a
region of tRNAP™ (GAA). According to the N plus 5 rule, methylation is predicted for

the C residue in the extra loop of the tRNAP™. This site has previously not been shown
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to be methylated in other tRNA. It will be necessary to confirm this prediction
experimentally by demonstrating that this site in tRNA™(GAA) is methylated in vivo.

No target has been assigned to the D’ box guide.

C box D’ box Cc' box el

Sac sR2 GAG | \ GACGAGCGCTAA GAGAG

Sto sR2 TAG [ i GACGAGCGCACA TGAGA [T

Figure 3-27 Alignment of sR2 sRNA from S. acidocaldarius and S. tokodaii
sR2 sRNA from S.acidocaldarius and S. tokodaii are aligned. The conserved

boxes are shaded in light grey. The antisense element of the SRNA is shown in

dark grey. The asterisk indicates the nucleotide 5 nt up-stream of the D’ box.

S. tokodaii sR2 sRNA is nearly completely encoded within another gene and
overlaps the beginning of the assigned reading frame of a long conserved hypothetical
protein - a putative endonuclease III (Figure 3-28). The predicted initiation codon lies
partially in the C box of the SRNA. Endonuclease III has homologues in several other

archaeal genomes that possess dissimilar sequence at the beginnings of the protein, but

otherwise show clear similarity in the rest of the protein sequence.

Sso_endoIII TTG ACAGGTACTCCAAATC

TTAAACATGTATTAAGTGAACTATAATGGTTCGTAA 60
Sto_endoIII GAAGE

Sso_endoIII AATACTTGACACATTGCTGAAAATATTTGAAAATAATAAAAGCATATTGAAGGAAAAAGG cont 120
Sto_endoIII GATAATTCAAAAACTTATCCAAGAATTTGAGAAGAATAAAGAGCTCTTAAGACAAGCTGG.cont 113
*kKk Kk K Kk kK Kk Kk k%X kkkkkk k* kkkkkxk * kk ok * % * %

Figure 3-28 Alignment of the 5’end of the putative endonuclease III gene of
Sulfolobus solfataricus and Sulfolobus tokodaii

The 5’end of the putative endonuclease III gene of S. solfataricus and S. tokodaii
are aligned. The conserved boxes of S. tokodaii sR2 sSRNA are shaded. The
translation initiation codons of the endonuclease III are underlined. Identical
nucleotides are marked by an asterisk.
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sR3 sRNA

A BLAST search against S. acidocaldarius sR3 sRNA resulted in a hit (Score: 48
bits, E-value: 0.001) against an intergenic region between ST1295 (a 387aa long
hypothetical type Il DNA topoisomerase VI subunit A) and ST1296 (a 131aa long

hypothetical translation initiation factor 5a) in the genome of S. tokodaii (Figure 3-29).

< 5R3
CATTCATAGTATCCTAGGATATCATTAAAAGTATTTCTTTTGCATACTCTACAGTATTGATATATTGCTGG

sR14~P»

TRETEAATTTCRERTGAAGGGCCARAGCTER
‘ > eiFSa &
BRGCAAAGAGTTTATAGCTTTGCCTTAATTAGGTTATTTTGGGAATATAAATGAGCAT TCAATACACGACTGTAGGTG. . .

Figure 3-29 Intergenic region between the Top6A and eiSFa gene

The arrangement of genes surrounding the sR3 and sR14 genes in S. fokodaii
is depicted. Genes are not drawn to scale. The intergenic sequence between
the topoisomerase VI subunit A (Top6A) and the translation initiation factor
5a (eiF5a) from S. fokodaii is shown. The C-terminal end of the Top6A gene
and the N-terminus of the eiF5a genes are overlined; The sRNA genes are
underlined with the conserved boxes shaded. sR3 is encoded on the minus strand

- indicated by a left hand arrow. sR14 is encoded on the plus strand -
indicated by a right hand arrow. sR3 and sR14 are 175 nt apart from each other.
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The putative SRNA was designated S. fokodaii sR3. As with S. acidocaldarius sR3, S.
tokodaii sR3 has a D box antisense element, that shows complementarity to 23S rRNA -
the predicted methylation site is G2739 (Figure 3-30).

A second hit (Score: 40.1 bits, E-value: 0.29) in the genome of S. solfataricus
has been previously reported (Omer ef al., 2000) and has been annotated in the genome
of S. solfataricus as snoRNA 2. snoRNA 2 is encoded intergenically between the DNA
topoisomerase VI subunit A and initiation factor 5a genes. In the same intergenic region,

the S. acidocaldarius sR14 homologues sRNA is located, annotated as snoRNA_6.

C box D’ box C’ box o I —
| AT CicE
| A7 B
| ATANEEEEG ©
| AT SO

Sac sR3 AGG A GACCCAAAATA [If

Sto sR3 TGA AGAGACCCCAATTT

Sso sR3 GGA @ AACCCATAAAA

Ssh sR3 GGA AACCCATGAAA

Figure 3-30 Alignment of sR3 from four Sulfolobus species

sR3 from S.acidocaldarius, S. tokodaii, S. solfataricus and S. shibatea are
aligned. The conserved boxes are shaded in light grey. The antisense
element of the SRNA is in dark grey. The asterisk indicates the nucleotide 5 nt
up-stream of the D’ box. sR3 from S§. solfataricus has been assigned as
snoRNA 2 in the Sulfolobus solfataricus genome.

S. acidocaldarius sR3 also “had a hit” near the Sulfolobus shibatae top6B topoisomerase
IT gene (Score: 40.1 bits, E-value: 0.28). This putative sSRNA had been predicted
previously (Omer ef al., 2000).

The genomic location of S. acidocaldarius sR3 is not known, since the

complete S. acidocaldarius sequence is not available.
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sR9 sRNA

A BLAST search (Score: 44.1 bits, E-value: 0.022) against S. acidocaldarius sR9
revealed a previously unidentified SRNA in S. solfataricus that is encoded intergenically.
The new S. solfataricus SRNA was designated S. solfataricus sR99, since S. solfataricus
sR9 has been previously assigned. S. acidocaldarius sR9 and the newly identified S.
solfataricus sR99 sRNA are both predicted to guide methylation from their D’ box

antisense element to residue G926 in 16S rRNA (Figure 3-31).

C box N D’ box C’ box D box

Sac sR9 GTTAAAATAA X A ATAAA

Sso sR99 AGCTTAACG ATTGC

Figure 3-31 Alignment of sR9 sSRNA from S. acidocaldarius and S. solfataricus

The alignment of sR9 and sR99 from S. acidocaldarius and S. solfataricus

respectively is shown. The conserved boxes are shaded in light grey. The

antisense element of the SRNA is shown in dark grey. The asterisk indicates the

nucleotide 5 nt up-stream of the D’ box.
sR14 sRNA

A BLAST search against S. acidocaldarius sR14 gene (shown in this study to
guide methylation to the anticodon in tRNA), gave a hit (Score: 46.1 bits, E-value: 0.005)
in the genome of S. tokodaii (Figure 3-32). I named this new sRNA S. tokodaii sR14. S.
tokodaii sR14 is located in the same intergenic region as S. tokodaii sR3 sSRNA - between
a hypothetical type II DNA topoisomerase VI subunit A, and a hypothetical translation
initiation factor 5a, but the two SRNAs are not linked together (Figure 3-29). Like S.

acidocaldarius sR14, S. tokodaii sR14 sRNA is predicted to guide methylation of U34 in

tRNA" from its D box antisense element. Interestingly, no hit was obtained against the
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genome of S. solfataricus. However, the intergenic region between DNA topoisomerase
VI and the inititiation factor 5a in S. solfataricus contains a homologue of S.
acidocaldarius sR14 - annotated as snoRNA_6. The sequence of sR14 is well conserved

only in the 3’ end.

