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INTRODUCTION

Protein synthesis is one of the fundamental processes in every cell and it is
carried out by ribonucleoparticles called ribosomes. Ribosomes translate the
information encoded in the nucleotide sequence of mRNA into amino acid
sequence of proteins. Functional ribosome is composed of two unequal subunits
which contribute differently for translation (Tissieres & Watson 1958). Smaller
particle is responsible for accuracy and larger particle is responsible for
catalysis. To achieve fast and accurate translation, binding of extra-ribosomal
factors and communication between the two particles are required.

Ribosomal RNA (rRNA) is highly structured and modified molecule. Its
structure and many modifications are well conserved (Ofengand & Del Campo
2004). Although, most of the modifications are not essential for ribosome
functioning, their deletion leads to reduced fitness of the cells, indication for
small but significant contribution into rRNA functionality (Sergiev et al. 2006;
Purta et al. 2008D).

The most abundant modification in rRNA is pseudouridine (V). E. coli
ribosomal large subunit contains ten and small subunit one ¥ (Ofengand & Del
Campo 2004). Despite being discovered over 50 years ago (Davis & Allen
1957), little is known about the function of ¥ in RNA sequence. In bacteria,
substrate recognition of pseudouridine synthases is done in protein level and the
exact mechanism how the proteins recognize their substrate is mostly unknown.
Most pseudouridine synthases isomerize only one specific uridine residue in
rRNA to ¥. However, in E. coli there are three rRNA pseudouridine synthases
that exhibit multisite specificities (RIuA, RluC and RIuD) (Koonin 1996). The
study of substrate recognition mechanism of these enzymes is very challenging
task. Understanding the substrate recognition and catalytic mechanism of rRNA
modification enzymes are needed to completely understand the ribosome bio-
genesis process. Notably, defects in ribosomal biogenesis can cause rare genetic
diseases (Freed ef al. 2010).

First part of current thesis is focused on most abundant modification,
pseudouridylation, and rRNA pseudouridine synthases. Structure of ribosome
and rRNA are also discussed.

The experimental part is focused on RluD, the multisite specific pseudo-
uridine synthase, which is responsible for synthesizing three pseudouridines
into highly conserved rRNA structural element the 23S rRNA helix-loop 69
(H69). We have revealed a nucleotide (A1916) in H69 loop region that affects
the substrate specificity of the RluD. We also propose that S4-like domain is ne-
cessary for initial binding of the RluD to its substrate. Although RluD exhibits
highly specific nature in vivo, its in vitro specificity is significantly reduced.



I. REVIEW OF LITERATURE
l.1. Structure of the bacterial ribosome

All organisms, known so far, use ribosomes to convert nucleic acid sequence in
mRNA codons to proper amino acid sequence of proteins. Bacterial ribosome is
a ribonucleoprotein that has molecular weight of about 2,3 MDa and it is com-
posed of two unequal subunits. Ribosomal proteins (r-proteins) form about 1/3
and ribosomal RNA (rRNA) about 2/3 of total mass of bacterial ribosome
(Tissieres & Watson 1958). Small subunit (SSU) has molecular weight about
0,8 MDa and it contains the decoding center (DC) where correct aminoacylated
tRNA is chosen based on mRNA codon sequence. Large subunit (LSU) has
molecular weight about 1,5 MDa and it contains the peptidyl transferase center
(PTC) which catalyzes addition of a new amino acid to the C-terminal end of
the growing polypeptide chain. Particle, containing one SSU and one LSU
bound to each other, is responsible for protein synthesis in cells (Tissieres &
Watson 1958; McQuillen et al. 1959). Instead of just molecular weight, size of
the ribosome is more often characterized by the sedimentation coefficient
(1S=10"" sec), which is complex function of molecular mass, density, and
shape. Functional bacterial ribosome sediments as 70S, SSU and LSU sediment
as 30S and 50S particle, respectively (Tissieres & Watson 1958).

Catalytic sites of both ribosomal subunits are entirely composed of rRNA.
Ribosomal proteins are located more distal from the catalytic sites of the ribo-
some. Thus localization of rRNA and r-proteins indicates unambiguously that
rRNA has the catalytic role in protein synthesis, which makes the ribosome a
ribozyme (Picking ef al. 1992; Ban et al. 2000; Nissen et al. 2000; Wimberly et
al. 2000; Harms et al. 2001; Yusupov et al. 2001). 50S subunit of thermophilic
bacterium 7. aquaticus maintains its peptidyl transferase activity even after re-
moval of most of the r-proteins from the subunit core, confirming the catalytic
role of the rRNA (Noller ez al. 1992). In contrast, E. coli 50S subunit loses its
catalytic activity after protein removal. rRNA structure of T. aquaticus is pro-
bably inherently more robust than structure of E. coli RNA indicating that pro-
teins are required for stabilization of rRNA structures in ribosome (Noller ef al. 1992).

Prokaryotic ribosomes are composed of three rRNA molecules (5S; 16S and
238S) and around 50 proteins. E. coli SSU is composed of the 16S rRNA (1542
nt) molecule and 21 proteins (s-proteins) (Kaltschmidt & Wittmann 1970). Six
morphological features can be distinguished from the tertiary structure of the
30S subunit: head, neck, body, shoulder, platform and spur (Figure 1.D). Such
structural arrangement indicates the need for extensive movement within the
30S subunit during the translational process, an assumption confirmed by cryo-
electron microscopic studies. Head and spur regions of the SSU are known to
undergo the largest movement during the translation (Gao et al. 2003). 30S
subunit rotates with respect to the 50S subunit about 6 degrees during
translocation which accompanies the tRNA movement through the ribosome.
Extensive movement of head and spur is partly due to their location in periphery



of 30S subunit and the large scale movement can be explained with the ratchet-
like movement of the subunits (Frank & Agrawal 2000). Pivotal point of
ratchet-like movement is the center of both ribosomal subunits (Dunkle et al.
2011). SSU head domain also moves 15°-18° toward the E site (away from the
shoulder) in respect to the body domain of the 30S subunit, called head
swiveling. Swiveling is coupled with ratcheting and tRNA translocation. Head
swiveling causes opening of the so-called latch of the mRNA opening channel
which facilitates translocation of the mRNA/tRNA complex. Therefore head
swiveling, coupled with partial unratcheting event, leads to translocation of the
tRNA/mRNA complex (Ben-Shem et al. 2010; Ratje et al. 2010).

central -
-cm

Figure 1. Secondary and tertiary structures of rRNAs. A and B. Secondary structure of 58S,
23S and 16S rRNA, respectively. C and D. Three dimensional structures of 50S and 30S
subunits of 70S ribosome, respectively. A. Distinguishable domains of 23S rRNA secondary
structure I (blue), II (cyan), III (green), IV (yellow), V (red), VI (magenta) and 5S rRNA
(cyan) are indicated. Arrows are pointing to the universally conserved stem-loop H69 in
domain IV and peptidyl transferase ring in domain V. B. 5’ (cyan), central (magenta), 3’
minor (yellow) and 3’ major (red) domains for 16S rRNA secondary structure. C. Three
dimensional structure of 23S and 5S rRNA (located in central protuberance) colored as in A.
Morphological features as L1 stalk, L7/L12 stalk and central protuberance (CP) are
indicated. D. Three dimensional structure of 16S rRNA colored as in B. Head, neck, body,
shoulder, platform and spur are indicated. Illustration adapted from (Yusupov ez al. 2001).
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LSU is composed of 23S rRNA (2904 nt), 5SS rRNA (120 nt) and 34 proteins
(L-proteins) (Kaltschmidt & Wittmann 1970). In contrast to the SSU, tertiary
structure of the LSU cannot be divided into distinct morphological features
(Mueller et al. 2000) (Figure 1.C). LSU resembles a crown like structure con-
sisting of a compact rounded base with three protuberances, L.1 stalk, central
protuberance and, L7/L12 stalk on top of the subunit (Figure 1.C). L1 stalk
consists of protein L1 and its rRNA binding site. Central protuberance consists
mostly of the 5S rRNA and proteins L5, L18, and L25 (Yusupov et al. 2001).
L7/L12 stalk consists of 4-6 copies of L7 and L12 proteins connected to N-
terminal domain of the L10 (Diaconu et al. 2005; Mandava et al. 2012) whereas
L7 is N-acetylated form of the L12 (Wilson & Nierhaus 2005). L7/L12 proteins
are necessary for binding of extra-ribosomal GTPases to the ribosome (Diaconu
et al. 2005). In contrast to the SSU, majority of the structural elements of the
LSU are not very mobile during the translation process, moving generally less
than 3A. Only three protuberances are exhibiting movement around 3A (Gao et
al. 2003).

Ribosome assembly is a fast and highly precise process including co-
ordinated synthesis, proper folding, and modification of rRNA and r-proteins
(Lewicki et al. 1993). Assembly process from the start of rRNA transcription to
the formation of fully active 70S ribosome takes only about 2-3 minutes at
37°C (Lindahl 1975) and 5-10 minutes at 25°C (Peil et al. 2008) in vivo.
Functional ribosomal particles can also be reconstituted in vitro from purified
ribosomal components indicating that most of the information needed for proper
assembly of a ribosome is encoded in rRNA and r-protein sequences. However,
higher temperatures, high Mg*" concentration, and considerably more time are
necessary to assemble the ribosomal subunits in vitro (Traub & Nomura 1968;
Nomura & Erdmann 1970; Dohme & Nierhaus 1976; Green & Noller 1999). It
has to be noted that assembly intermediates of in vivo and in vitro assembly are
very similar. Thus the in vivo and in vitro assembly seems to follow the same
path (Lindahl 1975; Dohme & Nierhaus 1976). Assembly of LSU proceeds via
three precursors and SSU via two precursors in vivo (Lindahl 1975) and in vitro
(Traub & Nomura 1969; Dohme & Nierhaus 1976; Talkington et al. 2005). In
vitro reconstitution studies have revealed that rRNA post-transcriptional modi-
fications are not essential for basic functions of 23S rRNA. Although in vitro
synthesized 23S rRNA, lacking all post-transcriptional modifications, can be
assembled into 50S subunit in vitro, the latter exhibits reduced activity in pep-
tidyl transferase and translational activity compared to 50S ribosomes recons-
tituted from fully modified 23S rRNA (Khaitovich et al. 1999). In vivo riboso-
mal assembly begins with rRNA synthesis and processing. /n vivo TRNA syn-
thesis induces translation from r-protein mRNAs (Ecker 1965) by competing for
r-proteins which would otherwise bind to their own mRNAs and thereby repres-
sing their translation (Fallon et al. 1979; Nomura ef al. 1980).

Translation is highly complex sequence of events that requires the assistance
of many extra-ribosomal factors, and fine communication between the two ribo-
somal subunits. SSU and LSU are joined together by a number of connections
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called the intersubunit bridges. Intersubunit bridges are, at least partly, respon-
sible for the communication between two ribosomal subunits. Cognate tRNA in
ribosomal A-site is likely also responsible for transfering of the signal from the
decoding site to the PTC (Stark et al. 2002; Daviter et al. 2005). All the inter-
subunit bridges are not formed concurrently upon the association of subunits
during initiation of translation. At first, formation of a few connections between
LSU and SSU take place which leads to structural rearrangements at the inter-
face between the subunits. Early formed intersubunit bridges are speculated to
be necessary for the formation of later ones (Hennelly et al. 2005). One of the
connections that is formed early during ribosome subunit association is the
intersubunit bridge B2a (Hennelly et al. 2005). Most of the intersubunit bridges
are RNA-RNA bridges but in the periphery, bridges where r-proteins contribute
into bridging, also occur (Cate et al. 1999; Gabashvili et al. 2000; Yusupov et
al. 2001; Gao et al. 2003). rRNA elements, forming the intersubunit bridges,
fall into domains II and IV of the 23S rRNA and 3’-minor, central and 5’
domains of the 16S rRNA (Figure 1. A and B) (rRNA domains are discussed in
Chapter 1.2.1) (Merryman et al. 1999a; Merryman et al. 1999b; Yusupov et al.
2001). Ribosomal subunits from two distinct organism, 40S from eukaryote A.
salina and 50S from prokaryote E. coli, can be joined together to form a hybrid
ribosome. The resultant hybrid ribosome is able to carry out in vitro protein
synthesis (Klein & Ochoa 1972). Latter fact that elements for intersubunit
bridges have remained intact during evolution indicates that the location and
nature of basic intersubunit bridges are vital for the ribosome function.
Although intersubunit bridges hold two subunits together, they also exhibit high
conformational dynamics due to the ratchet-like movement of subunits during
translation. B3 is the only bridge that maintains its conformation during the
intersubunit movement and can therefore be considered as pivot point of the
movement (Dunkle ez al. 2011). All other bridges change their conformation
during the translation. The extent of conformational change depends on the
distance from pivot point of the intersubunit movement. Some bridges, located
at periphery, are even disrupted and formed again during translation (Spahn et
al. 2004; Ben-Shem ef al. 2010; Dunkle ef al. 2011).

1.2. Maturation of ribosome and rRNA
1.2.1. Ribosomal RNA

About 2/3 of bacterial ribosome is made up of rRNA. Secondary and tertiary
structures of the TRNA are highly conserved. In bacteria 5S, 16S, and 23S
rRNA genes are typically organized into an operon and are transcribed as a
single transcript. Different bacterial species carry different number of rRNA
operons varying from one in Ricettsia prowazekii (Pang & Winkler 1993) to 15
in Clostridum paradoxum and not all copies are always identical, at least as far
as the rDNA sequence is considered (Rainey et al. 1996; Klappenbach et al.
2001). The different number of rRNA operons between species seems to be
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evolved because of adaptation to certain growth conditions. The number of
rRNA operons has a mild effect on the maximal growth rate of bacteria
(Condon et al. 1995a). More rRNA operons allow cells to start transcription
from multiple loci, permitting rapid increase of intracellular rRNA levels there-
by reducing the lag phase. Latter gives an advantage under the conditions where
environment becomes rapidly more favorable, for example when amount of
nutrients is constantly fluctuating or cells experience rapid temperature changes
(Condon et al. 1995a; Condon et al. 1995b). Higher number of rRNA operons
has a disadvantage due to the metabolic burden, when nutrients are constantly
poor supply (Stevenson & Schmidt 1998; Klappenbach et al. 2000). It has been
speculated that different rRNA operons are expressed under specific physio-
logical conditions as has been described in Plasmodium (Gunderson et al. 1987,
Zhu et al. 1990). Genome of malaria parasite P. berghei contains four rRNA
operons and the operons appear to exhibit microheterogeneity (Dame &
McCutchan 1983). Different rRNA genes are expressed during life cycle of P.
berghei. Transcripts of one gene predominate in the parasite, developing in
mosquito and transcripts of another gene predominate in the parasite, entered
into bloodstream of the host (Gunderson et al. 1987; Zhu et al. 1990). However,
no evidence of such regulation has yet been reported in E. coli. Yet, it has to be
noted that the rRNA is not always transcribed as one covalently continuous
polyribonucleotide chain as in E. coli. In some organisms the rRNA is frag-
mented into coding modules that can be interspersed with other genes
(Heinonen et al. 1987; Nedelcu 1997). Moreover, the coding sequences of
rRNA gene can deviate from conventional, highly conserved, 5°-3° order of
sequence domains as has been described in mitochondria (Heinonen et al.
1987).

Ribosomal RNAs are highly structured and modified molecules. According
to the secondary structure, 16S rRNA is divided into four domains (5°, central,
3’-major and 3’-minor) (Woese et al. 1980; Yusupov et al. 2001) (Figure 1.B).
Different secondary structure domains of the 16S rRNA correspond to nearly
structurally autonomous three-dimensional domains in SSU (Wimberly et al.
2000; Ramakrishnan & Moore 2001; Yusupov et al. 2001) (Figure 1.B and D).
23S rRNA is divided into six domains (I-VI) (Noller ef al. 1981; Yusupov et al.
2001) (Figure 1.A). Unlike 16S rRNA, 23S rRNA domains are extensively
intertwined with each other in LSU, forming a single large hemispherical struc-
ture (Harms et al. 2001; Ramakrishnan & Moore 2001; Yusupov et al. 2001)
(Figure 1.A and C). 5S rRNA being a part of the LSU virtually forms the
seventh independent domain of the LSU (Yusupov et al. 2001) (Figure 1.A and C).