C box D’ box C’ box & D box
cAAREEERNNNEET CACH ccanac
canSEERENNNEET C66H ccaanc

GGH GCGTTT

Sac sR14 GCTG CGCTAGACTTA B

Sto sR14 GCTG GGCTAGATA

Sso sR14 GCTG CCTAGCTAG

Figure 3-32 Alignment of sR14 sRNA from three Sulfolobus species

sR14 from S.acidocaldarius, S. tokodaii and S. solfataricus are aligned. The
conserved boxes are shaded in light grey. The antisense element of the SRNA
is shown in dark grey. The asterisk indicates the nucleotide 5 nt up-stream of the
D’ box. sR14 sRNA from S. solfataricus has been assigned as snoRNA 6 in the
Sulfolobus solfataricus genome.

sR17 sRNA

A Blast search against S. acidocaldarius sR17 revealed a hit (Score: 36.2 bits,
E-value: 0.002) in the S. fokodaii genome. The putative SRNA overlaps the C terminus of
ST0488, a 301 long conserved hypothetical protein, by 8 nucleotides. A BLASTP search
revealed that this hypothetical protein might be a homologue to the ribosomal protein S6
modification protein. In my initial search for S. acidocaldarius sR17 homologues, no
significant hits towards the genome of S. solfataricus were obtained. However, after
examination of the C terminus of the S. solfataricus ribosomal S6 modification protein, a
putative homologous SRNA was discovered. The genomic location of the S.

acidocaldarius sSR17 gene is not known, since the genome is not available. sSR17 sSRNAs
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from all three Sulfolobus species show dissimilarities in their D box and D’ box antisense
elements (Figure 3-33).

A target for S. acidocaldarius sR17 has not been identified. The homologous S.
tokodaii sSR17 sSRNA shows a D box antisense element with a short six base pair
complementarity towards 16S rRNA (residue A689) and an eight base pair
complementarity towards 23S rRNA - the residue predicted to be methylated is A1043.
Both S. acidocaldarius sR17 and S. solfataricus sR17 D box guide regions show
complementarities with mismatches towards the same 23 sSRNA region, and either a
short sequence complementarity or a complementarity with multiple mismatches, towards
the 16S rRNA region. Although the D’ box guides of the sR17 genes exhibit a higher
sequence similarity then in their D box guides, no target could be identified for the D’

box guide of any of these SRNAs.

C box D’ box C’'box * D box

Sac sR17 AGAA f A GTAAAAAACCGG CGACGTCTCGCA (iiGH

= X

AGAGCTCTCGCTC CTGA

Sto sR17 GGAA £ A ATAATAAACCGG

Sso SR17 GGAA B A ATAGAAAACCGT

Figure 3-33 Alignment of sR17 sSRNA from three Sulfolobus species

Alignment of sR17 sSRNA from S. acidocaldarius, S. tokodaii, and S. solfataricus.
No target could be identified for the D’ box guide. A short complementarity  to
16S and 23S rRNA could only be detected for S. fokodaii sR17 the
complementarity for 23S rRNA is indicated in dark grey.
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sR18 sRNA
A BLAST search with S. acidocaldarius sR18 sSRNA gave a very strong hit

(Score: 52.0 bits, E-value: 8e-05) in the genome of S. tokodaii. I termed this putative new
sSRNA S. tokodaii sR18 (Figure 3-34). The S. tokodaii sR18 sSRNA gene overlaps the C-
terminal end of ST2224, a 283aa long conserved hypothetical protein coding region, by
32 nt. A similar protein could be identified in S. solfataricus, but the regions of similarity
are restricted to the core of the protein, and no putative SRNA could be detected in the C-
terminal region of the S. solfataricus protein. S. acidocaldarius sR18 sRNA is predicted
to direct methylation with its D’ box antisense element to residue G140 in 23S rRNA,

with a mismatch in the complementarity at position + 7 from the D’ box.

C box & D’ box C’box D box

Sac sR18 AA TAGAGCCGTGTGAGAA

Sto sR18 AG TATAGCCGTGTGAGAG

o B

Figure 3-34 Alignment of sR18 sRNA from S. acidocaldarius and S. tokodaii.

sR18 from S.acidocaldarius and S. tokodaii are aligned. sR18 shows a nine base
pair long complementarity with a mismatch at position 7 from its D’ box guide to
23S rRNA. The complementarity is indicated in dark grey. No potential target
could be identified for the D box guide sequence.
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sR20 sRNA

A BLAST search with S. acidocaldarius sR20 showed a very strong hit (Score:
105 bits, E-value: 5e-21) in the genome of S. solfataricus and a much weaker hit (Score:
34.2 bits, E-value: 16) in the genome of S. fokodaii. The two putative SRNAs were named
S. solfataricus sR20 and S. tokodaii sR20. S. acidocaldarius sR20 and S. solfataricus
sR20 show a remarkably degree of similarity (Figure 3-35).

The D’ box guide antisense element shows complementarity to 23S rRNA and
the residue predicted to be methylated is C2065. Although the D box guide antisense

element is preserved in all three Sulfolobus sR20 sRNAs, no potential target could be

identified.
C box % D’box C’box D box
Sac sR20 A rEEGEEEET UG ATGA
Sso sR20 A HIGATCH ~ENEESEENNEC
Sto sR20 T BAGAGGETCE"

Figure 3-35 Alignment of sR20 from three Sulfolobus species

sR20 sRNA from S. acidocaldarius, S. solfataricus, and S. tokodaii are
aligned. The complementarity is indicated in dark grey. The asterisk
indicates the nucleotide 5 nt up-stream of the D’ box.

In the genome of S. solfataricus Sso sR20 is located on the minus strand, intergenically
between the genes for tRNA™ and tRNAY. . fokodaii sSR20 sRNA is located between

ST0405 (a 220aa long hypothetical protein) and the gene for tRNA®Y .
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sR22 sRNA

S. acidocaldarius sR22 is a predicted double guide. The D box guide antisense
element of S. acidocaldarius sR22 displays a ten basepair complementarity to 23S rRNA
in which residue U2893 is predicted to be methylated. It also shows a ten basepair
complementarity to 16S rRNA with one mismatch; residue U1310 is predicted to be
methylated. The D’box guide antisense element displays an eleven basepair
complementarity to the region of residue C2916 in 23S rRNA. A BLAST search with S.
acidocaldarius showed a weak hit (Score: 24 bits, E-value: 21) in the genome of S.
tokodaii. The new sSRNA was named S. fokodaii sR22 (Figure 3-36). S. tokodaii sR22
sRNA is located in an intergenic region between ST1710 (a 146aa long hypothetical
transcriptional regulator) and ST1711 (587aa long hypothetical cell division control
protein), and shows high similarity to the S. acidocaldarius guide regions. Therefore, the
predicted target sites are residue U2893 in 23S rRNA and/or residue U1310 in 16S rRNA

for the D box guide and C2916 in 23S rRNA for the D’ box guide element.

Sac sR22

Sto sR22

Figure 3-36 Alignment of sR22 from S. acidocaldarius and S. tokodaii

sR22 sRNA from S. acidocaldarius and S. tokodaii are aligned. The
complementarity is indicated in dark grey. The asterisk indicates the
nucleotide 5 nt up-stream of the D’ box.
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sR26 sRNA
Two new sRNA where identified in a homology search for S. acidocaldarius

sR26 sRNA (Figure 3-37).

C box * D’ box C’box D box

Sac sR26 CGGCTA | 38 AGAGCC

Sto sR26 CTCCCG § A GGTGCC

Sso sR26 GTGCTA i

Figure 3-37 Alignment of sR26 from three Sulfolobus species

sR26 from S. acidocaldarius , S. tokodaii and S. solfataricus are aligned. The
complementarity is indicated in dark grey. The asterisk indicates the nucleotide 5
nt up-stream of the D’ box.
In the genomes of S. fokokodaii (Score: 40.1 bits, E-value: 0.34) and S. solfataricus
(Score: 36.2 bits, E-value: 5.4) a BLAST search revealed two sSRNA, that I designated S.
tokodaii sSR26 and S. solfataricus sR26 sSRNA, respectively
The S. tokodaii sSR26 sSRNA gene is situated intergenically between a hypothetical
enolase (ST1212) and a 238aa long hypothetical protein (ST1213). The S. solfataricus
sR26 sRNA gene is located between a conserved hypothetical protein (SSO0911) with
sequence similarity to the S. fokodaii hypothetical protein ST1213, and a hypothetical
protein with no homologues in any other organism (SSO6778).
No target had been previously assigned to sR26. A genomic search for potential targets
for sSR26 sRNA revealed that the D’ box guide antisense possesses a ten basepair
complementarity to the tRNA™* (UUU) anticodon region. The predicted site of

methylation is the wobble base at U34.
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4 Discussion

In Eukaryotes the site-épeciﬁc formation of one of the most prevalent rRNA
‘modiﬁed nucleotides, 2’-O- methylation of the ribose, is directed by the family of C/D
box snoRNAs. These snoRNAs exert their function through formation of a canonical
guide RNA-target RNA duplex at the modification site. Initial studies identiﬁed
fibrillarin as the signature protein cofactor associated with C/D box snoRNAs, But the
repertoire of associated proteins has now been expanded to include the two paralogous
proteins, Nop56p and Nop58p, and 15.5 kD/Snul3p, which is found in both the C/D box
snoRNPs and the U4 spliceosomal snRNP. Conversely, the few 2’-O-methylations found
in the typical bacterium E. coli appear to be catalyzed by site- specific protein enzymes,
without any RNA cofactor.

Archaea are prokaryotic organisms that are distinct from Bacteria and are
believed to be related to earlier Eukaryotes. By utilizing biochemical and computational
methods, the presence of up to 50 or more distinct C/D box small RNAs has been
demonstrated in several species of hyperthermophilic Archaea (Omer et al., 2000). The
archaeal SRNAs not only guide methyfation of‘ numerous rRNA residues during ribosome
biogenesis, but also of 21 different positions within various tRNAs. The genome of the
archaeon Sulfolobus solfataricus encodes three proteins designated aFib, aNop56 and
al7a, that are homologues of the human nucleolar proteins fibrillarin, N6p56p and
Nop58p and 15.5 kD. The Sulfolobus al.7a protein has been annotated as a ribosomal

protein although it exhibits greater sequence similarity to the 15.5 kD protein than to

. either of the paralogous human L7a or S12 ribosomal proteins.
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4.1 Methylation assay and specificity

A Sulfolobus box C/D sRNP complex has been reconstituted in vitro from
purified recombinant components, and was shown to have methylation activity when
provided with a simple targef oligonucleotide, complementary to the SRNA Dvrbox guide
sequence. Up to 2 pmoles of product wefe formed for each pmole of protein present in
the reaction (within the limits of the accuracy of protein concentration estimate),
indicating that the catalytic system can carry out multiple turnovers. Nucleotide mapping
demonstrated that methylation was targéted specifically to the predicted position in the
16S rRNA substrate.

~ The core catalytic complex in Archaea is much simpler than aﬂticipated and
requires only three proteins: the core RNA-binding al.7a protein, the aNop56 protein and ‘
the aFib protein which appears to possess the methyltransferase activity (Omer et al.,
2002). It seems surprising that at least in the in vitro methylation, no RNA helicase is
required. The absence of a helicase requirement, may be related to the high temperature
of the in vitro reaction or to the short length of the guide-target interaction. Reactions
performed with full length 5S rRNA and a short oligonucleotide substrate show minimal
differences in efficiency. It remains a poésibility that for more complex and dynamic in
vz;vo rRNA interactions, a helicase might be necessary for recycling of the snoRNA-
rRNA and snoRNA-protein interactions that occur during the processing of .rRNA

precursors. In addition, helicases might facilitate changes in intramolecular base pairing
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of rRNA, to expose binding sites for ribosomal or non-ribosomal proteins required for
pre-TRNA processing.

It has been shown that efﬁcient methylation requires that the C/D box and the
C’/D’ box function in cis (Tran et al., 2003) . There are suspected conformational
changes in the SRNA which occur upon protein binding. Both protein-protein and
protein-RNA contacts are important in assembly. While the order of protein addition to
the. sRNP is known, the actual stoichiometry is presently unclear. aNop56 associates with
the sSRNA following al.7a binding and is then joined-by aFib (Omer ef al., 2002). The
binding of aNop56 is enhanced in the presence of aFib, suggesting that thesev proteins
likely associate prior to SRNA binding. aNop56 clearly can bind alone but irn vivo
aNop56 and aFib likely exist as a heterodimer. When both proteins are present, they are

probably added in a single step.

4.2 The importance of being methylated

An important question concerns the function of extensive rRNA methyl
modification in Eukaryofes and Archaea compared with the few modified nucleotides in
Prokaryotes. The conservation of this complex machinery responsible for directing the
modifications (all clustered in the functional core of the rRNA) indicates that these
modifications must be important for insuring efficient ribosome subunit assembly or
 ribosome function. Although genetic depletion of single or multiple guide snoRNA genes

in yeast had no obvious effect on cell growth (Lowe and Eddy, 1999), inactivation of the

snoRNA associated methyl transferase protein (fibrillarin) results in a lethal phenotype
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(Tollervey et al., 1993), suggesting that the total ‘lack of 2'-O-ribose methylation may be
lethal to the cell.

In hyperthermophilic Archaea, studies have suggested increased levels of ribdse
methylation as a function of culture temperature in both tRNA and rRNA (Noon et al., -.
1998). It is believed that ribose methylation contributes to the stabilization of secondary
structure in RNA. In mesophiles, RNA structure is stabilized by elevated G/C contents of
stems, which in turn loosely correlates with optimal growth temperature and with overall
~ level of posttranscriptional modification (Galtier and Lobry, 1997). However, in the case
of thermophiles, the G/C content in stems is maximized and modification becomeslmore
important. The effectlof modifications has been determined directly by studying the
correlation between culture temperature for a given organism and increase in RNA
melting temperature, or has been implied from an increase in the level of specific
modifications, such as 2’-O- methylation of the ribose in tRNA and rRNA, as a
consequence of increased culture temperature (Noon ef al., 1998).

Thermodynamically, 2’-O-methylated nucleosides favor the C3’-endo ribose
pucker, which minimizes steric interference of the base and C3’-phosphate with the
ribose 2’-O-methyl group (Kawai et al., 1992). In a pento-furanose ring, this
conformation affects the backbone torsion angle and correlates with a low anti-glycosidic
bond angle. The 2’-O-methyl group decreases the entropic value of forming a duplex
structure and therefore will stabilize the base-paired form (Yokoyama et al., 1981).
Ribose methyllation of specific nucleotides could, therefore, be a common and frequently
occurring method of stabilizing functionally important secondary structure in RNA of

archaeal thermophiles.
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4.3 Non-ribosomal targets - tRNA

More than 80 modified ribonucleosides have been identified in tRNAs (Rozenski
et al., 1999); a small number of these modifications occurs in the tRNA of almost all
organisms (Motoriﬁ, 1998). In addition to this conserved core, Archaea, Bacteria and
Eukaryotes each make domain specific post-transcriptional modifications to their tRNAs.
Although the specific function of many tRNA modifications remains elusive, studies
have generally indicated that modifications are required for optimal growth and
translation; this implies that, all of these modifications are believed to play important
rolls in the stabilization of the secondary and tertiary structure of the tRNA or its function
in protein synthesis.

Methylation is the simplest modification known. Both nucleobase and sugar
moiety-of a nucleoside may be methylafed (Agris, 1996). 2'-O-methylation of the sugar
- stabilizes the ribose C3'-endo form (Kawali et al., 1992). The local conformational
rigidity conferred by this modification may affect RNA stability and RNA-protein
interactions. 2’-O-methylétioﬁ of the ribose at position 34, the wobble nucleotide of the
anticodon, has been reported to be important for translation efficiency (Satoh et al., 2000)
and is believed to contribute to specificity and stability in the codon-anticodon
interaction.