Logical assumption would be that regions of rRNA that are absolutely essen-
tial for ribosomal function are very highly conserved in nature and less im-
portant regions can be varied or even be absent. Interestingly nearly all of the
conserved helixes of 23S rRNA are located in domains II, IV, and V, further-
more, domains IV and V also exhibit the highest percentage of universally con-
served residues of rRNA (29% and 28% respectively) (Mueller et al. 2000;
Mears et al. 2002). Moreover, nearly all of the post-transcriptionally modified
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nucleotides are also located in 23S rRNA domains II, IV, and V (Noller et al.
1981; Ofengand & Bakin 1997). The modified nucleotides tend to cluster
around CCA end of A and P site tRNAs in tertiary structure of LSU (Mueller et
al. 2000) (Figure 2), hypothetically linking post-transcriptional modifications to
ribosomal functioning. All highly conserved domains (II; IV; V) of 23S rRNA
have been linked to different ribosomal functions. Domain V is responsible for
carrying out peptidyl transferase reaction. Peptidyl transferase cleft is formed of
helices surrounding PTC-ring of 23S rRNA (Figure 1.A) (Mueller et al. 2000).
Universally conserved G2553, located in domain V of the 23S rRNA, has been
shown to crosslink with aminoacyl-tRNA analog 4-thio-dT-p-C-p-puromycin
(Green et al. 1998). The crosslink is dependent on occupancy of the P-site with
deacylated tRNA and is inhibited with peptidyl transferase specific antibiotics.
Thus this specific crosslink appears only in biologically active conformation of
ribosomes. The G2553 has also been shown to involve in base-pair interaction
with C75 of the A-site tRNA in crystal structure (Nissen et al. 2000). Hence the
(2553 seems to play a vital part in the peptidyl transferase reaction. Domain IV
of the 23S rRNA is responsible for correct binging of ribosomal subunits
(Leviev et al. 1995). Nearly all RNA-RNA bridges between ribosomal subunits
are formed between domain IV of the 23S rRNA and 3’ minor and central
domains of the 16S rRNA (Yusupov et al. 2001). Moreover, mutations in 23S
rRNA domain IV cause misreading of tRNAs by the SSU (O'Connor &
Dahlberg 1995). This leads to a speculation that domain IV is also responsible
for transmission of signals from the decoding center of the SSU to the peptidyl-
transferase center of the LSU. Antibiotic thiostrepton binds to domain II of the
23S rRNA and causes loss of the GTPase activity of EF-G, thus domain II is
part of the ribosomal GTPase center (Rodnina ef al. 1999).

Structure and location of the 5S rRNA, in central protuberance of the LSU,
is highly conserved. The 5S rRNA is located in the vicinity of the PTC in LSU
(Dontsova et al. 1994), it makes several contacts with 23S rRNA and L-pro-
teins. Lack of 5S rRNA during LSU assembly causes drastic reduction in LSU
function (Barciszewska et al. 2001). 5S rRNA contacts with the domains II and
V of 23S rRNA and participates in proper folding of PTC during assembly of
the LSU. Lack of 5S rRNA can be compensated with aminoglycoside antibiotic
that binds simultaneously to domains II and V, stabilizing 23S rRNA structure
during in vitro assembly (Khaitovich & Mankin 1999). U89 of 5S rRNA has
been cross-linked with highly conserved residues A960 of domain II and C2475
of domain V. Mutations at position A960 cause structural rearrangements in D
loop of the 5S rRNA and also in domain V of 23S rRNA, thus 5S rRNA has
been proposed to be necessary for signal transmission between ribosomal PTC
and GTPase centers during translation (Sergiev et al. 2000).
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Figure 2. Pseudouridines are clustered around tRNA CCA end in LSU tertiary struc-
ture. 23S rRNA is colored grey, pseudouridines are marked as red dots and P-site tRNA
CCA end is colored blue. Location of pseudouridines are indicated according to E. coli
23S rRNA sequence. Illustration was created with PyMOL DeLano Scientific (PDB ID:
2WWQ).

1.2.2. rRNA maturation

Maturation of rRNA is taking place during the ribosomal assembly process and
comprises of proper folding, enzymatic cleavage, and modification of rRNA.
rRNA maturation depends on several factors, including nucleases, helicases,
and modification enzymes. Maturation of rRNA begins when the polymerase is
still synthesizing the rRNA sequence and the last maturation steps take place
after the newly assembled ribosome has reached the cells polysome pool
(Srivastava & Schlessinger 1990; Ero et al. 2008). RNase III cleavage of the
rRNA releases pre23S, prel6S, and preSS rRNAs from the primary rRNA
transcript and is likely the first step in rRNA maturation. The cleavage occurs
before RNA polymerase has finished the transcription of the whole RNA ope-
ron and it has been suggested that RNase III cleaves 23S rRNA 5’ end before
the 3° end has been synthesized (King & Schlessinger 1983).

All available data indicate that the maturation of the rRNA is highly ordered
process. Data from assembly mapping experiments shows that the newly
transcribed rRNA binds r-proteins in a specific order (Mizushima & Nomura
1970; Dohme & Nierhaus 1976; Roth & Nierhaus 1980). This observation sug-
gests that binding of early proteins leads to a conformational change in rRNA
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necessary for binding of the following r-proteins. It is noteworthy that expres-
sing of rRNA genes with scrambled rRNA secondary structural domain ele-
ments, leads to assembly of functional ribosomes, however, slightly reduced
growth rate and high dependence on rRNA specific helicases still refers to
reduced efficiency of the assembly. Thus, the ordered transcription of rRNA
and the hierarchical incorporation of r-proteins from the 5’-terminal domain are
not essential. However, transcription of 23S rRNA domains IV and V cannot be
separated without the loss of functional ribosomes (Kitahara & Suzuki 2009).

Enzymatic cleavage of the freshly synthesized rRNA also follows specific
ordered pathway. As already mentioned, RNase III is the first nuclease to cleave
the primary transcript. RNase III cleavage leaves relatively long 3’ and 5” ends
for rRNAs which require further maturation. It must be noted that initial clea-
vage of RNase III is absolutely essential for maturation of the 23S rRNA but
16S rRNA can be matured also without this initial cleavage (King et al. 1984).
In E. coli, the nuclease responsible for the final maturation of the 3* ends of 23S
and 5S rRNA is RNase T, an exoribonuclease that has previously been identi-
fied as the enzyme responsible for the removal of nucleotides in tRNA 3’-end
turnover (Deutscher ef al. 1985). RNase T cleavage occurs preferably after the
rRNA is completely associated with r-proteins. Maturation of 23S and 5S rRNA
5” end is independent from 3’ end but the nuclease(s) responsible for final matu-
ration of 5’ ends are not clear yet (Li & Deutscher 1995; Li ef al. 1999a). In
vitro studies have shown that RNase M5 is responsible for final maturation of
5S rRNA 3’ and 5’ ends in Bacillus subtilis (Sogin et al. 1977) and tRNase Z is
responsible for the maturation of 5’ end of 5S rRNA in archaecon Haloferax
volcanii (Holzle et al. 2008). tRNase Z is an endonuclease that has shown to
generate mature 3’ end of tRNA. Interestingly, structural modeling reveals that
in H. volcanii the 40 nt upstream sequence of 5S rRNA can be folded into mini-
tRNA structure and the nuclease recognizes this formed structure rather than the
actual sequence of the 5S rRNA. Unfortunately, tRNase Z is an essential gene
and its actual in vivo function is not known (Holzle et al. 2008).

Unlike with the 23S rRNA, RNase III cleavage is not essential for the final
maturation of 16S rRNA (Srivastava & Schlessinger 1989). Maturation of the
16S rRNA 5’ end occurs in two steps: first, RNase E cleavage leaves 66 nucleo-
tides longer end, followed by final maturation with RNase G. RNase G is able
to cleave 16S 5’ end even without the previous RNase E cleavage step but exhi-
bits, in this case, significantly reduced efficiency. Nuclease(s) responsible for
the maturation of 3’ end of the 16S rRNA is (are) still unknown (Li et al.
1999b).

It is known that immature 23S can be assembled into functional 70S ribo-
somes (King et al. 1984), however, the maturation of 16S rRNA is essential for
the assembly of functional 30S subunit. Yet, 16S rRNAs isolated from E. coli
BUMMER strain polysomes contains 66 additional nucleotides at 5’ end. The
fact that such 16S is included into polysomes indicate at least some activity for
the 30S containing partly unprocessed 16S rRNA (Dahlberg et al. 1978). SSU,
containing immature 16S rRNA exhibits reduced translational fidelity (Roy-
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Chaudhuri et al. 2010). Immature 5’ end interferes with the formation of helix 1
of the 16S rRNA. Formation of the helix 1 in biogenesis of SSU is essential for
formation of accurate ribosomes (Roy-Chaudhuri et al. 2010).

Escherichia coli mature 16S and 23S rRNAs contain 36 modified nuc-
leotides in total and the modifications can be divided into three major groups:
pseudouridines, base methylated nucleotides, and ribose methylated nucleotides.
Although distribution of modifications in rRNA secondary structure is see-
mingly dispersed, the modifications are becoming clustered at functionally im-
portant regions in tertiary structures. Moreover, during association of the func-
tional 70S ribosome, modifications of 16S and 23S rRNAs become into close
proximity (Merryman et al. 1999a). Although rRNA modifications have been
shown not to be essential for either ribosome assembly or functioning (Green &
Noller 1999), these observations are mostly based on in vitro studies and are not
necessarily reflecting the in vivo conditions. High conservation of rRNA modi-
fications throughout all kingdoms of life and the fact that peptidyl transferase
reaction, catalyzed by unmodified rRNA is inefficient, firmly argues against this
proposal. Synthesis of modifications causes a metabolic burden for the cell and
the fact that the enzymes, catalyzing modifications, have not faded away during
evolution is strong evidence that modified nucleotides are necessary (Ofengand
& Del Campo 2004). No in vivo assembly or activity experiments have been
carried out with rRNA without any modifications. It is known that three methy-
lase genes can be knocked out simultaneously without major effect on cells
viability (Sergiev et al. 2008). Only the deletion of one rRNA pseudouridine
synthase, RluD, was shown to have a significant effect on cells viability (Huang
et al. 1998a; Gutgsell ef al. 2005). However, in this particular case, the growth
rate defect turned out to be combination of several different factors (Ejby et al.
2007; O'Connor & Gregory 2011; Schaub & Hayes 2011) which will be dis-
cussed in Chapter 1.3.3. While not essential for cells viability, many of the post-
transcriptional modifications have shown to affect bacterial fitness. Although
most of the rRNA modification enzyme deletion strains exhibit normal riboso-
mal assembly and cell growth rate, they often fail to compete with wild type
cells in growth competition experiments (Andersen & Douthwaite 2006;
Lesnyak et al. 2006; Sergiev et al. 2006; Purta et al. 2008b; Sergiev et al. 2008)
indicating that modifications still play an important role in rRNA maturation
and/or ribosome functioning. Notably, RrmJ (RImE) responsible for the 2’-O
methylation at position 2552 of 23S rRNA is regulated by a heat shock
promoter indicating the involvement in cellular stress response mechanism
(Caldas et al. 2000).

Remme and coworkers have divided rRNA modifications into three groups
based on their time of occurrence in vivo: early, intermediate, and late modi-
fications (Siibak & Remme 2010). In this work ribosomal precursor particles
induced by chloramphenicol or erythromycin, were studied to reveal at which
stage the different modifications are introduced into rRNA during the matura-
tion and assembly. This gives a clue at which time different modification enzy-
mes modify rRNA. Until then, most of the knowledge about rRNA modi-
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fications was collected from in vitro studies. The function and the exact order
the modification enzymes follow during the maturation remains to be determi-
ned.

1.2.3. RNA helicases

Several extra-ribosomal factors, including RNA helicases, are required to
achieve fast and proper assembly of a ribosome, needed to support bacterial
exponential growth rate (Strunk & Karbstein 2009). In vitro reconstitution of
ribosomal particles requires a step where increased temperature is used (Traub
& Nomura 1969; Nomura & Erdmann 1970; Dohme & Nierhaus 1976; Green &
Noller 1999). The heating step is probably necessary for breaking number of
non-covalent bonds required for loosening the rRNA structure for binding of
final r-proteins and final maturation of the ribosome. RNA helicases are pro-
teins, able to unwind double stranded RNA helices in an ATP dependent man-
ner. Helicase activity, of the DEAD-box helicases, depends on presence of ATP
and ATPase activity depends on presence of RNA (Fuller-Pace 1994; Bizebard
et al. 2004). Partial unwinding, induced by helicases, can promote proper
folding of the rRNA and/or interaction with r-proteins in vivo.

Five DEAD-box helicases have been identified in E. coli. Four DEAD-box
family helicases (CsdA/DeaD, DbpA, RhIE and SrmB) have been implicated in
ribosome biogenesis (Charollais et al. 2003; Charollais et al. 2004; Jain 2008;
Peil et al. 2008; Sharpe Elles et al. 2009) and one (RhIB) has been found as
component of the RNA degradosome (Liou et al. 2002). Although most of the
DEAD-box helicases have been determined as essential in S. cerevisiae (de la
Cruz et al. 1999), the knockout studies have revealed that none of the helicases
are essential for cell’s viability in E. coli. Moreover, all the genes encoding
DEAD-box helicases can be removed from the cell (Jagessar & Jain 2010).

Deletion of csdA/deaD and srmB genes leads to growth defect of E. coli.
Moreover, sucrose density gradient profiles show reduction in polysomes and
70S ribosomes, an increase in SSU and occurrence of a pre-LSU particle, con-
taining pre-23S rRNA and reduced amount of r-proteins. The phenotypic effect
is more pronounced at lower temperatures (Charollais et al. 2003; Charollais et
al. 2004; Peil et al. 2008). Latter can be explained with increased stability of
misfolded rRNA structures, requiring assistance of helicases to achieve correct
structure. Furthermore, expression of srmB gene has been shown to be spe-
cifically induced after temperature shift from 37°C to 15°C (Jones et al. 1996).
Notably, DEAD-box helicases bind specifically to pre-50S particles and not to
fully assembled 50S ribosomes (Charollais ef al. 2003; Charollais et al. 2004).
How the proteins distinguish between pre-50S and 50S particles, has remained
unclear. The most probable substrate for the helicases is misfolded structure of
rRNA.

In contrast to helicases CsdA/DeaD and SrmB, deletion of the DEAD-box
helicase DbpA does not affect ribosome assembly. However, overexpression of

18



DbpA active site mutant R331A, causes similar phenotypic effects as deletion
of CsdA/DeaD and SrmB (Sharpe Elles et al. 2009). DbpA, containing a muta-
tion R331A, exhibits reduced ATPase and RNA unwinding ability but has
minimal effect on RNA binding, compared to wild type enzyme (Elles &
Uhlenbeck 2008). Latter leads to a speculation that accumulation of pre-LSU is
caused by binding of the DbpA that is unable to catalyze rRNA conformational
change (Sharpe Elles et al. 2009). DbpA is the only DEAD-box helicase that
has been shown to require specific rRNA element, hairpin 92 of the 23S rRNA,
for its activity (Diges & Uhlenbeck 2001).