A global analysis of the guide sequences in all available aréhaeal C/D box
sRNAs, predicts that many SRNAs target methylation to 21 different sites in pre-tRNAs

(Dennis et al.v, 2001). In all instances, the predicted position of methylation corresponds

to one of the 21 sites of documented ribose methyl modification in tRNA, but never to
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positions where ribose methyl modification has never been observed. In some cases a
single SRNA directs methylation to oniy a single species of tRNA whereas in other
instances a single SRNA can direct methylation to up to 19 different tRNAs, based on
conservation of the target complementarity within the tRNA sequences (Dennis ef al.,
2001). The most frequently targeted position is C34 or U34, the wobble position in the
anticodon of the tRNA. These observations suggest that non-ribosomal RNAs may be
substrates for SRNA guide-directed methylation in Archaea. To test this proposal, the‘
archaeal C/D box sRNAs sR1 1‘ from S. solfataricus and sR14 from S. acidocaldarius
were used as models to investigate SRNA mediated methylation in archaeal tRNA. The
respective sRNAs were reconstituted into RNP particles in vitro and tested for the ability

to guide methylation to position G18 and U34 in Sulfolobus tRNAS!",

4.3.1 C’/D’ motif guided methylation to tRNA - S.solfataricus sR11

sRNA

The well characterized S. acidocaldarius sR1 containing SRNP uses a D box
guide to direct methylation to pdsitioﬁ U52 in 16S rRNA. A similar experimental
protocol utilizing S. solfataricus sR11 containing SRNP complex, was used to
demonstréte that the D’ box guide can direct methylation to G18 in {RNAGIn. Although
the sR11 sRNA possesses a variation of the classical k-turn fold in its internal C’/D’ '
motif, it is clearly able to form an active k-turn at this motif as judged by methylation

activity. Methylation was detected in the C’/D’ guided substrate, but inhibited when an A

to G mutation at the position five nucleotides from the D’ box was introduced; this
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mutation disrupted the crucial Watson-Crick pairing at the site of methylation.
Methylation was restored to near wildtype level when a G18A tRNA mutation resforing
the Watson -Crick base pairing was used together with the mutated sSRNA; this supports
the idea that the methylation is site-specific and requires a Watson Crick base pair at the
site of methylation).

In Archaea, the box C'/D' and box C/D motifs are well conserved. Both motifs
have a éimilar mechanism by which they select the site for 2'-O- methylation - the
modified nucleotide is positioned five nucleotides upstream from the D or D’ box. The
internal C’/D’ box probably adopts the same RNA fold as the well characterized terminal
C/D box element, resulting in an symmetric arrangement of proteins within the C/D box
sRNP. This implies that the method of recruiting proteins for the specific modiﬁéation of
RNA is most likely identical for both the C/D and C'/D' motifs.

The situation might be somewhat different in Eukaryotes, where C’ and D’
sequences are often less conserved and not easily identified in snoRNAs. Of particular
note is the lack of strict conservatipn of the GA nucleotides of the eukaryotic C’/D’
motif, which are crucial for establishing the k-turn structure. This suggests that in -

. Eukaryotes the C’/D’ motif does not adopt a canonical k-turn structure, and therefore will
- not bind the 15.5 kD protein. Consistent with this line of reasoning, recent work has
revealed the asymmetric distribﬁtion of core proteins upon the terminal C/D and internal
C’/D’ motifs (Cahill er al., 2002; Szewczak et al., 2002). Nucleotide modification
experiments have shown that the 15.5 kD core protein binds exclusively to the terminal

C/D box motif and that its binding is primarily responsible for the stability of the C/D

box snoRNAs in vivo.
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| Comparison of the archaeal and eukaryotic box C/D RNPs reveals two structurally
distinct complexes. The eukaryotic snoRNP is comprised of four core proteins compared
with three for archaeal sSRNPs. Duplication of an ancestral gene has resulted in the two
paralogous genes for Nop56p and Nop58p. In dvivo croés-linking experiments revealed
‘that these core proteins Nop56p and Nop58p differentially recognize the C’/D’ and C/D
motif respectively. Nop56p has evolved such that the 15.5 kD protein is no longer
necessary for the Nop56p and fibrillarin binding to the C’/D motif. These results suggest
that despite using homologous proteins for RNP constructioﬂ, archaeal and eukaryotic
C/D box RNAs may be noticeably different. The archaeal complex appears at least in

some instances to be more symmetrical than the typical eukaryotic complex.

4.3.2 tRNA (Gm18) Methyltransferase

Methylation of the guanosine residue at position 18 (Gm18) is widely distributed
in tRNAs of Bacteria, Eﬁkaryotes, Archaea, and plant mitochondria (Sprinzl et al.? 1998).
There is no evidence that Prokaryotes possess an RNA-based methylation system,;
enzymatic activity of tRNA (Gml 8) methyltransferase has been shown in E.coli, and the
tRNA (Gm18) methyltransferase protein has been purified from T. thermophilus. If has
been suggested that the recognition element for the enzyme consists of the D loop of the
tRNA and the presence of G18 and G19, although there clearly has to be another
determinant or anti-determinant in the recognition element, since all E.coli tRNAs carry
these features, and only 13 tRNA species (out of 45 sequenced) contain the nucleoside

modification.
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In yeast, several enzymes responsible for the post-transcriptional methylation of
tRNA have been characterized and named Trm (tRNA-methyltransferase). There is no
evidence to date that any of the numerous nucleotide modifications in eukaryotic tRNAs
are snoRNA-directed. A search of the yeast S. cerevisiae genome for candidate C/D
snoRNAs able to target yeast tRNA 2°-O-methylation was negative. No likely tRNA
targets could be identified either for any of the mammalian C/D snoRNAs devoid of
rRNA or snRNA complementarities, suggesting that in yeast 2’-O-methylation of
residues in tRNA is enzyme based, without any RNA cofactors. In fact, the 2°-O-tRNA
MTase Trmp3 has been shown to be required for. site-specific formation of methyl G at
position 18 in the D-loop of intron-less tRNA (Cavaille et al., 1999).. Interestingly, in the
same study, five putative RNA 2’-O-fibose methylases were identiﬁed in four Archaea
species from the branch of Euryarchaeota. However, none of these putative methylases
has been characterized and their specificity is unknown. |

Although the majority of structurally characterized SAM- dependent
methyltransferases (MTases) adopt a very similar three-dimensional fold, they show
minimal sequence conservation apart from séveral motifs defining the AdoMet-binding
face of the common catalytic domain; this makes it virtually impossible to define the

substrate based on sequence similarity.

4.3.3 Importance of 2’-O methylation of G18 in tRNA

Residues G18G19 are universally conserved residues located in the D loop of the

tRNA and make important contributions to the formation of the L-shaped three-
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dimensional structure By virtue of the D-loop/T-loop interaction through the tertiary base
pairs G18-‘P55 and G19-C56. In E.coli, the absence of the methyl gréup at G18 in tRNA
has no apparent effect on growth or on efficiency of decoding during translation (Persson
et al., 1997). Similarly, Gm18 is not essential in S. cerevisiae, and disruption of thé gene
encoding for Trm3, the methylase responsible for modification at this position in yeast,
does not alter cell growth or translation fidelity (Cavaille ef al., 1999). However,
disrupted yeast strains were slightly more resistant to paromomycin, an aminoglycoside
antibiotic that interferes with protein synthesis by causing codon misréading by binding
to 308 ribosomal A-site RNA (Fourmy ef al., 1996). The molecular basis of increased
resistance to paromomycin is not understood. Artificial ribose methylation of G18 in
tRNAs which are naturally devoid of methylation in this position has no detectable
effects on either amino acid acceptor activity or melting temperature of the tRNA
(Kumagai et al., 1982). On the other\hand, an extensive change in elution profiles of
tRNAS® from rat hepatoma cells that naturally lack Gm18, but otherwise are identical to
normal rat liver tRNAS®, has been observed (Randerath et al., 1981). This finding
suggésts that the tRNA lacking the modification has an altered tertiary structure. It is,
therefore, likely that 2°-O methylation of ribose G18 might be a factor in stabilizing the
tertiary structure of the tRNAI. The G18 in tRNA forms hydrogen bonds with residue W55
in the T-loop; these hydrogen bonds constitute an important part of the connections
between the D and T-loops that stabilize the L form tertiary structure of the tRNA
molecule. The 2'-O-methylation of the ribose of G18 may contribute to the rigidity of the

nucleoside and thus stabilize the Gm18-¥55 base pair and the interaction between the D-

and T-loop in tRNA molecules.
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4.3.4 Methylation of the wobble position

tRNA position 34 reads the third codon base, and non-Watson-Crick wobble base
pairing is allowed at this position. This povsition is also commonly modified on either the
base or the ribose, with many tRNA species having a 2’-O-methylated nucleoside at the
first position Qf the anticodon. 2’-O-methylation has never been found in the second or
third positions of the anticodon of the tRNA from any organism.

The most frequent residues targeted by the predicted archaeal guide RNAs are
C34 and U34, the wobble position of the anticodon of the tRNA. Position 34 is known to
be methylated in many tRNAs from Prokaryotes and Eukaryotes. For example Gm34 is
preseﬁt in all eukaryotic _‘[RNAP he except those frdm tumor cells (Kuchino et al.l-, 1982).
And Cm34 is bresent in tRNAs specific for leucine, serine, tryptophan, and methionine,
whereas Um34 has 6nly been detecfed in eukaryotic tRNA®™ and has been predicted in
Archaea. | |

Modification of position 34, the wobble nucleotide of the anticodon, has been
reported to be important for translation efficiency and fidelity (Curran, 1998, Safoh etal,
2000). Modifications in the anticodon region of tRNA also has been shown to
dramatically alter codon speciﬁéity (Curran, 1998) and aminoacyl-tRNA synthetase
recognition (Giege ef al., 1998). Although modification of the anticodon is .common
‘among Eukaryotes and Prokaryotes, little is known about the enzymes involved. In yeast,
Trm7p has been shown to catalyse the formation of 2’-O-methylribose in the yeast tRNA

“anticodon loop (Pintard e al., 2002b). Trm7p belongs to a group of three yeast proteins

(Trmp7, Spblp and Mrm2p) that exhibit sequence similarities to the E.coli heat shock
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protein and rRNA MTase FtsJ/RrmJ. The unique enzyme FtsJ/RrmJ methylates the
peptidyltransferase centre of the large rRNA and has been shown to be able to methylate
tRNA in vitro (Bugl, 2000). The in vitro ability of FtsJ/RrmJ to recognize and methylate
certain tRNAs could represent a dual substrate specificity of FtsJ/RrmJ.

However, in an effort to determine the in vivo methylatioﬁ target, no unambiguous
differences in elution profiles of tRNA nucleosides prepared from wildtype and
FtsJ/Rrm]J deletion strains could be detected (Bugl, 2000). It still has to be determined
which individual isoacceptor tRNA species, if any, serve; as efficient methyl acceptor for
FtsJ/RrmJ in vivo.

The S. acidocaldarius sR14 sSRNA and tRNA®™ were used as a model to
investigate modification of the wobble base by guide SRNA in Sulfolobus. The sSRNP
complex assembled with S. acidocaldarius sR14 sSRNA vlvas capable of methylating
tRNAY"™ (UUG) as substrate, but the RNP complex was inactive when the isoacceptor
tRNAC (CUG) was used as substrate. Methylation with the isoacceptor tRNA®™ (CUG)
is detected when a mﬁtated S. acidocaldarius sR14 is used that restores Watson-Crick
base pairing at the site of methylation, confirming that a-Watson-Crick base pair is

required at this position.

Archaeal tRNA™™
- 8. acidocaldarius sR14 sSRNA guides methylation to the anticodon in a frans
target. A particular interesting example for a cis-acting SRNA is intronically encoded in

the tRNAT™ of many euryarchaeal species. The intron has been shown to be essential for

tRNA maturation (Armbruster and Daniels, 1997). The guide sequence within the intron
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is required for methylation of two positions of the anticodon within the exon regions of
the precursor tRNA. The unusually large tRNA™™ is so far the sole archaeal intron-
displaying the hallmarks of a C/D box sRNA. A search of yeast tRNA introns for C/D

box motifs was negative.

4.3.5 Why do Archaea utilize sSRNAs for tRNA modification?

No evidence for guided RNA modiﬁcation‘ of tRNA has been found in Bacteria
and Eukaryotes. Instead, all known tRNA MTase carry out site-specific modification of
one or several strictly defined nucleosides and are believed to recognize their target
directly by using both, sequence and three-dimensional structure (Gros;j ean ef al., 1996).
Many of these enzymes have been identified and characterized in bacteria, yeast and
higher Eukaryotes, but few enzymes have been identified or characterized in Archaea
(Bjork, 1987; Garcia, 1998). This might suggest tﬁat at high temperatures, many archaeal
tRNAs may not fold into a three dimensional structure that is sufficiently stable to be
recognized by a protein enzyme. To overcome the absence of stable three dimensional
structﬁre as a determinant for modification, Archaea appear to employ, at least in some
instancés, sRNA methylation guides that direct ribose modiﬁ.cation to critical positions
within precursor tRNAs. Many of these modifications are believed to plasf arole in

stabilizing higher order structure within the tRNA.
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4.4 Modification of 5S rRNA

Posttranscriptional modifications of nucleotides are extremely rare in 5S rRNA.
None are reported from Bacteria, whereas pseudouridine is present in several lower
cukaryal RNAs (Szymanski et al., 2002). However, ribose methyi modifications to
position C32 in 5S rRNA have been reported in both Sulfolobus acidocaldarius and
Pyrodictium occultum‘(Bruvenger et al., 1993). Protein methyltransferase enzymes
responsible for these modifications have not been identified.

In S. acidocaldarius, the D' box guide of S. acidocaldarius SR10 SRNA displays a
short eight base pair complementarity to the region spanning residue C32 region of 5S
rRNA, with a noticeable mismatch at 'position‘+9 of the D' box guide. Methylation could' |
only be detected after extension (;f the complementarity and elimination of the mismatch
in the duplex. My in vitro results suggest that S. acidocaldarius sR10 sRNA has little or
no activity on native 5S rRNA. The absence of activity appears to be due to the limited
complementarity between the guide and the target.

The modified C is located in a region that is clearly conserved with respect to
both sequence and position in other organisms; however, Sulfolobus dcidocaldarius and
Pyrodictium occultum are the only orgahismé where a 2°-O-methylation in 5S rRNA has
been reported. The exact role of the modification is not known, but it is possible that its
presence provides thermal stability to the 5S rRNA molecule. Methylation of the 2’-
hydroxyl gréup of the sugar stabilizes the C3’-endo ribose conformation in the cytidine

nucleotide, favoring an A-type helical conformation of the RNA.
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The absence of an identiﬁed methyl transferase enzyme and of demonstrable in
vitro activity bf sR10 sRNA on a 5S rRNA substrate, make it unclear if this modification
is SRNA guided or protein-mediated. Searches for other SRNAs in Sulfolobus with more
extended complementarity to the C32 region of 5S rRNA have thus far failed to identify
any other candidates. There are numerous ways to explain this puzzle. Two of the
simplest are that S. acidocaldarius contains a specialized protein methyl transferase to
ﬁake this modification and that the limited complementarity between the sR10 SRNA
and the 5S rRNA is fortuitous or that the sR10 sRNA is active in vivo, but not in vitro. -
Another possibility is that sSR10 sSRNA may have been involved in this modification in the
past but now has lost activity because of the accumulation of mutations in the guide
region. The presumed gain and loss of guide function in archaeal SRNAs through the |
accumulation of mutations in guide regions has been documented (Dennis e al., 2001). If
sR10 sRNA' has lost the ability to direct methylation to position C32, it implies that either
sR10 sRNA initially worked in concert with a protein methyltransferase which now
functions alone or that a new methyltransferase evolved to carry out this modification
making the sR10 sRNA guide function redundant.

In addition to the limited complementarity to 5S rRNA the S. acidocaldariﬁs
sR10 D’ box guide also shows a 12 base pair cdmplementarity in its D’ box guide to a
region of tRNAGly - residue C50 is predicted to be methylated, and a 9 base pair

| complementarity in its D box guide to the C2539 region in -23S rRNA. Since my in vitro
results suggest that S. acidocaldarz;us sR10 sRNA has little activity on 5S rRNA, it is

therefore likely that the only natural targets for this SRNA are 23S rRNA and tRNA®Y.
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4.5 Double guide

It has been estimated that at least 50% of archaeal SRNAS guide methylation
using both 5' and 3' guide regions, whereas only about 20% of human and yeast snoRNAs
have been reported to be double-guides. The two antisense elements of a given sRN A
almost always match sequences within the same rRNA and their cognate target sites are
generally very close to each other along the rRNA sequence, in most cases less than 50 nt
apart. For a few Pyrococcus sRNAs with a pair of antisense elements matching targets
- much further apart in the rRNA primary sequence, the two rRNA targets appear, in most
cases, remarkably close to each other in the rRNA secondary structure, such as for sR36
and sR8 (121 and 285 nt apart in 16S rRNA, respectively) and sR28 and sR55 (132 and
182 nt in 23S rRNA apart, respectively). This noticeable. proximity of the.two targets
rRNA suggests that formation of the SRNA-target duplex in Pyrococcus might take place
simultaneously. This would be in contrast to what seems likely in the few eukaryal C/D
box snoRNA carrying a pair of antisense guide elements, in which there is no app;':lrent
correlation between the locations of methylation sites for double guide snoRNAs.