The biological significance of DEAD-box helicase RhIE is interesting. RhIE
has been found to be primarily associated with ribosomes but deletion of the
rhlE gene leads to modest (Jain 2008) or no growth defect of E. coli cells
(Jagessar & Jain 2010). Interestingly gene deletion and overexpression studies
have revealed that RhIE has an opposite effect on csdA/deaD and srmB gene
knockouts, indicating for regulatory role of the RhIE. Overexpression of RhlE
dramatically reduces the growth rate of AsrmB strain and enhances the growth
rate of AcsdA/AdeaD strain compared to isogenic AsrmB and AcsdA/AdeaD
strains respectively. The opposite effect was seen in RhIE knockout experiments
(Jain 2008). These results indicate that CsdA/DeaD and SrmB act on a non-
overlapping intermediates in LSU maturation pathway and RhIE acts as switch
between the intermediates (Jain 2008).

It is notable that deletion of a DEAD-box helicase cause only LSU assembly
defects, no SSU assembly intermediates has been observed (Charollais ef al.
2003; Charollais et al. 2004; Jain 2008; Sharpe Elles et al. 2009; Jagessar &
Jain 2010). Notably, SSU containing pre-16S rRNA (17S rRNA), sendiment as
mature 30S particle (Lindahl 1975). Although, SSU particles containing pre-
16S rRNA has been found from DEAD-box helicase deletion strains (Charollais
et al. 2003; Sharpe Elles et al. 2009), this effect can be due to misassembly of
the LSU because final maturation of rRNA takes place after LSU and SSU have
been associated (Udem & Warner 1973; Srivastava & Schlessinger 1988, 1989).
Accumulation of pre-LSU reduces the amount of functional LSU needed for
final maturation of 16S rRNA.

1.2.4. Helix-loop 69

One of the most intriguing structure in the 23S rRNA is the stem-loop 69 (H69)
(Figure 3). Its location in free 50S as well as in 70S ribosomes during trans-
lation, and also high degree of modification has made the H69 one of the most
extensively studied structures in the ribosomal RNA. H69 has been indicated to
be important for many translational events including ribosomal assembly (Liiv
et al. 2005), subunit association (Maivali & Remme 2004; Kipper et al. 2009),
translational accuracy (O'Connor & Dahlberg 1995), initiation (Kipper et al.
2009), elongation (Kipper et al. 2009), termination (Klaholz et al. 2004; Ejby et
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al. 2007; O'Connor & Gregory 2011) and recycling (Wilson er al. 2005;
Borovinskaya et al. 2007).

H69, consisting of 23S rRNA nucleotides 1906—-1924 in E. coli, exhibiting a
7 nucleotide loop flanked by 6 base pair helical region (Figure 3), is a relatively
small structural element. H69 is located in domain IV of 23S rRNA (Figure
1.A) and it contacts with helix 44 of 16S rRNA (h44) in 70S ribosome (Mueller
et al. 2000; Schuwirth et al. 2005), forming the intersubunit bridge B2a. H69
and intersubunit bridge B2a are both highly conserved structures in all three
kingdoms of life and also in organellar rRNA (Mears ef al. 2002). Nucleotides
in H69 loop region are extremely conserved, exhibiting about 99% of conser-
vation if nucleotide 1918 is excluded. Adenine or guanosine has been almost
equally found at position 1918 (Cannone et al. 2002). Adenine is highly con-
served in bacteria and guanosine is >98% conserved in eukaryotes (Cannone et
al. 2002; Sumita et al. 2005).

A-site tRNA 1915

Figure 3. Sequence and secondary structure of 23S rRNA stem-loop 69 (H69). H69
contains two pseudouridines (V) (at positions 1911, and 1917) and one N3 methyl-
pseudouridine (m*¥) (at position 1915), in the loop region. Key interactions with A and
P site tRNAs, 16S rRNA h44 and ribosomal factors RF and RRF are shown. Illustration
adapted from (Sakakibara & Chow 2012).

H69 is also one of the most extensively modified elements in E. coli ribosome,
containing three out of ten pseudouridines of 23S rRNA at positions 1911, 1915
and 1917 (Figure 3). The pseudouridine at position 1915 also has a methyl
group incorporated into the third position of the base, yielding m*¥ (Kowalak et
al. 1996). It is interesting to note that human 28S contains five pseudouridines
in its H69 region, hence all H69 uridines are converted to pseudouridines
(Sumita et al. 2005). X-ray crystallographic and cryo-electron microscopic
studies have placed H69 to the heart of ribosome, in the vicinity of peptidyl-
transferase and decoding centers, between A and P site tRNAs (Cate ef al. 1999;
Yusupov et al. 2001). H69 is located at the intersubunit interface and its orien-
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tation is considerably different in the free 50S subunit and in the 70S ribosome
(Harms ef al. 2001; Schuwirth et al. 2005). In 70S the tip of H69 is stretched to-
ward the 30S subunit. In free 50S subunit, the location of H69 differs by 13,5A
and makes contacts with 23S rRNA H71 (Harms ef al. 2001). H69 exhibits
mobile nature not only upon subunit association, but also during subunit ratche-
ting in translation. In fully ratcheted state of the ribosome, the H69 is com-
pressed about 5A to maintain the bridge B2a. Base pair C1925-G1929 of the
23S rRNA is disrupted to enable sufficient compression of the H69 (Dunkle et
al. 2011).

During accommodation of cognate tRNA into ribosomal A-site, nucleotides
A1492 and A1493 flip out from h44 of the 16S rRNA toward the minor groove
of first two codon-anticodon base pairs (Figure 4.A). In crystal structure A1913,
located at the loop region of H69, is flipped out from the H69, upon tRNA
binding, to give hydrogen bond contact with A37 of the A-site tRNA (Figure
4.A). Base of the A1913 also forms Mg”" mediated contacts with nucleotide at
position 38 of the A-site tRNA and with A1493, G1494 of the 16S rRNA
(Selmer et al. 2006). Contact between A1913 and the A-site tRNA seems to be
necessary for accommodation of near cognate tRNA, containing mismatch at
third codon-anticodon base pair (wobble position). The A1913 is probably ne-
cessary for stabilization of more compromised interactions between tRNA,
mRNA, and the ribosome (Ortiz-Meoz & Green 2011). Moreover, binding of
class 1 release factor (RF1 or RF2) causes H69 to change its conformation.
A1913 is displaced about 6A to make stacking interactions with A1493 of h44
(Figure 4.B). Unlike binding of tRNA, binding of calss 1 release factor induces
only A1492 to flip out from the h44 and vacated space is filled by A1913
(Figure 4.B). Latter probably plays a role in transmission of the termination
signal from the decoding center to the peptidyl-transferase center, and directing
the universally conserved GGQ motif of class 1 release factors to the PTC
(Laurberg et al. 2008; Weixlbaumer et al. 2008; Korostelev et al. 2010). Con-
tacts between nucleotide A1913 and the h44 of 16S rRNA change noticeably
during intersubunit rotation. Antibiotics viomycin and caperomycin bind to the
vicinity of A1913 and may stabilize the compressed state of H69 favoring fully
ratcheted state of the ribosome, which causes inhibition of the protein synthesis
(Stanley et al. 2010; Dunkle et al. 2011). Ribosomes, containing 23S rRNA
mutation A1913G, exhibit slightly reduced poly-U dependent translation in
vitro and modest counter-selection of mutant ribosomes in polysome fraction in
vivo, suggesting that A1913 has an important role in translation (Liiv et al.
2005).

Aminoglycoside antibiotics bind to the ribosome and cause errors in trans-
lational accuracy, termination, and recycling. Several aminoglycosides like neo-
mycin, gentamycin, tobramycin, paromomycin, streptomycin, etc. have been
shown to bind H69 and seem to inflict stability of the H69 (Borovinskaya et al.
2007; Scheunemann ef al. 2010). Aminoglycosides gentamycin and neomycin
bind to the major groove of the H69 at the base of its stem (nucleotides 1920—
1925 and 1906) which would contact to P-site tRNA (Figure 3). Binding of the
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drug stabilizes the H69 in its conformation that is necessary for maintaining
intersubunit bridge B2a. During ribosomal recycling, binding of RRF induces
H69 to swing away from the subunit interface and cause disruption of bridge
B2a which in turn causes dissociation of subunits. Stabilization of the H69 by
aminoglycosides leads to maintenance of the B2a even after binding of the
RRF, leading to defects in ribosome recycling (Borovinskaya et al. 2007).

Figure 4. Conformational states of the H69 and h44 upon binding of tRNA (A) and
RF2 (B) to the ribosome. H69 is colored green, h44 is grey, A1913 of the 23S rRNA is
red, A1492 and A1493 of 16S rRNA are blue and magenta respectively, A-site tRNA
and RF2 are colored yellow. Sense and nonsense codon interactions with anticodon of
the tRNA or conserved SPF motif of the RF2 are cyan. A. Upon tRNA binding, A1492
and A1493 flip out from the h44 to form A-minor interactions with codon-anticodon
base pairs. A1913 is also flipped out and contacts the A-tRNA, stabilizing tRNA bin-
ding to the ribosome (PDB ID:2J00 and 2J01). B. Only A1492 is flipped out upon RF2
binding and A1913 replaces the A1492, making stacking interactions with A 1493 (PDB
ID: 3F1E and 3F1F). Illustration was created with PyMOL DeLano Scientific.

Nucleotides A1912 and A1919 of the H69 make hydrogen bonding network
with nucleotides G1494 and U1495 of 16S rRNA H44 (Schuwirth ef al. 2005;
Selmer et al. 2006). Disruption of this intersubunit bridge strongly affects asso-
ciation of ribosomal subunits. Modification of positions A1912 and A1918 by
DMS reduces the association of ribosomal subunits 20%—-50% (Maivali &
Remme 2004). A1918 is not directly participating in formation of the B2a, but
is a part of the hydrogen bonding network (Schuwirth et al. 2005) and DMS
modification may indirectly impede the bridge from forming.

IF3 binds to the 30S subunit (Pon & Gualerzi 1974) and dissociates only
after proper translational initiation complex is formed (Vermeer et al. 1973).
Binding site of the IF3 is overlapping with H69 binding site on the 30S subunit,
masking the binding site of the H69, preventing formation of the bridge B2a,
and association of subunits (Dallas & Noller 2001). Mutational analysis has
revealed that mutations at positions 1912 and 1919 of 23S rRNA cause defects
in subunit association and in vitro protein synthesis, whereas not affecting 50S
peptidyl-transferase activity (Kipper et al. 2009). These mutations also lead to
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depletion of mutant 50S subunits, in polysome pool, indicating translational
defects in vivo and in vitro. Molecular dynamic studies revealed that ribosomes,
containing mutations at positions 1912 or 1919, exhibit higher amplitude move-
ment of the H69 in respect to the h44 of 16S rRNA, destroying the B2a core
part. Translational defects, caused by mutations at positions 1912 and 1919 of
the H69, are caused by inefficient subunit association due to the disruption of
bridge B2a (Kipper et al. 2009). Interestingly, deletion of entire H69 (AH69)
has milder effect on in vitro translation than single point mutation at position
1912 or 1919 (Ali et al. 2006). Milder defects of AH69 can be explained with
steric clash between H69 and A site tRNA. Mutations at positions 1912 and
1919 cause conformational change of the H69 in a way that H69 moves toward
the A site and impedes binding of tRNA to the A-site. Deletion of H69 aboli-
shes this steric clash (Kipper et al. 2009). However, in vivo expression of 23S
rRNA variant, containing deletion of entire H69 from 23S rRNA, is lethal for
bacterial cells, even in presence of wild type 23S rRNA. 50S subunits, contai-
ning AH69, are not able to associate with 30S subunits without presence of
tRNA and exhibit RRF independent ribosomal recycling in vitro (Ali et al.
2006). It is noteworthy that poor association itself shouldn’t be toxic for the
cells and the exact lethal effect of the AH69 ribosomes remains to be studied.

Helix 69 has also been shown to affect a selection of correct tRNA by ribo-
somes, a function that is usually attributed to the 30S subunit and 16S rRNA.
Base alternation C1914U, and deletion of A1916 leads to reduction of cell
growth, frameshifting, and stop codon readthrough caused by defects in tRNA
selection (O'Connor & Dahlberg 1995). 50S ribosomes containing mutation
A1916G, exhibit defects in translation in vitro, and assembly defects of the 50S
subunit are seen in sucrose density gradients. Base substitution C1914A cause
no similar defects (Liiv et al. 2005). Why single mutation at position 1916 cau-
ses assembly defect remains to be studied.

1.3. rRNA pseudouridines and pseudouridine synthases
1.3.1. Pseudouridines in rRNA

Pseudouridines (V) were the first modified ribonucleotides discovered (Davis &
Allen 1957) and they have been found from many structured RNAs including
rRNA, tRNA and snoRNA (Charette & Gray 2000). Pseudouridine is also the
most abundant modification of a specific nucleotide in RNA. It must be noted
that the sum of methylated nucleotides is higher in rRNA but methyl groups are
divided between four canonical nucleotides (Ofengand & Del Campo 2004).
Notably, pseudouridines have never found from naturally occurring mRNAs.
When in vitro transcribed mRNAs are inserted into mammalian cells, mRNA,
containing W-s, yield increased translational capacity and stability compared to
mRNA, containing only canonical U-s (Kariko et al. 2008; Anderson et al.
2010). It seems that mRNAs containing ¥ does not activate cellular defense
system upon insertion, making such mRNAs potentially useful for therapeutic
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applications (Kariko et al. 2008). In vitro synthesized mRNA, containing cano-
nical U, activates cellular PKR system that phosphorylates translation initiation
factor alF2a resulting in repression of translation. However, PKR is not acti-
vated if mRNAs, containing ¥, are inserted into the cells (Anderson et al.
2010). It was recently reported that pseudouridylation of stop codon leads to
suppression of the stop codon both in vivo and in vitro (Karijolich & Yu 2011).
Serine or threonine is incorporated into polypeptide chain when ribosome
reaches the WAG or WAA codon and phenylalanine or tyrosine is incorporated
when WGA codon is reached (Karijolich & Yu 2011). Yeast contains H/ACA
RNA genes that can guide pseudouridine synthases to its substrate. It has been
speculated that in certain conditions mRNA pseudouridylation can occur to alter
mRNA properties or expand the genetic code (Karijolich & Yu 2011; Ge & Yu
2013). However, there is no experimental evidence to prove this speculation.

It is noteworthy that higher organisms contain more pseudouridines in
rRNAs than prokaryotes. The proportion of ¥ is 0,9%—1,4% in eukaryote 28S
rRNA, and about 0,03%—0,4% in bacterial or organellar counterpart 23S rRNAs
(Ofengand & Bakin 1997). Although all W-s are mapped in nucleotide
resolution in several species, and pseudouridylated positions seem to be well
conserved, their function has still remained enigmatic. As all other modified
nucleotides in rRNA, pseudouridines are also clustered around functionally
important regions of the ribosome and are therefore considered to be important
for ribosomal functioning (Brimacombe ef al. 1993; Bakin et al. 1994) (Figure
2). Pseudouridine at position 1917 in E. coli has been found in every
cytoplasmic ribosome studied. Thus W1917 is absolutely conserved and
probably important for ribosomal functioning (Ofengand 2002).

Formation of pseudouridine introduces an additional imino group to the pyri-
midine ring as an extra H-bond donor (Figure 5), making the nucleotide more
hydrophilic. Compared to uridine, ¥ exhibits more stable stacking interaction
and is capable of contributing to stabilization of rRNA local structure (Davis
1995; Desaulniers et al. 2008). N1 imino group is also able to give an extra H-
bond to stabilize RNA structure by forming water mediated bridge between the
base and RNA backbone, reducing structural mobility close to the ¥ (Auffinger
& Westhof 1997) (Figure 6). Because of the unusual C-C glycosidic bond
(Figure 5), ¥ is anticipated to exhibit greater conformational flexibility due to
the enhanced rotational freedom. Latter is the reason for speculations that ¥ can
act as a molecular switch in RNA molecule (Charette & Gray 2000). U and ¥
tend to prefer different conformation in solution. ¥ tends to be in syn- and U in
an anti-conformation, but the conformations can vary when the nucleotides are
inserted into the polynucleotide chain (Neumann et al. 1980).
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Figure 5. Chemical differences between uridine and pseudouridine. Pseudouridine syn-
thase hydrolyses N1-C1’ glycoside bond of uridine, rotates nitrogen base around C6-N3
axel and forms new C5-C1’ glycoside bond. No external energy or factors are used.
Pseudouridine contains one extra hydrogen bond donor and new C-C glycoside bond
exhibiting higher conformational flexibility. Illustration adapted from (Charette & Gray
2000).