In Archaea, the two target site sequences can be in either a direct or reverse
orientation, relative to the SRNA guide sequences. sSR24 sSRNA from Pyrococcus and sR7

sRNA from S. acidocaldarius were chosen as examples to examine the function of a

direct and a reverse guide, respectively.
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4.5.1 Direct Double Guide - Pyrococcus sR24 sRNA

The sRNP complex assembled on native sR24 sRNA is capable of methylating
substrates using either the terminal C/D box or the internal C’/D’ box guide. However, |
maximum activity was detected when both sites were present in cis, suggesting that the
two guides work in concert to stabilize the complex. Nucleotide mapping showed that
both target sites are methylated. The order of the interaction between the two target
sequences is not known.

The formation of this bipartite RNA duplex involving a total of 22 Base pairs
provides thermodynamic stability to the SRNA-rRNA complex and could facilitate
necessary RNA-protein and protein-protein interactions within the sSRNP.

Biochemical and mutagenesis studies with truncated SRNA constructs have shown that
efficient methylation requires the juxtaposed and .symmetrically assembled C/D and
C’/D’ RNPs (Tran et al., 2003). al.7a binds the C/D and C’/D’ box motifina
cooperative manner which probably reflects induced changes in SRNA structure or
protein-protein interactions following initial binding of the protein. In addition, the
symmetric nature of the aFib-aNop56 complex and the C/D sRNA has been demonstrated
to be functionally important (Rashid et al., 2003). Simultaneous binding of the target to

‘ the SRNA guides might stabilize the symmet;ié structure of the complex. The widespread
occurrence of SRNA carrying two guide regions in hyperthermophilic Archaea could

therefore reflect the constraints related to the extreme environment these organisms live

in and/or the compactness of their genome.
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452 Are double guides RNA chaperones?

It has been long proposed that in addition to the methylation guide function,
snoRNAs have a chaperone function in pre-rRNA folding (Bachellerie et al., 1995;
Dennis et al., 2001; Maxwell and Fournier, 1995) . Ribose methylation takes place early |
in ribosome biogenesis, on thie elongating pré-rRNA transcript. The folding of the ﬁascent
rRNA must be largely constrainedAb»y formation of numerous rRNA/snoRNA guide
duplexes. It has been suggested that as a result snoRNAs have an intrinsic chaperone
function in pre-rRNA folding in additioﬁ to their methylation guide function (Steitz and
Tycowski, 1995). The base pairing of guide RNA and pre-rRNA during the assembly
process may direct the efficient localized folding of the rRNA, thereby prevgnti_ng the
formation of ‘non-productive structures that block or delay the _riBosome assembly or may
stabilize rRNA tertiary structure during ribosome biogenesis. Higher growth temperatures
may require more stabilizing of fhe RNA structure and more chaperones to direct a
correct folding process. |

This idea has been givén further support with the recent identification of U106 |
.snoRNA in human (Vitali et al., 2003). This snoRNA possesses two conserved 9-10 nt
long antisense eleme.nts matching two 18S rRNA segments devoid of 2’-O-methylated
nucleotides. Interestingly, the two sites map very close to each other within the rRNA
secondary structure, potentially éupportiﬁg arole as RNA chaperone.

In summary ribose methylation guide RNA may play an important role in rRNA

folding. The direct double guide mighf, therefore, illuminate the functional significance

of the link between chaperone and methylation function.
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4.5.3 Inverted Double Guide - S. acidocaldarius sR7 sRNA

To probe the function of reverse double guides, S. acidocaldarius sR7 sSRNA was
used. Although the highest methylation activity was detected in the target containing both
methylation sites on one molecule, methylation activity was poor compared to the control
reaction. An alteration in the target substrate removed the necessity to form the
pseudoknot structure and instead results in a “direct guide” but did not improve the
overall methylation activity (Figure 4-1).

The low activity of S. acidocaldarius sR7 might be due to secondary structure
concerns in the sRNA. Sj acidocaldarius sR7 sRNA shows several unusual features. The
lack of a terminal stem or a terminal base pair might contribute significantly to the
instability of sR7 sSRNA and might prevent the formation of a stable k-turn in the C/D
motif S. acidocaldari%ts sR7 was identified in a biochemical screen for SRNA in .
acidocaldarius; therefore, it is possible that the missing stem arose from a shortened
sequence in the isolated clone and does not reflect the complete sequence of S.
acidécaldarius sR7 sRNA. Preliminary data from the Sulfolobus acidocaldarius
sequencing project indicate that indeed S. acidocaldarius sR7 sRNA contains a four base

pair stem.
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Figure 4-1 S.acidocaldarius sR7 sSRNA with targets

(A) The sequence of S.acidocaldarius sR7 is illustrated, and the conserved motifs
are boxed and shaded. sR7 sRNA is predicted to guide methylation to G2649 and
U2692 in 23S rRNA in a reverse orientation.(B) The mutated target, resolving
the pseudoknot and resulting in a direct guide is shown.

Another secondary structure concern might lie in the structure of the double target. The
sequence between the two antisense elements is able to form an eleven base pair long
hairpin with a high G and C content and a four nucleotide loop. This would lead to a
highly stable secondary structure. A simultaneous binding of the antisense element of the
substrate to the guide regions of S. acidocaldarius sR7 sSRNA might prevent or facilitate

the correct folding of the SRNA in this case.

Another remarkable feature of S. acidocaldarius sR7 is the unusual long 22

nucleotide spacing between the C’ and D box of the SRNA. This unusual long sequence
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element however does not extend the complementarity to the target. Usually the spacing
between C’ vand D box in archael sSRNAs is very ctompact (15-17 nucleotide long). -
Comparison to the newly identified S. fokodaii sSR7 SRNA homologue reveals that S.
acidocaldarius sR7 sRNA contains a five nucleotide insertioﬁ between the internal C’
box and the terrrﬁnal D box. It can only be speculated that, if at all, this insertion might
influence stability of the sSRNA or efficiency of the methylation reaction. Further
experiments will have to be conducted to probe S. -acido_caldarius §R7 sfability for
example by adding a terminal stem and/or deleting the insertion between the boxes. It
would also be of interest to test if the‘ secondary structure influences the efficiency of the
double guide reaction, by simultaneous binding to the SRNA. This could be accomplished
by eliminating the internal helical structure of the target and replacing it with a sequence

that is less prone to form a stable secondary structure.

4.5.4 Homologous guide RNAs

In S. acidocaldarius sR7 sSRNA the natural D box guide directs methylation to
U2692 (U2552 in E coli numbering) in 23S rRNA. This résidue is highly conserved
among Bacteria, Archaea and Eukaryotes and is located in the peptidyltransferase centre
of the ribosome. Several homologous sSRNAs .héve beén identified in other archaeal
species, as well as a potentia1 snoRNA guiding this modification in yeast. Yeast snoRNA
snR52 (alternative name Z13) has been predicted to direct methylation of U2918 (U2552
in E.coli nuﬁbering) using an 11 nt long D’ box guide. This prediction could not be

confirmed experimentally, although this site is known to be methylated in yeast (Brand et
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al., 1977; Maden, 1990). The anRNA snR52 is a predicted double guide. The D box
guide has béen shown to ﬁlediate methylation of residue A420 in 18S rRNA. However, a
snR52 disruption mutant in yeast did not show the loss of modification at the second
predicted position, U2918 (Lowé and Eddy, 1999), suggesting that this modiﬁcatipn

might be guide RNA independent.

 4.5.5 Is the methylation at U2692 guide RNA independent?

Prokaryotes contain only a fraction of the rRNA modifications fouﬁd in
Eukaryotes and Archaea, and do not appear to contain guide RNAs. Thus, a few site-
specific enzymes may accomplish these modifications without guide RNAs.
Conservation of such enzymes in Eukaryotes and Archaea would obviate the need for a

“number of specific guide RNAs.