Figure 6. Water molecule mediated bridge between pseudouridine and phosphate back-
bone. Nitrogen base interaction with phosphate backbone has local stabilizing effect for
RNA structure. N1 position of pseudouridine and water molecule are indicated. Illust-
ration adapted from (Charette & Gray 2000).

It has been proposed that pseudouridines are required for local stabilization of
the RNA structures (Hall & McLaughlin 1992; Davis 1995; Auffinger &
Westhof 1997, 1998). Stacking interactions and additional hydrogen bonding
stabilize the nucleotides surrounding the pseudouridine, making the structure
less temperature sensitive (Davis 1995; Newby & Greenbaum 2001). Hyper-
thermophiles like Pyrococcus phuriosus, that have optimum growth temperature
about 100°C, contain significantly increased amount of modified nucleotides in
their tRNAs. Although significant increase of pseudouridines was not detected,
it must be noted that most of the studies have done by mass-spectrometry (MS)
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which cannot distinguish between uridine and pseudouridine (Kowalak et al.
1994).

Lack of one pseudouridine in the rRNA usually has no detectable effect on
cell’s viability, but lack of several pseudouridines seems to have a cumulative
effect. Most of the results indicate that lack of W causes little structural
rearrangements, which is in agreement with proposal that ¥ can fine-tune the
ribosomal structure (King et al. 2003; Baxter-Roshek et al. 2007). Although
cells, lacking few pseudouridines in ribosomal RNA, are not noticeably com-
promised, they are not able to compete with wild type cells indicating that
pseudouridines have small but significant role in RNAs (King et al. 2003).

E. coli 16S and 23S rRNAs contain one and 10 pseudouridines, respectively
(Ofengand & Del Campo 2004). As discussed in Chapter 1.1, 30S subunit
exhibits much higher mobile nature than 50S and probably needs less W-depen-
dent stabilization of the rRNA structure. The sites for ¥ run the gamut from
being in a single-stranded or loop region (746, m*¥1915, ¥1917, P2504),
adjacent to double stranded stem (W516), part of loop closing base pair (Y955,
Y1911, W2457, ¥2580), or part of base pair in stem (Y2604, ¥2605) (Ofengand
& Del Campo 2004). Pseudouridines are mostly found near the end of the RNA
helical region (Ofengand & Bakin 1997), and this has been shown to make the
loop structure more stable by stabilization of the loop closure (Meroueh et al.
2000). Loop closure could be the reason why ¥ at position 1911 has the stabi-
lizing effect on H69 structure, as discussed below. In E. coli one pseudouridine
in 23S rRNA is further methylated by methyltransferase RImH (Ero et al. 2008;
Purta et al. 2008a). The pseudouridine is methylated at third position and is
located at highly conserved and hyper modified H69 at position 1915 (Kowalak
et al. 1996). The purpose for the pseudouridine methylation is mysterious be-
cause methylation makes the nucleotide more hydrophobic and alters the
hydrophilic nature of previously formed pseudouridine. ¥ at position 1915 is
formed by multispecific pseudouridine synthase RluD (Huang et al. 1998a;
Raychaudhuri et al. 1998), and it can be speculated that ¥ at position 1915 is
accidental co-product of the RIuD which has to be corrected with the methy-
lation.

Striking results were obtained when stability of the H69 was studied.
Stability of fully modified and completely unmodified H69 is basically the same
(Meroueh ef al. 2000; Sumita et al. 2005). Pseudouridine at position 1911
exhibits visible stabilizing effect on H69 but pseudouridines in loop region
(1915 and 1917) exhibit destabilizing effect on H69 stability (Meroueh et al.
2000). Chemical probing experiments revealed that H69 can exhibit different
conformational states and pseudouridines play a regulatory role in switching
between these states (Sakakibara & Chow 2011), supporting the molecular
switch theory (Charette & Gray 2000). Also NMR results indicate for only
subtle difference between the structures of the modified and unmodified H69.
Despite of two extra pseudouridines in H69 of H. sapiens compared to E. coli,
the structure of E. coli H69 exhibits higher thermal stability (Sumita et al.
2005). Thus, pseudouridines have no uniform effect on RNA, and each
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pseudouridine has unique local influence on the folded RNA structures. In
combination, pseudouridines induce further structural variations of RNA
(Meroueh et al. 2000). H69 pseudouridines at positions 1911, 1915 and 1917
are linked to effective translational termination probably due to their
contribution in helix conformation (Ejby et al. 2007).

1.3.2. Pseudouridine synthases (PS)

U to W conversion is an isomerization reaction where C1°-N1 glycosyl bond is
cleaved, the uracil base is rotated 180° over the C6-N3 axle while still bound to
the enzyme and the new C1’-C5 glycosyl bond is formed (Figure 5). No energy
or cofactors are needed for this isomerization reaction in bacteria, where
proteins are responsible for both selecting the right substrate uridine and the
catalysis of ¥ formation. Notably, Saccharomyces cerevisiae pseudouridine
synthase Pusl is the only pseudouridine synthase known so far, which needs
Zn*" as an extra factor for maintaining its structure and the catalytic activity
(Arluison et al. 1998). In eukaryotes and archaea, guide RNAs are required for
substrate selection and proteins have only the catalytic role. Guide RNA system
has made it possible to fulfill the demand for increased necessity for ¥, without
significantly increasing the metabolic burden. In principle, only one pseudo-
uridine synthase, few auxiliary proteins, and several small guide RNAs are
required for the synthesis of all the pseudouridines (Kiss 2001; Ge & Yu 2013).

All pseudouridine synthases are divided into five families: RIuA, RsuA,
TruA, TruB (Koonin 1996) and TruD (Kaya & Ofengand 2003). All five ¥
synthase families are named according to the first synthase identified in E. coli
(Koonin 1996). While high conservation of the protein sequences have been
shown inside the families, the similarity between the families is limited to short
motifs and in case of TruA and TruD, not detectable at all (Koonin 1996; Kaya
& Ofengand 2003). Despite sharing little or no sequence homology, PS families
possess several conserved sequence motifs and similar tertiary structures
(Mizutani et al. 2004; Ofengand & Del Campo 2004). All pseudouridine
synthases contain catalytic aspartate residue, which is the only absolutely
conserved structural element among the families (Del Campo et al. 2001; Ferre-
D'Amare 2003; Sivaraman et al. 2004) and indicates conserved mechanism for
the modification. Mutation of the catalytic aspartate completely inactivates the
synthase (Huang et al. 1998b; Conrad et al. 1999; Ramamurthy et al. 1999;
Raychaudhuri et al. 1999; Gutgsell et al. 2000; Gutgsell et al. 2001).

Two alternative catalytic mechanisms were proposed for the isomerization
reaction. Catalytic aspartate performs initial attack either on nitrogen base C6 or
on sugar base C1’ of the target uridine (Gu et al. 1999). Although Santi and co-
workers proposed that the C6 is more plausible target, recent crystallographic
studies argue against the proposal. Resent data indicate that the catalytic aspar-
tate is in hydrogen bond contact distance with backbone 02’ and side chain N3
atoms (Hoang et al. 2006; Alian et al. 2009).
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Pseudouridine synthases induce extensive structural rearrangements upon
binding to the substrate, flipping out several bases from stacking interactions,
and forming some interactions between the PS and the substrate (Hoang et al.
2006; Alian et al. 2009). E. coli rfRNA pseudouridine synthases all contain
conserved RLD motif in their catalytic site (Figure 7A). Conserved arginine
seems to play a key role in flipping out the substrate uridine (Hoang et al. 2006;
Alian et al. 2009). All PS are believed to use the base flipping mechanism.

1 72 76 326
e -E-E-E- RLD

Figure 7. Structure of pseudouridine synthase RluD. Catalytic domain is colored yel-
low, S4-like domain is colored green, and catalytic aspartate (139) which is located in
the bottom of the catalytic cleft is colored red. Numbers are referring amino acids
corresponding to S4-like and catalytic domains. A. Primary structure of RluD. Linker
region, connecting catalytic and S4-like domains contain three glutamic acid residues,
shown as “-E-E-E-“. B. Tertiary structure of RluD. Linker region is not visible due to
the highly flexible nature. Illustration was created with PyMOL DeLano Scientific
(PDB ID: 2IST).

General approach for studying pseudouridine synthases and effect of ¥ in E.
coli has been gene knock-out experiments. PS deletion always results in lack of
specific . Thus, there is no evidence that different PS can recognize the same
uridine as a substrate (Ofengand 2002). However, E. coli contains seven rRNA
specific PS for formation of all 11 ¥ (Ofengand & Del Campo 2004) (Table 1).
Hence, some PS must exhibit multisite specificities and, indeed, pseudouridine
synthases RIuC and RluD catalyze formation of three ¥ in the 23S rRNA. RluC
is specific for positions U955, U2504, U2580 and RluD is specific for positions
U1911, U1915, U1917, located at the conserved H69 of the 23S rRNA (Huang
et al. 1998a). Although RluC and RluD recognize more than one uridine as a
substrate, the enzymes are still specific for the 23S rRNA. Pseudouridine syn-
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thase RIuA is the only PS known that is specific for two different substrate
RNAs, because it modifies U746 of the 23S rRNA and U32 of tRNA
(Wrzesinski et al. 1995). It is interesting to note that all three pseudouridine
synthases, exhibiting multisite specificities, belong to the RIuA family (Del
Campo et al. 2001) (Table 1).

Table 1. E. coli rRNA pseudouridine synthases

Substrate Modification | S4-like| Catalytic | Time of | PDB
RNA site @ tag Asp(3 ) action” 1D
RsuA family
RsuA 16S 516 + 102 Early | IKSK
RluB 23S 2605 + 110©® Early -
RIuE 23S 2457 - 79 Early | 20ML
RIuF 23S 2604 + 107® Early | 3DH3
RIuA family
RIuA 23S/tRNA 746/32 - 167 Early | 2I82
RluC 23S 955,2504,2505 | + 144® Early | 2XPI
RluD 23S 1911, 1915, 1917 | + 1399 Late |1QYU

 Data collected from (Machnicka ef al. 2013) and (Labarga et al. 2007).

@ Modification sites according to E. coli rRNA sequence.

® Catalytic aspartate which mutation leads to complete inactivation of the enzyme.

@ The in vivo assembly stage of the modification synthesis according to (Siibak & Remme 2010)
® According to (Conrad et al. 1999)

® According to (Del Campo et al. 2001)

™ According to (Raychaudhuri et al. 1999)

® According to sequence similarity

® According to (Gutgsell ef al. 2001)

One of the most intriguing questions about the pseudouridine synthases is their
substrate specificity. Guide RNA system, used by eukaryotic PS-s, is quite well
understood (Ge & Yu 2013). In prokaryotes, substrate selection is done in
protein level. However, it is still unclear whether the prokaryotic PS proteins re-
cognize a sequence, or structural element of substrate RNA. Multisite specific
synthases are good candidates for study of the specificity in protein level. It is
confirmed that RIuA determines its substrate according to the RNA primary
sequence, since crystal structure indicates for direct readout of the RNA se-
quence by the protein (Hoang et al. 2006) and all substrates for the RIuA share
consensus sequence U/'PYUXXAAA (X can be any nucleotide) (Wrzesinski et al.
1995). It is proposed that RluD recognizes the H69 as a structure and isomerizes
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all uridines in its loop region (Ofengand 2002). Specificity of RluC is still
completely unsolved phenomenon. No sequence or structure similarities have
been determined for substrates of the RIuC, nor are the substrates close pro-
ximity in tertiary structure (Huang et al. 1998a).

1.3.3. Pseudouridine synthase RluD

RluD (ribosome large subunit pseudouridine synthase D), previously named as
Yfil, belongs to a RIuA family, based on its protein sequence (Koonin 1996).
RluD was first identified by two independent groups by its in vitro activity.
RIuD is responsible for synthesizing three pseudouridines into the 23S rRNA
helix-loop 69 at positions 1911, 1915 and 1917 (Huang et al. 1998a;
Raychaudhuri et al. 1998). As expected, deletion of the RluD-encoding gene,
causes lack of all the pseudouridines in H69, but also resulting in severe
reduction of growth (Raychaudhuri et al. 1998) and defects in ribosome as-
sembly, biogenesis, and function (Ofengand et al. 2001; Gutgsell et al. 2005).
Latter made RIuD the only pseudouridine synthase known to be required for
ribosomal assembly and function. Considering also that pseudouridines at posi-
tions 1915 and 1917 are highly conserved (Chapter 1.3.1) (Ofengand 2002) has
made the RluD potentially very interesting object to study.

RluD exhibits high specificity for the positions 1911, 1915 and 1917 in vivo
but loses some of its specificity in vitro (Huang et al. 1998a; Raychaudhuri et
al. 1998; Wrzesinski et al. 2000; Gutgsell et al. 2005). RluD isomerizes signi-
ficantly higher amount of uridines on in vitro transcribed rRNA at lower Mg*"
contestations. Thus, RluD is less specific in vitro and isomerizes uridines that
are not its natural substrates (Huang et al. 1998a; Wrzesinski et al. 2000). It can
be speculated that rRNA exhibits loosened structure at lowered Mg>" concent-
rations and more uridines become accessible for the RluD. However, no RluD-
dependent pseudouridines are found in tRNA after in vitro treatment. Thus,
RIuD still recognizes only rRNA as a substrate and the specificity is not comp-
letely lost (Huang ef al. 1998a).

In the solution, RluD is a monomeric enzyme, and it contains two major
domains, the N-terminal S4-like domain, named so due to its similarity to the
ribosomal protein S4, and the C-terminal catalytic domain (Figure 7.A and B).
The S4-like and the catalytic domains are connected with a very flexible linker
(Mizutani et al. 2004; Sivaraman et al. 2004) (Figure 7.A). The S4-like domain
of the RluD often appears to be disordered in electron density maps. At first, it
was speculated that proteolysis occurs during crystallization process, but after
determining the molecular mass of the crystalized protein, this speculation was
ruled out and the absence of S4-like domain in RIuD electron density map was
confirmed as a result of the highly flexible nature of the domain (Del Campo et
al. 2004). It has been proposed that the flexible linker allows the N-terminal S4-
like domain of RluD to perform highly specific binding to the correct molecular
target without producing very high affinity. In this way, the enzyme can modify
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the appropriate three sites within the rRNA efficiently and avoid becoming trap-
ped in unproductive enzyme-product complexes (Mizutani et al. 2004). The
negatively charged S4-like domain of the RluD has been seen to occupy the
positively charged cleft of the catalytic domain in the absence of substrate in the
crystal structures. Yet, authors interpreted this as a crystal packing artifact, be-
cause in nature, the catalytic cleft is needed for RNA binding (Del Campo et al.
2004). However, it cannot be ruled out that the S4-like domain shields the cata-
lytic cleft while the RIuD has not performed proper binding to its substrate.
RluD, lacking the S4-like domain, has been shown to lose some of its
specificity, and could modify U2457 normally modified by RIuE in vitro
(Vaidyanathan et al. 2007). This result is in good agreement with the proposal
that S4-like domain prevents the catalytic domain from unspecific binding to
the rRNA. S4-like domain becomes ordered in crystals upon substrate binding,
confirming that it is a RNA binding domain (Aravind & Koonin 1999). Also, if
RIuD is manually docked in an orientation that positions the uridine at position
1915 into the active site pocket of the RluD, the S4-like domain positions very
close to the junction of three helixes (H68, H69 and H70) of 23S rRNA. Thus,
this structure is possible recognition site for the RluD by the S4-like domain
(Vaidyanathan et al. 2007).