In E. coli the heat shock profein FtsJ/RrmJ has been shown to be reéponsible for
the methylation of essential residue U2552 in 23S rRNA. The rRNA target has a peculiar
structure that is composed of a hairpin and a loop of five nucleotides, with the modified
nucleotide being located at the 5’ end of the loop. Interestingly, FtsJ/RrmJ has been
shown to also be able to methylate tRNA in vitro (Bugl, 2000). FtsJ/RrmJ homologues
are found in Bacteria, Archaea, and Eukaryotes. The smallest FtsJ/RrmJ hbmologues
enzymes are found in Archaea where the proteins are 210 amino acids long. Among 145
completely sequenced microorganisms, only approximately half (77) of them encode
putative FtsJ/RrmJ homologous, eight of which are in Archaea. However, no homologous

gene could be detected in the Crenarchaota branch of Archaea. If the rRNA methylation
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mediated by FtsJ/RrmlJ is conserved, it could be performed by metﬁylases lacking
obvious sequence similarities with FtsJ/RrmJ. Surprisingly, the human JM23 protein
encoded by the X chromosome has 35% identity over 192 amino acids with FtsJ/Rrm]J ,
suggesting that, at least in certain higher organisms, rRNA methylation could be
performed by an enzyme closely related to the E. coli FtsJ/RrmJ.

In yeast, a group of three proteins (Tmp7, Mrm2p and Spb1p) exhibit sequence
similarity with FtsJ/RrmJ. Trmp7 has been shown to be responsible for the methylation of
the wobble base in the anticodon of tRNAs (Pintard et al., 2002b). Spblp and Mrm2p
have been recently shown to methylate the conserved residues U2918 of 28S rRNA and
U2791 of 218 rRNA of mitochondria, respectively (Bonnerot et al., 2003; Pintard et al.,
2002a). Methylated ribose U2791 is one of only three bases that are modified in tile
minimally modified 21S rRNA of yeast mitochondria (Sirum-Connolly et al., 1995) and

located in the peptidyl transferase centre of the 21S rRNA.

4.5.6 Importance of methylation at position U2692

The importance of modified nucleotides in rRNA has long been suggested, since
' their locations correlate well with universally conserved nucleotides and are known to
cluster near the functional center of the ribosome (Brimacombe et al., 1993). Residue
U2692 (U2552 in E.coli numbering) is one of three universally occurring ribose
methylations within the universally conserved peptidyltransferase center of domain V, at

the site of interaction with the 3’ terminal end of the tRNA (the CCA region). The fact

that there are very few modifications located at the heart of the ribosome and that these
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are conserved from Prokaryotes to Eukaryotes and cellular organelles, has led to the
speculation that they must fulfill some essential functions.

While modifications in 16S fRNA are not essential for the proper assembly of the |
small ribosomal subunits in reconstitution experiments (Krzyzosiak et al., 1987), only in
vivo modified LSU rRNA can be used for the in vitro assembly of functional largel
subunits (Green and Noller, 1996). This evidently indicates a requirement of
. posttranscriptional modifications in the assembly of the large ribosomal subunits. So far,
however, only a few modified nucleotides in rRNAs have been assigned a role in
ribosome assembly or peptidyltransferse activity (Green and Noller, 1996).

One of these required modifications could be the ribose methylation of th¢
conserved U2552. Interestingly, the position equivalent to E.coli U2552 on the
cytc')plasmic rRNA of yeast, U2918, is only methylated once the rRNA is assembled into
pre-ribosomal particles (Brand ef al., 1977). Methylation of U2552 is not essential for the
function of the ribosome, but mutations that alter U2552 cauée severely reduced growth
rates in E.coli (Bonnerot et al., 2003; Porse and Garrett, 1995). Furthermore, significant
reduction in peptidyl transferase activity has been associated with these mutations,
indicating that the presehce of methylated U2552 in the A site of the ribosome plays an
important role in protein translétion (Porse and Garrett, 1995). Moreover, laék of
" methylation of this residue in 218 fnitochondrial rRNA leads to genomic instability, a
phenotype that is typically assoc;iated with mutations that affect the mitochondrial
translation apparatus (Pin_tard et al., 2002a). It has been reported that the so-called 2550-

loop, which contains Um2552 and G2553 plays an essential role in translation by base

pairing with C75 of the tRNA 3’terminal region. Mutations of G2553, not U2552 abolish
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the interaction with tRNA and thus the peptidyl transferase activity. Since mutation at
position U2552 has little effect, it is conceivable that it 1s not the nature of the nucleotide
that is important, but rather the presence of a methyl group at that position. Recently, the
solution structure of the A-loop of 23S rRNA has demonstrated that methylation at
U2552 modifies the configuration of C2556 and U2555, which in turn, affects the tertiary
interaction of the A-loop within ribosome structure (Blanchard and Puglisi, 2001)

Recent studies in yeast bhave demonstrated that th¢ metnyltransferase Spb1 targets
methylation to the highly conserved residue U2918 (U2552 in E.coli numbering) in vivo
and in vitro, and that in the absence of the MTase function of Spb1, this position is
methylated by a snR52-dependent mechanism (Bonnerot et al., 2003). However, strains
that depend on the snoRNA guided methylation show growth disadvantage and defects in
ribosome synthesis, suggesting that in the sn52-dependent mechanism, methylation might
be less efficient or delayed. The. importance of modification at this residue for ribosome |
function and assembly might explain why a redundant mechanism is maintained in
Eukaryotes. With the identification of yeast Spbl and E.coli FtsJ/RrmJ homologues in
Archaea, it seems plausible that a similai redundant mechanism might be present in some

Archaea.
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4.6 Engineered Guide sR1/sR2 hybrid

The engineered sR1/sR2 hybrid SRNA was assefnbled with its target into an RNP
complex and showed the same methylation activity as the control S. acidocaldarius sR2
sRNA on the target. This confirms that ribose methylation can be directed to a novel
nucleotide position in rRNA by using artificially constructed sSRNAs containing the
appropriate sequence complementary to the target site. In the guide RNA modification
systems no constraints are placed on the substrate beyond complementarity to the guide
RNA sequence, thus allowing the construction of artificial guides. The in vitro
methylation assay provides a powerful tool for studying the function of the mgthylation
complex.

However, it will eventually be necessary to confirm that the reconstituted system
is an accurate representation of the in vivo system of the cell. Modification studies in
yeast have shown that methylation can be shifted to new sites in rRNA in vivo by either
moving the D or D’ box relative to the antisense guide sequence or by equipping
snoRNA with new sequences (Liu ef al., 2001; Ni et al., 1997a). Methylation has been
directed to rRNA nucleotides which are normally not ribose methylated, ana to sites that
usually are. In some cases methylation impairs the growth rate of the cell, indicating that
a functionally important nucleotide has been altered.

Genetic systems. have recently become available for Sulfolobus solfataricus
(Sowers, 2003). Therefore, epigenetic expression to probe the in vivo function of the
methylation guide complex in Archaea has become feasible. As a next step, the

engineered sR1/sR2 hybrid will be transformed into S. solfataricus cells. Assuming that
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the N plus five rule is correct, these mutant SRNAs should produce new sites of in vivo
methylation in rRNA corresponding to pbsition C1914 in 23S rRNA, a site that is
normally not methylated in S. solfataricus but is methylated in S. écidocaldarius. To
determine that the correct site in rRNA is methylated, the concentration-dependent primer’
extension pause assay can be used. Once the in vivo system is established, the method can

be expanded to study the in vivo structure/function of aFib, aNop56, al.7a and other

sRNA:s.
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4.7 S. acidocaldarius sRNA Homoiogues in other
Sulfolobus species

The first demonstration that Archaea possess guide RNAs that direct mefhylation
of rRNA came with biochemical studieé in Sulfolobus acidocaldarius (Omer et al.,
2000). Nearly thirty different clones with features characteristic of eukaryotic C/D box
snoRNAs were recovered.

To find homologues of the verified S. acidocaldarius SRNA genes, I ran
BLASTN on each cDNA clone against the non redundant nucleotide database and
recovered fourteen hits against sequences in other Sulfolobus species. These findings are
in contrast to a pfevious report that BLASTN is not an effective tool for detecting SRNA
gene homologues, because the sequences are short and were thought to diverge rapidly
from each other (Dennis ef al., 2001). The ea;lier inability to detect SRNAs by BLASTN
search was due to the fact that genomic data from Sulfolobus species genome projects
were not publicly available at that time, or that the cut off limits in the previous BLASTN
search were set too conservatively, e.g., when the default settings of the program were
used. Because of the earlier failure to detect homologues by BLASTN search, a
previoﬁsly developed eukaryotic snoRNA search program was retrainéd with the verified
S. acidocaldarius SRNA génes and used to screen the available archaeal genome
sequences. With this search, thirteen SRNA were predicted in the partially sequenced
genome of S. solfataricus (Omer et al., 2000). Except for S. solfataricus sR1 sSRNA, none
of these SRNAs were homologs to the original set of S. acidocaldarius SRNAs. With the

new BLASTN search, I was able to identify five previously unknown sRNAs in the now
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completed genome of S. solfataricus. In addition, nine SRNA candidates in the recently
sequenced and published genome of S. tokodaii were identified.

Four sRNA candidates are present in all three Sulfolobus species (sR3, sR17,
sR20 and sR26). sR3 sRNA also had been identified previously in S. shibatae by
BLASTN search. sR17 sRNA is of particular interest. No potential’methylation target has
been identified for S. acidocaldarius sR17 and S. solfataricus sR17 sRNA. sR17 sRNA
from S. fokodaii exhibits short complementarities to 23S rRNA and.16S rRNA. The
general lack of conservation of predicted positions of methylation within rRNA within
this archaeal generus implies that selection for methylation at most sites is relatively
weak. Because selection is weak, nucleotide substitutions can accumulate within guides.
Once a particular guide sequené_e has lost its target specificity through the accumulation
of nucleotide substitutions, it would become free to explore available sequenées in order

| to identify more favorable interactions with rRNA or other types of RNA. It is possible
that sR17 sRNA is a “snap shot” of evolution and that sR17 sSRNA in S. acidocaldarius
and S. solfataricus lost its previous target or that S. tokodaii found a target site through

~ accumulation of nucleotide substitution. Observations of this kind support the view that

methylation target selection is an ongoing, dynamic process.
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4.8 Future Perspectives

In this work, RNA guide methylation in vitro with a reconstituted archaeal sSRNP
was demonstrated. Accurate, site-specific methylation of rRNA fragments was achieved
with a SRNP complex formed by incubating a cognate SRNA with the ;chree core proteins
al.7a, aNop56, and aFib. The use of the in vitro methylation assay was expanded to
demonstrate methylation on more complex targets, including tRNA" and 5S rRNA.
Furthermore, double guide function and specificity in direct or reverse order, both

common in Archaea, were examined.

The mechanism of the in vitro methylation reaction

The in vitro reconstitution of the core complex used in this study sheds some light
on structure and function of the methylaﬁon guide complex in Archaea. But the detailed
mechanism of the catalytic cycle has not been elucidated. A more detailed description of
the assembly process, the kinetic parameters of the reaction and whether the complex is
capable of multiple turnovers will be necessary to understand the biochemistry of the
complex methylation reaction. An ifnportant question concerns the assembly of the
complex. Is the SRNP complex partially or completely disassembled after each
methylation, and reassembled prior to the next round of methylation or are multiple target
RNAs able to associate and dissociate from a single pre-assembled sSRNP complex? The
issue can, to some extent, be addressed by examining the methylation reaction in

competition experiments where different guide and target RNAs are employed. In the

first reaction, a primary set of guide and target RNAs are assembled under conditions
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where the amount of core proteins is the limiting factor. A second set of competitor guide
and target RNAS are added prior to the start of the reaction by the addition of SAM. In a
second reaction, the primary and competitor guide and target RNAs are assembled
together. Following the kinetics of total methylation as well as methylation of the primary
and competitor RNAs in the two reactions should provide insight relating to thé

mechanistic pathway employed by the RNP complex during the catalytic cycle.

Crystal structure of the core methylation guide SRNP complex

The crystal structure of aNop56 and fibrillarin from the archaeon A. Sulgidus Has
been solved (Aittaleb et al., 2003). The vstructur.e gives insight into the‘assembly and
function of box C/D sRNPs. However, to fully understand the methylation process,
determination of the structure of the SRNP éomplex in thé presence of the substrate RNA
will most likely be required. Studies in this project demonstrated the stable formation and
functional activity of SRNP from S. solfataricus. Because of the preliminary
characterization of the SRNP complex from S. solfataricus this complex is a good
candidate for further structural investigations of archaeal sSRNPs by X-ray
crystallography. Knowledge of the complete structure of the RNA-protein cOmplexes
should provide a better understanding of the interaction between the individual |

components of the complex.

Identification of additional components
In this study, simple substrates and small full length targets were successfully

methylated in vitro by the core RNP complex. However, in vivo many RNA substrates
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will typically have a more complex stfucture and be assembled in larger
ribonucleoprotein complexes, suggesting that additional factors, most likely including
RNA helicases, might be needed for substrate recognition and function. For example,
many helicases are required for ribosome synthesis in eukaryotes; however, none has
been assigned to a specific role in rRNA modification. |

In addition, in eukaryotes the proteins p50 and p55 are known to transiently
associate with C/D snoRNP complexes. Homologues of these proteins havé been
identified in Archaea. It will be of interest to investigate the role of these transiently
associated proteins in SRNP. One hypothesis might be that these proteins are necessary
for sRNP assembly and biogenesis. To get a full understanding of the methylation
machinery and‘its function in ribosome biogenesis, it will be necessary to identify

additional factors interacting with sSRNP.

In vivo analysis of the methylation guide machinery.

The in vitro methylation assay made it possible to study the ‘structure and function
of the archaeal methylation complex. However, it will be necessary to verify that the in
vitro system is a correct reflection of the in vivo system. The construction and the verified
methylation activity of the engineered sSRNA hybrid is the first step tqwards the
investigation of the in vivo structure by epigenetic gene expression in S. solfataricus. The

engineered sR1/sR2 hybrid will be transformed into Sulfolobus cells, and specific

methylation of the in vivo target site will have to be verified by primer extension assay.
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Analysis of double guides

Double guide function'has been investigated in this study and shown to direct
methylation to both predicted sites of methylatioh; however, several question remain
unanswered. Are both sites methylated in a single reaction cycle, or are the sites
methylated consecutively? Are both sites of the same strand methylated, or does remain
one site unmethylated after the other site has been methylated? Some of these questions
could be answered by using a target RNA in the methylation assay that is pre-methylated
at either the D or D’ box target site and to monitor the reaction kinetics for these
reactions. Another interesting question remains whether double guides are used to direct

folding of nascent rRNAs.

Evolutionary origin of the guide sﬁoRNA mediated modification

There is no evidence to support existence of modification guide RNAs in
eubacteria. Instead, all known bacterial RNA methyltransferases (MTase) carry out site-
specific modification of one or several strictly defined nucleosides and are believed to
recognize their target directly. One possible explanation would be that Bacteria once
possessed an RNA dependent modification machinery and that this mechanism was lost
in favour of a site-specific protein methyltransferase. Another possibility is that the
snoRNA targeted modification mechaniém evolved from a protein-based system rather
than a pre-biotic RNA world. The occurrence of guide RNAs in both Eukaryotes and
Archaea indicates that the process of RNA-guided nucleotide modification is an ancient

mechanism that predates the divergence of Eukaryotes and Archaea. In yeast, the Spb1

protein has been characterized as one of the first site-directed MTases of rRNA. It will be
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interesting to investigate if Archaea have kept the same redundancy and utilize specific
MTases in addition to the guide RNA, dependent system to methylate important specific
residues in rRNA and tRNA. So far no MTase from Archaea has been characterized, but
several potential homologues have been identified. It will be interesting to further stud);
these homologues and characterize these potential MTases in terms of substrate

specificity and target recognition.

In summary

This study has contributed to the understanding of the complex mechanisms
behind RNA modifications. Many more doors for further investigation have been opened
and the study of RNA modifications promises to remain an exciting field for many more

years.
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