Catalytic domain of RluD contains positively charged catalytic cleft with
average dimensions 25A long by 10A wide by 14A deep. Catalytic aspartic acid
(Asp 139), which is the strictly conserved amino acid in all known pseudouri-
dine synthases (Table 1), is located at the base of the catalytic cleft (Figure 7.B)
(Del Campo et al. 2004; Sivaraman et al. 2004). So far, it hasn’t been possible
to crystallize the RluD in complex with small substrate analog. The failure is
probably because RluD does not have an appreciable affinity for simple
substrate analogues under the crystallization conditions (Mizutani et al. 2004).
Docking experiments have revealed that catalytic cleft of RluD is big enough to
accommodate substrate rRNA in several ways and does not provide a comple-
mentary surface to the H69 structure. Latter is probably the reason for the multi-
site specificity of RluD (Del Campo et al. 2004).

RIuD has been the only rRNA pseudouridine synthase which was deter-
mined as significant for normal cell growth rate. Deletion of RluD causes 3—-6
times reduction in cell growth and major ribosome assembly defects are seen in
sucrose density gradient (Ofengand et al. 2001; Gutgsell et al. 2005). However,
bacterial population lacking RluD and all three pseudouridines in H69 starts to
grow normally after longer incubation in solid medium. It was speculated that
such reversion occurred due to a second site mutation (Raychaudhuri et al.
1998; Gutgsell et al. 2005). First compensatory mutation was found from
ribosomal termination factor 2 (RF2) at position 172, which is located near to
the H69 when RF2 is bound to the ribosome, linking H69 pseudouridines to
effective termination of the translation (Ejby ef al. 2007). Latter is not surpris-
ing, because during translation many translation factors such as RF2 (Klaholz et
al. 2003; Rawat et al. 2003), RF3 (Klaholz et al. 2004) and RRF (Agrawal ef al.
2004) (Figure 3) bind very near to the H69. Further studies revealed that several
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mutation in RF2 can compensate lack of ¥ in H69, including the mutation
T246S which is known to be naturally occurring variation in bacterial RF2
(O'Connor & Gregory 2011). It was revealed that severe growth defect, caused
by deletion of RluD, was specific for E. coli strain K12 and did not occur in F.
coli strain B or Sal/monella enterica (O'Connor & Gregory 2011). K12 strain has
been widely used as a model organism for different studies. However, data
shows that K12 contains variations in its genome that are unique for the strain
(Dreyfus & Heurgue-Hamard 2011). RF2 in E. coli K12 contains threonine at
position 246 which exhibits significantly lower activity in termination of protein
synthesis than RF2 containing serine or alanine at the same position. T249
hasn’t been found from any other organism than E. coli strain K12 (Dincbas-
Renqvist et al. 2000). Ribosomal protein S7 contains extension in its C-terminal
end which is probably due to the single point mutation in stop codon region.
Extended S7 is target for the tmRNA tagging and degradation of the protein in
RlIuD-deficient strain (Schaub & Hayes 2011). S7, containing C-terminal exten-
sion, enhances the RF2 T246 phenotypic effects in K12 strain in case of RluD
deletion (Dreyfus & Heurgue-Hamard 2011; Schaub & Hayes 2011). Thus, lack
of RluD activity has major effects on ribosome assembly and translation termi-
nation in the context of these two K12 specific mutations.

It was shown that expression of RluD with mutated catalytic aspartate in
slow-growing RluD-deficient cells restores cell’s growth. This was sufficient
grounds for speculation that RluD has second function in cells, being for
example a chaperon (Gutgsell et al. 2001). Unfortunately, this effect was not
reproducible and was probably an artifact. Authors speculated that the observed
effect was due to the reversion caused by the second site mutation in bacterial
genome (Gutgsell et al. 2005).

32



2. RESULTS AND DISCUSSION

Objectives of current study
Pseudouridines are the most abundant modification found in rRNA and they are
clustered around functionally important regions of the ribosome. RluD iso-
merizes three uridines in functionally important stem-loop of 23S rRNA, H69.
Pseudouridine at position 1917, located in H69, is universally conserved
through all kingdoms of life and other Ws at positions 1911 and 1915 are also
highly conserved. Although pseudouridines have been studied for decades, little
is known about the function of pseudouridines during translation and how
pseudouridine synthases recognize their substrates.
The main aims of the current study were as follows:
1. Definition of the substrate specificity of RIuD for positions 1911, 1915
and 1917.
2. To identify which nucleotides in H69 are important for the specificity of
the RIuD.
3. To identify the time and order dependence of formation of three pseudo-
uridines in H69.
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2.1. Substrate specificity of pseudouridine
synthase RluD (Ref. I and Ill)

Pseudouridine synthase RluD isomerizes uridines at positions 1911, 1915 and
1917, all located in highly conserved H69 of 23S rRNA (Huang et al. 1998a;
Raychaudhuri ef al. 1998). In order to investigate which elements in H69 deter-
mine the specificity of the RluD for its substrates, we used site directed muta-
genesis to construct 23S rRNA variants, containing single point mutations at
positions A1912, A1913, C1914, U1915, A1916, U1917, A1918 in the H69
loop region, U1911, A1919, and insertion of GC base pair in the stem region.
All 23S rRNA variants contained also streptavidin aptamer in H25 for affinity
purification (Leonov et al. 2003). Constructed rrnB operons were cloned under
IPTG inducible tac promoter. For in vivo specificity studies, 23S rRNA variants
were expressed in the wild type strain and in the ARImH/ARIuD double
knockout strain for in vitro specificity studies. rRNA was extracted from 50S
subunits, affinity purified from sucrose density gradient 70S or 50S fractions
and analyzed with CMCT/alkali and primer extension method. MG1655 ribo-
somes or affinity purified 50S subunits containing the streptavidin aptamer ser-
ved as controls. All 50S subunits used for in vitro specificity studies were dis-
sociated from 70S ribosomes to avoid possible effects caused by incomplete
assembly. Only ribosomes containing H69 extension by one GC base pair were
purified from free 50S pool (Further information Ref. I and Ref. III Materials
and methods).

2.1.1. RluD is highly specific for positions 1911, 1915 and 1917 in vivo

In order to test the hypothesis that RluD recognizes the H69 as a structure and
isomerizes all uridines around the loop region (Ofengand 2002), we constructed
23S rRNA variants A1912U, C1914U, A1916U, A1918U, A1919U. Unfortu-
nately, we were not able to purify ribosomes containing 23S rRNA variant
A1918U probably due to their instability in strain used. Notably, none of the
three kingdoms of life contains uridine at position corresponding to 1918 of
LSU rRNA (Cannone et al. 2002). A1918 is part of the hydrogen bonding
network in H69 (Schuwirth et al. 2005) and it is probable that pyrimidine at
position 1918 of 23S rRNA causes instability of the 50S subunit in vivo and we
were not able to isolate the corresponding 50S subunits. Ofengand has proposed
that RluD may be specific for only the H69 and modifies all uridines located at
loop region of the H69 (Ofengand 2002). Our results disconfirm this proposal.
We have found that RluD is highly specific for only its natural positions 1911,
1915 and 1917 in vivo, despite of extra uridines introduced into the H69 loop
region (Ref. I Figure 2). Surprisingly, mutations A1916U and A1916G caused
loss of RluD specific pseudouridines in free 50S subunits and significant reduc-
tion in 70S ribosomes (Ref. I Figure 2 and 4). Effects, caused by mutation
A1916 are further discussed in chapter 2.1.3.
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2.1.2. RluD exhibits loosened substrate specificity on free rRNA

Previous studies have revealed that RluD isomerizes more uridines on in vitro
transcribed 23S rRNA during prolonged incubation with RluD, indicating that
RluD exhibits unspecific activity on free rRNA (Huang et al. 1998a; Wrzesinski
et al. 2000; Vaidyanathan et al. 2007). RluD also isomerizes more uridines in
rRNA at lower Mg*" concentrations (Wrzesinski ez al. 2000). rRNA structure is
loosened at lower Mg® concentrations and RluD is probably able to access
uridines, that are normally buried inside the rRNA structure. If this is the case,
the catalytic domain of RluD is unspecific and isomerizes every uridine in
reach, although with low efficiency. We studied RluD specificity in vitro on
23S rRNA using HPLC and CMCT/alkali treatment (Figure 8). RluD makes in
total 10-12 pseudouridines into naked 23S rRNA which is either in vitro
transcribed or extracted from 50S subunit of RluD-deficient strain, under our
experimental conditions (Figure 8.A). It must be noted that 23S rRNA, ex-
tracted from 50S subunits containes seven pseudouridines before the RluD
treatment. Thus, RluD isomerizes about 10-12 uridines in case of in vitro
transcribed 23S rRNA and about 3—5 uridines in case of 23S rRNA extracted
from 50S subunits. Pseudouridine specific bands are visible at positions 1911,
1915 and 1917 in case of 23S rRNA extracted from 50S ribosomes but not in
case of in vitro transcribed 23S rRNA even after prolonged incubation with
RluD (Figure 8.B). Thus, RluD completely loses its specificity on in vitro
transcribed 23S rRNA. It must be noted that in vitro transcribed 23S rRNA
contains no modifications and has never been properly folded, suggesting that
correct structural elements for binding of the RluD have not been formed.
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Figure 8. RluD in vitro specificity on different 23S rRNAs. A. Total amount of pseudo-
uridines in 23S rRNA determined with HPLC. All RluD-modified free 23S rRNAs con-
tain more pseudouridines compared with RluD-treated and untreated 23S rRNAs as-
sembled into 50S subunits. B. Mapping of the pseudouridines in the H69 with CMCT/
alkali and praimer extension analysis. Wild type (wt) and ARImH/ARIuD double knock-
out 50S ribosomes served as a control. ARImH/ARIuD double knockout 50S subunit,
23S rRNA and in vitro transcribed 23S rRNA was treated with RluD in vitro. Bands
corresponding to positions 1911, 1915 and 1917 are shown. (For details see Ref. I
Figure 1).

To our big surprise, uridine at position 1916 becomes substrate for RluD in
vitro, although pseudouridine specific bands indicate for significantly reduced
amount of all RluD-specific pseudouridines, compared to 50S subunits con-
taining wild type 23S rRNA (Ref. III Figure 2B) (Further discussed in chapter
2.1.3). As discussed in chapter 2.1.1, 23S rRNA variant A1916G exhibited
similar effect on synthesis of RluD specific pseudouridines as A1916U in vivo.
Unfortunately, we were not able to isolate 50S containing A1916G rRNA
variant, for comparison with A1916U in vitro, probably due to the assembly
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defects and/or instability of mutant ribosomes in ARImH/ARIuD double knock-
out strain.

Differences between in vivo and in vitro substrate specificities suggest that
RluD may need extra factors for the specificity. To test a possibility that 30S
subunit is contributing to substrate recognition of the RluD, we modified 50S
subunits with RluD in vitro with and without presence of 30S. 12 mM and 20
mM Mg®* was used to minimize association defects of mutant 50S particles.
30S had an inhibitory effect for RluD-directed pseudouridine synthesis on both
wild type and mutant 50S subunit containing A1916U rRNA (Ref. III Figure 3).
This data suggests that RluD isomerizes its substrates at very late step of 50S
subunit assembly (Ref. I Figure 5) but before the first round of translation.

2.1.3. Nucleotide at position 1916 in H69 of 23S rRNA
influences the specificity of the RluD

Appearance of RluD specific polymerase stop signals indicate that base alter-
nation at positions A1912, A1913, C1914, A1918 and A1919 have no detect-
able effect on RluD specificity in vivo (Ref. I Figure 2 and 4) or in vitro (Ref.
III Figure 2B). A1916 was the only position in H69 found to alter the RluD in
vivo and in vitro specificity.

H69 containing uridine at position 1916, turns out to be poor substrate for
the RluD in vivo (Ref.l Figure 2) and in vitro (Ref. III Figure 2B) as judged by
the reduced RluD-specific ¥ band intensities. 23S rRNA A1916G and A1916U
variants lack RluD specific pseudourdines in the free 50S particles, but contain
reduced amount of pseudouridines when entered into 70S pool (Ref. I Figure 2
and 4). This indicates that RluD needs more time for productive binding to
A1916G(U) variant of the H69 and that 23S rRNA, which contains ¥ in H69
has a significant advantage in subunit association and initiation of translation.
Surprisingly, A1916C substitution mutation caused no effect on the specificity
of the RluD (Ref. I Figure 4). Notably, cytidine at position, corresponding to E.
coli 23S rRNA position 1916, is common in Archaea (Cannone et al. 2002).

Base alternation A1916G is the only known mutation in H69 that causes 50S
assembly defect according to the sucrose density gradient centrifugation (Liiv et
al. 2005). It is known from previous studies that loss of pseudouridines, synthe-
sized by RluD, causes 50S assembly defects (Ofengand et al. 2001; Gutgsell et
al. 2005). The effect was later shown to be specific for E. coli strain K12
(O'Connor & Gregory 2011), the strain used in our study as well. However,
assembly defect, caused by mutation at position 1916, is not caused by the loss
of pseudouridines from H69, since mutation A1916U has stronger effect on
pseudouridine formation than mutation A1916G (Ref. I Figure 2 and 4) but has
no effect on the 50S subunit assembly (Figure 9).
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Figure 9. Sucrose density gradient profiles from cells expressing different A1916 rRNA
variants. 70S, 50S and 30S ribosomal fractions are indicated. A1916G 50S subunit peak
is widened and shifted toward 30S subunit fraction, indicating problems in 50S subunit
assembly. A1916C and A1916U are showing increased amount of free subunits but no
assembly defects.

Ribosome crystal structure gives a clue why the position 1916 has effect on
substrate specificity of the RluD. U1916 is located between two natural sub-
strates for RluD, U1915 and U1917 (Ref. III Figure 5). Also, nucleotide at posi-
tion 1916 shares the orientation of these uridines, placing the U1916 very near
to the catalytic aspartate of the RluD (Ref. III Figure 5). It must also be noted
that according to crystal structure, all RluD natural substrates at positions 1911,
1915 and 1917 are located on the side of the H69 that faces the peptidyl-trans-
ferase cleft, whereas all other nucleotides at other positions we studied (except
1916), tend to be located on the opposite side of the H69 (Ref. III Figure 5).
Position and orientation of A1916 gives enough ground for proposal that A1916
is probably making contact with RluD needed for productive binding of the
catalytic domain. Base substitution A1916 to G or U abolishes the contact be-
tween RluD and H69 and has therefore negative effect on synthesis of RluD-
dependent pseudouridines. U at position 1916 makes no contact with the RluD
but is oriented toward the catalytic amino acid, thus it can be isomerized to
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pseudouridine. It is known that pseudouridine synthases induce extensive
structural rearrangements upon binding to the substrate (Hoang et al. 2006;
Alian et al. 2009) and position 1916 may have a key role in this structural re-
arrangement.

We speculate that difference between in vivo and in vitro specificity of RluD
at position 1916 is caused by different experimental conditions. RluD acts
during the late step of 50S assembly when all LSU proteins are present and final
sedimentation coefficient is acquired (Ref. I Figure 5). Formation of 50S par-
ticle takes about a minute, but additional 1-2 minutes are needed before freshly
assembled 50S subunit participates in translation (Lindahl 1975). Probably final
maturation of the 50S ribosomal structure takes place during this time. Thus,
RIuD has only 1-2 minutes for isomerization of its substrates and there is also
much lower RluD concentration inside the cells than in our in vitro experiments.
Catalytic values for RluD were determined in Ref. II by Rya Ero (Ref. II Table
2) and RluD catalytic values fit perfectly to the 1-2 minute time window for
isomerization reactions to occur. Notably, we used much longer incubation time
and high enzyme concentrations for in vitro isomerization reactions in experi-
ments of the substrate specificity of the RIuD.

This data suggests that A1916 is important recognition element for the RluD
catalytic domain. Considering that 23S rRNA A1916C substitution retained the
specificity of the RluD, we propose that the extra-cyclic amino group of A and
C at position 1916 makes a contact with RIuD during the binding of the cata-
lytic domain of the enzyme. Lack of the hydrogen bond donor in case of
A1916G and A1916U makes the H69 poor substrate for the RluD.

2.1.4. S4-like domain of the RluD is necessary for initial
binding to the substrate

We used 508 ribosomes, containing extended H69 stem region by one base pair,
to determine whether the length of the stem region is important for the RluD
specificity in vitro. According to our results, stem extension makes H69 poor
substrate for the RIuD as judged by the lack of ¥ at position 1911 (Ref. III
Figure 2C). This indicates that U1911 becomes out of reach for RluD after stem
extension, suggesting that the H69 loop region is not primary specificity deter-
minant for RluD. S4-like domain of the RluD positions close to the base of the
H69, containing junction of three helices, helix 68, 69 and 70 when the RluD is
manually docked to the ribosomal crystal structure in a way that U1915 is in the
catalytic cleft (Vaidyanathan et al. 2007). Notably, r-protein S4 has been shown
to bind to the rRNA three helix junction (Powers & Noller 1995) and, as RluD
S4-like domain is structural analog of the r-protein S4, it is predicted to bind to
a helix junction as well.

To test whether the junction of the helices 68, 69 and 70 could be the initial
binding site for the RluD, we constructed RluD mutant by deleting two out of
three glutamate residues from the linker region which connects the catalytic
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domain to the S4-like domain. Shortened RluD couldn’t isomerize U at position
1911 revealing the same modification pattern as 23S rRNA with extended H69
stem region (Figure 10). This result is consistent with the proposal that the S4-
like domain binds to the 3-helix junction close to the base of the H69.

RluD A73/A74

70S 508
CMCT + - + -
1911 » o

1915ﬂ.‘|I.l’

Figure 10. Praimer extension analysis of 23S rRNA H69. 23S rRNA was purified from
RluD-deficient cells expressing RluD mutant lacking two glutamate residues from its
linker region connecting catalytic and S4-like domains (For further information see Ref.
I Figure 1).

Our results suggest for the two-step binding mechanism of the RluD to the
ribosome. S4-like domain is responsible for the initial binding of the RluD and
is necessary for directing the catalytic domain to the H69. Catalytic domain
performs second binding which directs the H69 into the catalytic cleft in its
right conformation.

Nucleotide at position 1916 is probably necessary for proper binding of the
RluD catalytic domain. Our results support the speculation that A1916 makes
contacts with the RluD. Although U at position 1916 is not able to make the
contact with RluD catalytic domain, needed for the specificity, still the initial
binding of the S4-like domain guides the catalytic amino acid near to the tip of
the H69 and causes isomerization of U at position 1916 after prolonged incu-
bation. Lack of the 1916-RluD contact causes unstable binding of RluD to
H69, causing reduced efficiency in isomerization of all the uridines. Alternative
it is possible that A1916 is important for maintaining the proper conformation
of the H69.

Some crystals have revealed that the S4-like domain occupies the catalytic
cleft of RIuD while the enzyme is not bound to its substrate (Del Campo et al.
2004). Authors speculated that this was a crystal packing artifact because S4-
like domain is known to bind RNA. Still, it could be possible that S4-like do-
main occupies the catalytic cleft until it locates its proper rRNA binding site and
vacates the catalytic cleft for substrate binding after S4-like domain has per-
formed its initial binding. In this case, lack of proper binding site would com-
pletely abolish RluD activity. Our results are in agreement with the assumptions
that S4-like domain of RluD is for RNA binding and it is not bound to the cata-
lytic cleft while RIuD is not bound to its substrate. It is possible that in vitro
transcribed 23S rRNA has no proper binding site for the S4-like domain of
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RluD that directs the catalytic domain to its substrates. Our results suggest that
proper binding site for the RluD S4-like domain becomes available after the
50S subunit is fully assembled, and binding of RluD to its substrate is in-
effective before that. This would explain the fact that RluD-synthesized pseudo-
uridines are formed during the late step of the ribosome maturation in vivo (Ref.
I Figure 5) and why prolonged incubation and excess of the enzyme reduces the
RluD specificity on 23S rRNA (Figure 8) and also on 16S rRNA in vitro
(Huang et al. 1998a). It has also proposed that RluD lacking the S4-like domain
would isomerize uridines that normally are substrates for other pseudouridine
synthases (Vaidyanathan et al. 2007). This proposal remains to be examined.

2.2. Time and order dependence of formation
of three W’s into H69 (Ref. | and II)

All pseudouridine synthases contain universally conserved aspartic acid on the
bottom of their catalytic cleft. Mutating this aspartic residue inactivates the
enzyme (Del Campo ef al. 2001; Ferre-D'Amare 2003; Sivaraman et al. 2004).
Several catalytic mechanisms are proposed for ¥ formation (Gu et al. 1999;
Hoang et al. 2006; Alian et al. 2009) but the exact mechanism is still unknown.
All pseudouridines in H69 are located very close together in tertiary structure
(Ref. III Figure 5) but it is unlikely that RIuD isomerizes all three pseudo-
uridines simultaneously because RluD contains only one catalytic aspartate. We
can speculate that RluD has an affinity for only one uridine in the H69 and all
other pseudouridines are accidental coproducts. This would explain the N3
methylation of W1915 which eliminates the extra hydrogen bond donor oc-
curred with ¥ formation. To test if impeding of one pseudouridine formation
inflicts formation of others, we constructed several substitution mutations
U1911C, U1915C, U1917C, U1911C/U1915C. Analysis of the mutant 23S
rRNAs revealed that particular mutation prevented pseudouridylation only at
position of the base substitution but not elsewhere in the H69, indicating that all
pseudouridines are synthesized autonomously and independent of each other
(Ref. I Figure 3).

2.2.1 RluD isomerizes its substrate uridines concurrently

To study if the synthesis of ¥ in the H69 follows some kind of order, we
determined the time course of in vitro isomerization of 1911, 1915 and 1917.
50S ribosomes, purified from ARImH/ARIuD double knockout strain were
incubated with RIuD for 60 to 140 seconds at 25°C (Ref. II Figure 5). In our in
vitro experiments, all pseudouridines in H69 appear concurrently over time
upon RluD treatment of the 50S subunit, meaning that they are synthesized at
similar rate and stochastically, rather than in any specific order (Ref. II Figure
5). This result is in agreement with our in vivo results where we expressed 23S
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rRNA variants containing U-to-C transitions at positions 1911, 1915 or 1917
(Ref. I Figure 3). Substitution of uridine by cytidine leads to the loss of pseudo-
uridine at the mutated position but synthesis of other two pseudouridines are not
affected (Ref. I Figure 3). Latter indicates that RluD has no strict order for
modification of its substrates and isomerization of one uridine is not required
for synthesis of others. These results suggest that RluD either makes all pseudo-
uridines upon one productive binding or makes one pseudouridine in random
order within every binding to its substrate. Latter suggestion is supported by the
results of Del Campo et al, who showed that catalytic cleft of RluD is big
enough to accommodate H69 in several ways and does not provide com-
plementary surface to the H69 structure (Del Campo et al. 2004).
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CONCLUSIONS

Pseudouridines are the most abundant posttranscriptional modifications known
and they have been found in functional RNAs like tRNA, rRNA and snoRNA.
Pseudouridines are clustered around functionally important rRNA regions.
Although ¥ were found over five decades ago (Davis & Allen 1957; Cohn
1960), little is known about their functions in RNA. Pseudouridine synthases
are responsible for formation of pseudouridines. The main focus of the current
study was substrate specificity of pseudouridine synthase RluD. RIuD is known
to synthesize three pseudouridines in the conserved helix-loop structure of 23S
rRNA, H69. Two pseudouridines, at positions 1915 and 1917, are known to be
universally conserved.
Based on the results obtained, we conclude:

L.

IL.

I1I.

IV.

RIuD is specific for positions 1911, 1915 and 1917 of 23S rRNA. RluD
retains its in vivo specificity for positions 1911, 1915 and 1917 even if
extra uridines are introduced into loop region of H69. The data over-
rules the previous hypothesis that RluD recognizes H69 as a structure
and isomerizes all uridines located around the loop region.

RIuD exhibits loosened specificity on naked 23S rRNA making con-
siderably more pseudouridines into free 23S rRNA than into assembled
50S subunit. This indicates that catalytic domain of RluD exhibits
unspecific nature.

Position 1916 is the only important recognition element for RluD
specificity in H69 loop region. Mutations at position 1916 reduce the
RluD activity. A1916 is necessary for making contact with RluD cata-
lytic domain or presenting its substrates in correct way.

RluD exhibits two-step binding to the substrate and S4-like domain is
responsible for initial binding of the RluD.

All three pseudouridines at positions 1911, 1915 and 1917 appear con-
currently and no pseudouridine formation is required for formation of
others.
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SUMMARY IN ESTONIAN

Multisait spetsiifilise pseudouridiini siintaasi RluD spetsiifika

Iga raku elutegevuse iliks olulisemaid protsesse on valgusiintees, mille kdigus
mRNAs kodeeritud nukleotiidse jérjestuse jargi slinteesitakse vastavalt genee-
tilisele koodile valkude aminohappeline jarjestus. Valgusiinteesi eest vastutab
valkudest ja RNA-st koosnev kompleks, ribosoom. Bakterialne ribosoom
koosneb kolmest ribosomaalsest RNA-st (rRNA) ja reast valkudest. rRNA
moodustab umbes 2/3 ribosoomi massist ja on evolutsioonis iisna konser-
veerunud nii nukleotiidse jarjestuse, aga eriti ruumilise struktuuri tasemel.
Lisaks konserveerunud struktuurile sisaldab rRNA ka mitmeid posttranskript-
siooniliselt modifitseeritud nukleotiide, millest enamus on konserveerunud.
Vaatamata sellele, et rRNA modifikatsioonide paiknemine primaar-, sekundaar-
ja tertsiaarstrukutuuris on olnud teada juba monda aega, on nende funktsiooni
kohta vdga viahe andmeid.

Pseudouridiinid () on enim levinud RNA posttranskriptsioonilised modifi-
katsioonid looduses. Pseudouridiinid siinteesitakse isomerisatsiooni reaktsioo-
niga uridiinist, samas kasutamata selleks lisaenergiat ega -faktoreid. Isomerisat-
sioonireaktsiooni viivad 1dbi pseudouridiini siintaasid, mis muudavad oluliselt
substraadiks oleva nukleotiidi omadusi samas lisamata sellele iihtegi keemilist
riihma. Bakterirakkudes vastutab ensiilim nii isomerisatsioonireaktsiooni kata-
liiisimise kui ka dige uridiini valimise eest.

E. coli ribosoomi suurema subiihiku RNA (23S rRNA) sisaldab 10 pseudo-
uridiini, millest {iks on veel lisaks metiileeritud. Neid pseudouridiine siinteesi-
vad kuus pseudouridiini siintaasi (RIuA-RIuF), millest kaks (RIuC ja RluD)
isomeriseerivad kumbki kolme uridiini. Pseudouridiini siintaas RluD on juba
pikka aega olnud teadlaste korgendatud tdhelepanu all, sest erinevalt enamikust
modifikatsiooniensiilimidest on RluD multispetsiifiline ensiilim, mis kataliiiisib
Y tekkimise 23S rRNA positsioonidesse 1911, 1915 ja 1917. Need positsioonid
asuvad koik vdga korgelt konserveerunud rRNA elemendis ,,juuksendelas™ 69
(H69). Ribosoomide funktsioneermise seisukohalt on H69 &irmiselt oluline
struktuur ning positsioonides 1915 ja 1917 paiknevad ¥ on ddrmiselt konser-
veerunud. Lisaks kdigele on RIuD ainuke pseudouridiini siintaas, mille rakust
eemaldamine pdhjustab raku elutegevuses tosiseid hiireid. Vaatamata varase-
matele uuringutele ei ole senini suudetud tiheselt vilja selgitada, et kuidas tun-
neb RluD dra oma substraadid ja milleks tépselt on vaja tema poolt siinteesitud
pseudouridiine?

Kéesolevas to6s uurisime RluD substraadispetsiifikat in vivo ja in vitro ning
peamised tulemused on jargmised:

1. In vivo on RluD spetsiifiline vaid positsioonide 1911, 1915 ja 1917
suhtes. Isegi kui kunstlikult viia H69-sse lisaks uridiine, tunneb RluD
substraatidena &ra vaid uridiine mis asuvad positsioonides 1911, 1915 ja
1917. See tulemus liikkkab imber varem piistitatud hiipoteesi, et RluD
tunneb &ra vaid H69 struktuuri ja isomeriseerib ebaspetsiifiliselt koiki
seal leiduvaid uridiine.
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RluD on in vitro oluliselt ebaspetsiifilisem kui in vivo, stinteesides val-
kudega mitteseondunud rRNA-sse oluliselt rohkem pseudouridiine kui
valmis ribosomaalsetesse subiihikutesse. Seega on RluD kataliiiitiline
osa vOimeline ebaspetsiifiliste substraatide sidumiseks ja spetsiifilisuse
midramisel on oluline osa ka S4-tiiiipi osal ja rRNA struktuuril.

H69-a positsioonis 1916 olev nukleotiid on ainuke nukleotiidne deter-
minant, mis mojutab RluD spetsiifilisust oma substraatide suhtes.
Mutatsioonid positsioonis 1916 vihendavad oluliselt RIuD kataliiiitilist
aktiivsust. [lmselt on positsioonis 1916 olev nukleotiid oluline, et kon-
takteeruda RluD-ga.

RluD seondub oma substraadile kahes etapis ja tema S4-sarnane do-
meen on oluline esmaseks seondumiseks.

Koik RluD poolt siinteesitud pseudouridiinid ilmuvad RNA ahelasse
samaaegselt, mis viitab sellele et, erinevate pseudouridiinide siintees on
tiksteisest soltumatu. RluD isomeriseerib oma substraadid jérjest, iihe
seondumise jooksul, v4i siis isomeriseerib iga seondumisega iihe uri-
diini. Molemal juhul isomeriseerib RluD uridiine suvalises jarjekorras.

45



REFERENCES

Agrawal R.K., Sharma M.R., Kiel M.C., Hirokawa G., Booth T.M., Spahn C.M., Gras-
succi R.A., Kaji A. & Frank J. (2004). Visualization of ribosome-recycling factor on
the Escherichia coli 70S ribosome: functional implications. Proceedings of the
National Academy of Sciences of the United States of America, 101, 8900-5.

Ali LK., Lancaster L., Feinberg J., Joseph S. & Noller H.F. (2006). Deletion of a con-
served, central ribosomal intersubunit RNA bridge. Molecular cell, 23, 865-74.

Alian A., DeGiovanni A., Griner S.L., Finer-Moore J.S. & Stroud R.M. (2009). Crystal
structure of an RIuF-RNA complex: a base-pair rearrangement is the key to
selectivity of RIuF for U2604 of the ribosome. Journal of molecular biology, 388,
785-800.

Andersen N.M. & Douthwaite S. (2006). YebU is a m5C methyltransferase specific for
16 S rRNA nucleotide 1407. Journal of molecular biology, 359, 777-86.

Anderson B.R., Muramatsu H., Nallagatla S.R., Bevilacqua P.C., Sansing L.H., Weiss-
man D. & Kariko K. (2010). Incorporation of pseudouridine into mRNA enhances
translation by diminishing PKR activation. Nucleic acids research, 38, 5884-92.

Aravind L. & Koonin E.V. (1999). Novel predicted RNA-binding domains associated
with the translation machinery. Journal of molecular evolution, 48, 291-302.

Arluison V., Hountondji C., Robert B. & Grosjean H. (1998). Transfer RNA-pseudo-
uridine synthetase Pusl of Saccharomyces cerevisiae contains one atom of zinc es-
sential for its native conformation and tRNA recognition. Biochemistry, 37, 7268-76.

Auffinger P. & Westhof E. (1997). RNA hydration: three nanoseconds of multiple
molecular dynamics simulations of the solvated tRNA(Asp) anticodon hairpin. Jour-
nal of molecular biology, 269, 326—41.

Auffinger P. & Westhof E. (1998). Effects of pseudouridylation on tRNA hydration and
dynamics: a theoretical approach. ASM Press, Washington DC.

Bakin A., Lane B.G. & Ofengand J. (1994). Clustering of pseudouridine residues
around the peptidyltransferase center of yeast cytoplasmic and mitochondrial ribo-
somes. Biochemistry, 33, 13475-83.

Ban N., Nissen P., Hansen J., Moore P.B. & Steitz T.A. (2000). The complete atomic
structure of the large ribosomal subunit at 2.4 A resolution. Science, 289, 905-20.
Barciszewska M.Z., Szymanski M., Erdmann V.A. & Barciszewski J. (2001). Structure

and functions of 5S rRNA. Acta biochimica Polonica, 48, 191-8.

Baxter-Roshek J.L., Petrov A.N. & Dinman J.D. (2007). Optimization of ribosome
structure and function by rRNA base modification. PloS one, 2, el174.

Ben-Shem A., Jenner L., Yusupova G. & Yusupov M. (2010). Crystal structure of the
eukaryotic ribosome. Science, 330, 1203-9.

Bizebard T., Ferlenghi 1., Tost I. & Dreyfus M. (2004). Studies on three E. coli DEAD-
box helicases point to an unwinding mechanism different from that of model DNA
helicases. Biochemistry, 43, 7857—66.

Borovinskaya M.A., Pai R.D., Zhang W., Schuwirth B.S., Holton J.M., Hirokawa G.,
Kaji H., Kaji A. & Cate J.H. (2007). Structural basis for aminoglycoside inhibition
of bacterial ribosome recycling. Nature structural & molecular biology, 14, 727-32.

Brimacombe R., Mitchell P., Osswald M., Stade K. & Bochkariov D. (1993). Clustering
of modified nucleotides at the functional center of bacterial ribosomal RNA. FASEB
Jjournal: official publication of the Federation of American Societies for Experimen-
tal Biology, 7, 161-7.

46



Caldas T., Binet E., Bouloc P., Costa A., Desgres J. & Richarme G. (2000). The FtsJ/
RrmJ heat shock protein of Escherichia coli is a 23 S ribosomal RNA methyl-
transferase. The Journal of biological chemistry, 275, 16414-9.

Cannone J.J., Subramanian S., Schnare M.N., Collett J.R., D'Souza L.M., Du Y., Feng
B., Lin N., Madabusi L.V., Muller K.M., Pande N., Shang Z., Yu N. & Gutell R.R.
(2002). The comparative RNA web (CRW) site: an online database of comparative
sequence and structure information for ribosomal, intron, and other RNAs. BMC
bioinformatics, 3, 2.

Cate J.H., Yusupov M.M., Yusupova G.Z., Earnest T.N. & Noller H.F. (1999). X-ray
crystal structures of 70S ribosome functional complexes. Science, 285, 2095-104.
Charette M. & Gray M.W. (2000). Pseudouridine in RNA: what, where, how, and why.

IUBMB life, 49, 341-51.

Charollais J., Dreyfus M. & lost 1. (2004). CsdA, a cold-shock RNA helicase from
Escherichia coli, is involved in the biogenesis of 50S ribosomal subunit. Nucleic
acids research, 32, 2751-9.

Charollais J., Pflieger D., Vinh J., Dreyfus M. & lost 1. (2003). The DEAD-box RNA
helicase SrmB is involved in the assembly of 50S ribosomal subunits in Escherichia
coli. Molecular microbiology, 48, 1253—65.

Cohn W.E. (1960). Pseudouridine, a carbon-carbon linked ribonucleoside in ribonucleic
acids: isolation, structure, and chemical characteristics. The Journal of biological
chemistry, 235, 1488-98.

Condon C., Liveris D., Squires C., Schwartz I. & Squires C.L. (1995a). rRNA operon
multiplicity in Escherichia coli and the physiological implications of rrn inactiva-
tion. Journal of bacteriology, 177, 4152—6.

Condon C., Squires C. & Squires C.L. (1995b). Control of rRNA transcription in Esche-
richia coli. Microbiological reviews, 59, 623—-45.

Conrad J., Niu L., Rudd K., Lane B.G. & Ofengand J. (1999). 16S ribosomal RNA
pseudouridine synthase RsuA of Escherichia coli: deletion, mutation of the conser-
ved Aspl02 residue, and sequence comparison among all other pseudouridine syn-
thases. Rna, 5, 751-63.

Dahlberg A.E., Dahlberg J.E., Lund E., Tokimatsu H., Rabson A.B., Calvert P.C., Rey-
nolds F. & Zahalak M. (1978). Processing of the 5' end of Escherichia coli 16S
ribosomal RNA. Proceedings of the National Academy of Sciences of the United
States of America, 75, 3598-602.

Dallas A. & Noller H.F. (2001). Interaction of translation initiation factor 3 with the
30S ribosomal subunit. Molecular cell, 8, 855-64.

Dame J.B. & McCutchan T.F. (1983). The four ribosomal DNA units of the malaria
parasite Plasmodium berghei. Identification, restriction map, and copy number ana-
lysis. The Journal of biological chemistry, 258, 6984-90.

Davis D.R. (1995). Stabilization of RNA stacking by pseudouridine. Nucleic acids re-
search, 23, 5020-6.

Davis F.F. & Allen F.W. (1957). Ribonucleic acids from yeast which contain a fifth
nucleotide. The Journal of biological chemistry, 227, 907-15.

Daviter T., Murphy F.V.t. & Ramakrishnan V. (2005). Molecular biology. A renewed
focus on transfer RNA. Science, 308, 1123-4.

de la Cruz J., Kressler D. & Linder P. (1999). Unwinding RNA in Saccharomyces cere-
visiae: DEAD-box proteins and related families. Trends in biochemical sciences, 24,
192-8.

47



Del Campo M., Kaya Y. & Ofengand J. (2001). Identification and site of action of the
remaining four putative pseudouridine synthases in Escherichia coli. Rna, 7, 1603—15.

Del Campo M., Ofengand J. & Malhotra A. (2004). Crystal structure of the catalytic
domain of RluD, the only rRNA pseudouridine synthase required for normal growth
of Escherichia coli. Rna, 10, 231-9.

Desaulniers J.P., Chang Y.C., Aduri R., Abeysirigunawardena S.C., Santalucia J., Jr. &
Chow C.S. (2008). Pseudouridines in rRNA helix 69 play a role in loop stacking
interactions. Organic & biomolecular chemistry, 6, 3892-5.

Deutscher M.P., Marlor C.W. & Zaniewski R. (1985). RNase T is responsible for the
end-turnover of tRNA in Escherichia coli. Proceedings of the National Academy of
Sciences of the United States of America, 82, 6427-30.

Diaconu M., Kothe U., Schlunzen F., Fischer N., Harms J.M., Tonevitsky A.G., Stark
H., Rodnina M.V. & Wahl M.C. (2005). Structural basis for the function of the
ribosomal L7/12 stalk in factor binding and GTPase activation. Cell, 121, 991-1004.

Diges C.M. & Uhlenbeck O.C. (2001). Escherichia coli DbpA is an RNA helicase that
requires hairpin 92 of 23S rRNA. The EMBO journal, 20, 5503—12.

Dincbas-Renqvist V., Engstrom A., Mora L., Heurgue-Hamard V., Buckingham R. &
Ehrenberg M. (2000). A post-translational modification in the GGQ motif of RF2
from Escherichia coli stimulates termination of translation. The EMBO journal, 19,
6900-7.

Dohme F. & Nierhaus K.H. (1976). Total reconstitution and assembly of 50 S subunits
from Escherichia coli Ribosomes in vitro. Journal of molecular biology, 107, 585-99.

Dontsova O., Tishkov V., Dokudovskaya S., Bogdanov A., Doring T., Rinke-Appel J.,
Thamm S., Greuer B. & Brimacombe R. (1994). Stem-loop IV of 5S rRNA lies
close to the peptidyltransferase center. Proceedings of the National Academy of
Sciences of the United States of America, 91, 4125-9.

Dreyfus M. & Heurgue-Hamard V. (2011). Termination troubles in Escherichia coli
K12. Molecular microbiology, 79, 288-91.

Dunkle J.A., Wang L., Feldman M.B., Pulk A., Chen V.B., Kapral G.J., Noeske J.,
Richardson J.S., Blanchard S.C. & Cate J.H. (2011). Structures of the bacterial
ribosome in classical and hybrid states of tRNA binding. Science, 332, 981-4.

Ecker R.E. (1965). The role of ribosomal RNA in the control of ribosomal protein syn-
thesis. Proceedings of the National Academy of Sciences of the United States of
America, 54, 1465-70.

Ejby M., Sorensen M.A. & Pedersen S. (2007). Pseudouridylation of helix 69 of 23S
rRNA is necessary for an effective translation termination. Proceedings of the
National Academy of Sciences of the United States of America, 104, 19410-5.

Elles L.M. & Uhlenbeck O.C. (2008). Mutation of the arginine finger in the active site
of Escherichia coli DbpA abolishes ATPase and helicase activity and confers a
dominant slow growth phenotype. Nucleic acids research, 36, 41-50.

Ero R., Peil L., Liiv A. & Remme J. (2008). Identification of pseudouridine methyl-
transferase in Escherichia coli. Rna, 14, 2223-33.

Fallon A.M., Jinks C.S., Strycharz G.D. & Nomura M. (1979). Regulation of ribosomal
protein synthesis in Escherichia coli by selective mRNA inactivation. Proceedings
of the National Academy of Sciences of the United States of America, 76, 3411-5.

Ferre-D'Amare A.R. (2003). RNA-modifying enzymes. Current opinion in structural
biology, 13, 49-55.

Frank J. & Agrawal R.K. (2000). A ratchet-like inter-subunit reorganization of the ribo-
some during translocation. Nature, 406, 318-22.

48



Freed E.F., Bleichert F., Dutca L.M. & Baserga S.J. (2010). When ribosomes go bad:
diseases of ribosome biogenesis. Molecular bioSystems, 6, 481-93.

Fuller-Pace F.V. (1994). RNA helicases: modulators of RNA structure. Trends in cell
biology, 4, 271-4.

Gabashvili I.S., Agrawal R.K., Spahn C.M., Grassucci R.A., Svergun D.I., Frank J. &
Penczek P. (2000). Solution structure of the E. coli 70S ribosome at 11.5 A resolu-
tion. Cell, 100, 537-49.

Gao H., Sengupta J., Valle M., Korostelev A., Eswar N., Stagg S.M., Van Roey P.,
Agrawal R.K., Harvey S.C., Sali A., Chapman M.S. & Frank J. (2003). Study of the
structural dynamics of the E coli 70S ribosome using real-space refinement. Cell,
113, 789-801.

GeJ. & Yu Y.T. (2013). RNA pseudouridylation: new insights into an old modification.
Trends in biochemical sciences.

Green R. & Noller H.F. (1999). Reconstitution of functional 50S ribosomes from in vit-
ro transcripts of Bacillus stearothermophilus 23S rRNA. Biochemistry, 38, 1772-9.

Green R., Switzer C. & Noller H.F. (1998). Ribosome-catalyzed peptide-bond forma-
tion with an A-site substrate covalently linked to 23S ribosomal RNA. Science, 280,
286-9.

Gu X., Liu Y. & Santi D.V. (1999). The mechanism of pseudouridine synthase I as de-
duced from its interaction with 5-fluorouracil-tRNA. Proceedings of the National
Academy of Sciences of the United States of America, 96, 14270-5.

Gunderson J.H., Sogin M.L., Wollett G., Hollingdale M., de la Cruz V.F., Waters A.P.
& McCutchan T.F. (1987). Structurally distinct, stage-specific ribosomes occur in
Plasmodium. Science, 238, 933-7.

Gutgsell N., Englund N., Niu L., Kaya Y., Lane B.G. & Ofengand J. (2000). Deletion of
the Escherichia coli pseudouridine synthase gene truB blocks formation of pseudo-
uridine 55 in tRNA in vivo, does not affect exponential growth, but confers a strong
selective disadvantage in competition with wild-type cells. Rna, 6, 1870-81.

Gutgsell N.S., Del Campo M., Raychaudhuri S. & Ofengand J. (2001). A second func-
tion for pseudouridine synthases: A point mutant of RluD unable to form pseudo-
uridines 1911, 1915, and 1917 in Escherichia coli 23S ribosomal RNA restores nor-
mal growth to an RluD-minus strain. Rna, 7, 990-8.

Gutgsell N.S., Deutscher M.P. & Ofengand J. (2005). The pseudouridine synthase RluD
is required for normal ribosome assembly and function in Escherichia coli. Rna, 11,
1141-52.

Hall K.B. & McLaughlin L.W. (1992). Properties of pseudouridine N1 imino protons
located in the major groove of an A-form RNA duplex. Nucleic acids research, 20,
1883-9.

Harms J., Schluenzen F., Zarivach R., Bashan A., Gat S., Agmon I., Bartels H., Fran-
ceschi F. & Yonath A. (2001). High resolution structure of the large ribosomal sub-
unit from a mesophilic eubacterium. Cell, 107, 679-88.

Heinonen T.Y., Schnare M.N., Young P.G. & Gray M.W. (1987). Rearranged coding
segments, separated by a transfer RNA gene, specify the two parts of a discon-
tinuous large subunit ribosomal RNA in Tetrahymena pyriformis mitochondria. 7he
Journal of biological chemistry, 262, 2879-87.

Hennelly S.P., Antoun A., Ehrenberg M., Gualerzi C.O., Knight W., Lodmell J.S. &
Hill W.E. (2005). A time-resolved investigation of ribosomal subunit association.
Journal of molecular biology, 346, 1243-58.

49



Hoang C., Chen J., Vizthum C.A., Kandel J.M., Hamilton C.S., Mueller E.G. & Ferre-
D'Amare A.R. (2006). Crystal structure of pseudouridine synthase RluA: indirect se-
quence readout through protein-induced RNA structure. Molecular cell, 24, 535-45.

Holzle A., Fischer S., Heyer R., Schutz S., Zacharias M., Walther P., Allers T. &
Marchfelder A. (2008). Maturation of the 5S rRNA 5' end is catalyzed in vitro by
the endonuclease tRNase Z in the archaeon H. volcanii. Rna, 14, 928-37.

Huang L., Ku J., Pookanjanatavip M., Gu X., Wang D., Greene P.J. & Santi D.V.
(1998a). Identification of two Escherichia coli pseudouridine synthases that show
multisite specificity for 23S RNA. Biochemistry, 37, 15951-7.

Huang L., Pookanjanatavip M., Gu X. & Santi D.V. (1998b). A conserved aspartate of
tRNA pseudouridine synthase is essential for activity and a probable nucleophilic
catalyst. Biochemistry, 37, 344-51.

Jagessar K.L. & Jain C. (2010). Functional and molecular analysis of Escherichia coli
strains lacking multiple DEAD-box helicases. Rna, 16, 1386-92.

Jain C. (2008). The E. coli RhIE RNA helicase regulates the function of related RNA
helicases during ribosome assembly. Rna, 14, 381-9.

Jones P.G., Mitta M., Kim Y., Jiang W. & Inouye M. (1996). Cold shock induces a ma-
jor ribosomal-associated protein that unwinds double-stranded RNA in Escherichia
coli. Proceedings of the National Academy of Sciences of the United States of
America, 93, 76-80.

Kaltschmidt E. & Wittmann H.G. (1970). Ribosomal proteins. XII. Number of proteins
in small and large ribosomal subunits of Escherichia coli as determined by two-di-
mensional gel electrophoresis. Proceedings of the National Academy of Sciences of
the United States of America, 67, 1276-82.

Karijolich J. & Yu Y.T. (2011). Converting nonsense codons into sense codons by
targeted pseudouridylation. Nature, 474, 395-8.

Kariko K., Muramatsu H., Welsh F.A., Ludwig J., Kato H., Akira S. & Weissman D.
(2008). Incorporation of pseudouridine into mRNA yields superior nonimmunogenic
vector with increased translational capacity and biological stability. Molecular
therapy : the journal of the American Society of Gene Therapy, 16, 1833—40.

Kaya Y. & Ofengand J. (2003). A novel unanticipated type of pseudouridine synthase
with homologs in bacteria, archaea, and eukarya. Rna, 9, 711-21.

Khaitovich P. & Mankin A.S. (1999). Effect of antibiotics on large ribosomal subunit
assembly reveals possible function of 5 S rRNA. Journal of molecular biology, 291,
1025-34.

Khaitovich P., Tenson T., Kloss P. & Mankin A.S. (1999). Reconstitution of functio-
nally active Thermus aquaticus large ribosomal subunits with in vitro-transcribed
rRNA. Biochemistry, 38, 1780-8.

King T.C. & Schlessinger D. (1983). S1 nuclease mapping analysis of ribosomal RNA
processing in wild type and processing deficient Escherichia coli. The Journal of
biological chemistry, 258, 12034-42.

King T.C., Sirdeshmukh R. & Schlessinger D. (1984). RNase III cleavage is obligate for
maturation but not for function of Escherichia coli pre-23S rRNA. Proceedings of
the National Academy of Sciences of the United States of America, 81, 185-8.

King T.H., Liu B., McCully R.R. & Fournier M.J. (2003). Ribosome structure and acti-
vity are altered in cells lacking snoRNPs that form pseudouridines in the peptidyl
transferase center. Molecular cell, 11, 425-35.

50



Kipper K., Hetenyi C., Sild S., Remme J. & Liiv A. (2009). Ribosomal intersubunit
bridge B2a is involved in factor-dependent translation initiation and translational
processivity. Journal of molecular biology, 385, 405-22.

Kiss T. (2001). Small nucleolar RNA-guided post-transcriptional modification of cellu-
lar RNAs. The EMBO journal, 20, 3617-22.

Kitahara K. & Suzuki T. (2009). The ordered transcription of RNA domains is not
essential for ribosome biogenesis in Escherichia coli. Molecular cell, 34, 760—-6.

Klaholz B.P., Myasnikov A.G. & Van Heel M. (2004). Visualization of release factor 3
on the ribosome during termination of protein synthesis. Nature, 427, 862-5.

Klaholz B.P., Pape T., Zavialov A.V., Myasnikov A.G., Orlova E.V., Vestergaard B.,
Ehrenberg M. & van Heel M. (2003). Structure of the Escherichia coli ribosomal ter-
mination complex with release factor 2. Nature, 421, 90—4.

Klappenbach J.A., Dunbar J.M. & Schmidt T.M. (2000). rRNA operon copy number
reflects ecological strategies of bacteria. Applied and environmental microbiology,
66, 1328-33.

Klappenbach J.A., Saxman P.R., Cole J.R. & Schmidt T.M. (2001). rrndb: the Riboso-
mal RNA Operon Copy Number Database. Nucleic acids research, 29, 181-4.

Klein H.A. & Ochoa S. (1972). Peptide synthesis by prokaryotic-eukaryotic hybrid ribo-
somes. The Journal of biological chemistry, 247, 8122-8.

Koonin E.V. (1996). Pseudouridine synthases: four families of enzymes containing a
putative uridine-binding motif also conserved in dUTPases and dCTP deaminases.
Nucleic acids research, 24, 2411-5.

Korostelev A., Zhu J., Asahara H. & Noller H.F. (2010). Recognition of the amber
UAG stop codon by release factor RF1. The EMBO journal, 29, 2577-85.

Kowalak J.A., Bruenger E., Hashizume T., Peltier J.M., Ofengand J. & McCloskey J.A.
(1996). Structural characterization of U*-1915 in domain IV from Escherichia coli
23S ribosomal RNA as 3-methylpseudouridine. Nucleic acids research, 24, 688-93.

Kowalak J.A., Dalluge J.J., McCloskey J.A. & Stetter K.O. (1994). The role of post-
transcriptional modification in stabilization of transfer RNA from hyperthermo-
philes. Biochemistry, 33, 7869-76.

Labarga A., Valentin F., Anderson M. & Lopez R. (2007). Web services at the Euro-
pean bioinformatics institute. Nucleic acids research, 35, W6—11.

Laurberg M., Asahara H., Korostelev A., Zhu J., Trakhanov S. & Noller H.F. (2008).
Structural basis for translation termination on the 70S ribosome. Nature, 454, 852-7.

Leonov A.A., Sergiev P.V., Bogdanov A.A., Brimacombe R. & Dontsova O.A. (2003).
Affinity purification of ribosomes with a lethal G2655C mutation in 23 S rRNA that
affects the translocation. The Journal of biological chemistry, 278, 25664—70.

Lesnyak D.V., Sergiev P.V., Bogdanov A.A. & Dontsova O.A. (2006). Identification of
Escherichia coli m2G methyltransferases: 1. the ycbY gene encodes a methyl-
transferase specific for G2445 of the 23 S rRNA. Journal of molecular biology, 364,
20-5.

Lewicki B.T., Margus T., Remme J. & Nierhaus K.H. (1993). Coupling of rRNA tran-
scription and ribosomal assembly in vivo. Formation of active ribosomal subunits in
Escherichia coli requires transcription of rRNA genes by host RNA polymerase
which cannot be replaced by bacteriophage T7 RNA polymerase. Journal of mole-
cular biology, 231, 581-93.

Leviev L., Levieva S. & Garrett R.A. (1995). Role for the highly conserved region of do-
main IV of 23S-like rRNA in subunit-subunit interactions at the peptidyl transferase
centre. Nucleic acids research, 23, 1512-7.

51



Li Z. & Deutscher M.P. (1995). The tRNA processing enzyme RNase T is essential for
maturation of 5S RNA. Proceedings of the National Academy of Sciences of the
United States of America, 92, 6883—6.

Li Z., Pandit S. & Deutscher M.P. (1999a). Maturation of 23S ribosomal RNA requires
the exoribonuclease RNase T. Rna, 5, 139-46.

Li Z., Pandit S. & Deutscher M.P. (1999b). RNase G (CafA protein) and RNase E are
both required for the 5' maturation of 16S ribosomal RNA. The EMBO journal, 18,
2878-85.

Liiv A., Karitkina D., Maivali U. & Remme J. (2005). Analysis of the function of E.
coli 23S rRNA helix-loop 69 by mutagenesis. BMC molecular biology, 6, 18.

Lindahl L. (1975). Intermediates and time kinetics of the in vivo assembly of Esche-
richia coli ribosomes. Journal of molecular biology, 92, 15-37.

Liou G.G., Chang H.Y., Lin C.S. & Lin-Chao S. (2002). DEAD box RhIB RNA heli-
case physically associates with exoribonuclease PNPase to degrade double-stranded
RNA independent of the degradosome-assembling region of RNase E. The Journal
of biological chemistry, 277, 41157-62.

Machnicka M.A., Milanowska K., Osman Oglou O., Purta E., Kurkowska M., Olcho-
wik A., Januszewski W., Kalinowski S., Dunin-Horkawicz S., Rother K.M., Helm
M., Bujnicki J.M. & Grosjean H. (2013). MODOMICS: a database of RNA modi-
fication pathways--2013 update. Nucleic acids research, 41, D262-7.

Maivali U. & Remme J. (2004). Definition of bases in 23S rRNA essential for ribo-
somal subunit association. Rna, 10, 600-4.

Mandava C.S., Peisker K., Ederth J., Kumar R., Ge X., Szaflarski W. & Sanyal S.
(2012). Bacterial ribosome requires multiple L12 dimers for efficient initiation and
elongation of protein synthesis involving IF2 and EF-G. Nucleic acids research, 40,
2054-64.

McQuillen K., Roberts R.B. & Britten R.J. (1959). Synthesis of Nascent Protein by
Ribosomes in Escherichia Coli. Proceedings of the National Academy of Sciences of
the United States of America, 45, 1437-47.

Mears J.A., Cannone J.J., Stagg S.M., Gutell R.R., Agrawal RK. & Harvey S.C.
(2002). Modeling a minimal ribosome based on comparative sequence analysis.
Journal of molecular biology, 321, 215-34.

Meroueh M., Grohar P.J., Qiu J., Santal.ucia J., Jr., Scaringe S.A. & Chow C.S. (2000).
Unique structural and stabilizing roles for the individual pseudouridine residues in
the 1920 region of Escherichia coli 23S rRNA. Nucleic acids research, 28, 2075-83.

Merryman C., Moazed D., Daubresse G. & Noller H.F. (1999a). Nucleotides in 23S
rRNA protected by the association of 30S and 50S ribosomal subunits. Journal of
molecular biology, 285, 107—13.

Merryman C., Moazed D., McWhirter J. & Noller H.F. (1999b). Nucleotides in 16S
rRNA protected by the association of 30S and 50S ribosomal subunits. Journal of
molecular biology, 285, 97-105.

Mizushima S. & Nomura M. (1970). Assembly mapping of 30S ribosomal proteins
from E. coli. Nature, 226, 1214.

Mizutani K., Machida Y., Unzai S., Park S.Y. & Tame J.R. (2004). Crystal structures of
the catalytic domains of pseudouridine synthases RluC and RluD from Escherichia
coli. Biochemistry, 43, 4454—63.

Mueller F., Sommer I., Baranov P., Matadeen R., Stoldt M., Wohnert J., Gorlach M.,
van Heel M. & Brimacombe R. (2000). The 3D arrangement of the 23 S and 5 S
rRNA in the Escherichia coli 50 S ribosomal subunit based on a cryo-electron

52



microscopic reconstruction at 7.5 A resolution. Journal of molecular biology, 298,
35-59.

Nedelcu A.M. (1997). Fragmented and scrambled mitochondrial ribosomal RNA coding
regions among green algae: a model for their origin and evolution. Molecular bio-
logy and evolution, 14, 506—17.

Neumann J.M., Bernassau J.M., Gueron M. & Tran-Dinh S. (1980). Comparative con-
formations of uridine and pseudouridine and their derivatives. European journal of
biochemistry / FEBS, 108, 457-63.

Newby M.I. & Greenbaum N.L. (2001). A conserved pseudouridine modification in
eukaryotic U2 snRNA induces a change in branch-site architecture. Rna, 7, 833—45.

Nissen P., Hansen J., Ban N., Moore P.B. & Steitz T.A. (2000). The structural basis of
ribosome activity in peptide bond synthesis. Science, 289, 920-30.

Noller H.F., Hoffarth V. & Zimniak L. (1992). Unusual resistance of peptidyl trans-
ferase to protein extraction procedures. Science, 256, 1416-9.

Noller H.F., Kop J., Wheaton V., Brosius J., Gutell R.R., Kopylov A.M., Dohme F.,
Herr W., Stahl D.A., Gupta R. & Waese C.R. (1981). Secondary structure model for
23S ribosomal RNA. Nucleic acids research, 9, 6167-89.

Nomura M. & Erdmann V.A. (1970). Reconstitution of 50S ribosomal subunits from
dissociated molecular components. Nature, 228, 744-8.

Nomura M., Yates J.L., Dean D. & Post L.E. (1980). Feedback regulation of ribosomal
protein gene expression in Escherichia coli: structural homology of ribosomal RNA
and ribosomal protein MRNA. Proceedings of the National Academy of Sciences of
the United States of America, 77, 7084-8.

O'Connor M. & Dahlberg A.E. (1995). The involvement of two distinct regions of 23 S
ribosomal RNA in tRNA selection. Journal of molecular biology, 254, 838—47.

O'Connor M. & Gregory S.T. (2011). Inactivation of the RluD pseudouridine synthase
has minimal effects on growth and ribosome function in wild-type Escherichia coli
and Salmonella enterica. Journal of bacteriology, 193, 154—62.

Ofengand J. (2002). Ribosomal RNA pseudouridines and pseudouridine synthases.
FEBS letters, 514, 17-25.

Ofengand J. & Bakin A. (1997). Mapping to nucleotide resolution of pseudouridine
residues in large subunit ribosomal RNAs from representative eukaryotes, pro-
karyotes, archaebacteria, mitochondria and chloroplasts. Journal of molecular bio-
logy, 266, 246—68.

Ofengand J. & Del Campo M. (2004). Modified nucleotides of Escherichia coli ribo-
somal RNA. ASM Press,Washington, DC. http://www.ecosal.org, Eco-Sal.

Ofengand J., Malhotra A., Remme J., Gutgsell N.S., Del Campo M., Jean-Charles S.,
Peil L. & Kaya Y. (2001). Pseudouridines and pseudouridine synthases of the ribo-
some. Cold Spring Harbor symposia on quantitative biology, 66, 147-59.

Ortiz-Meoz R.F. & Green R. (2011). Helix 69 is key for uniformity during substrate
selection on the ribosome. The Journal of biological chemistry, 286, 25604—10.

Pang H. & Winkler H.H. (1993). Copy number of the 16S rRNA gene in Rickettsia
prowazekii. Journal of bacteriology, 175, 3893—-6.

Peil L., Virumae K. & Remme J. (2008). Ribosome assembly in Escherichia coli strains
lacking the RNA helicase DeaD/CsdA or DbpA. The FEBS journal, 275, 3772-82.

Picking W.D., Odom O.W. & Hardesty B. (1992). Evidence for RNA in the peptidyl
transferase center of Escherichia coli ribosomes as indicated by fluorescence. Bio-
chemistry, 31, 12565-70.

53



Pon C.L. & Gualerzi C. (1974). Effect of initiation factor 3 binding on the 30S ribo-
somal subunits of Escherichia coli. Proceedings of the National Academy of Scien-
ces of the United States of America, 71, 4950—-4.

Powers T. & Noller H.F. (1995). A temperature-dependent conformational rearrange-
ment in the ribosomal protein S4.16 S rRNA complex. The Journal of biological
chemistry, 270, 1238-42.

Purta E., Kaminska K.H., Kasprzak J.M., Bujnicki J.M. & Douthwaite S. (2008a).
YbeA is the m3Psi methyltransferase RImH that targets nucleotide 1915 in 23S
rRNA. Rna, 14, 2234-44.

Purta E., O'Connor M., Bujnicki J.M. & Douthwaite S. (2008b). YccW is the m5C
methyltransferase specific for 23S rRNA nucleotide 1962. Journal of molecular bio-
logy, 383, 641-51.

Rainey F.A., Ward-Rainey N.L., Janssen P.H., Hippe H. & Stackebrandt E. (1996).
Clostridium paradoxum DSM 7308T contains multiple 16S rRNA genes with
heterogeneous intervening sequences. Microbiology, 142 ( Pt 8), 2087-95.

Ramakrishnan V. & Moore P.B. (2001). Atomic structures at last: the ribosome in 2000.
Current opinion in structural biology, 11, 144-54.

Ramamurthy V., Swann S.L., Paulson J.L., Spedaliere C.J. & Mueller E.G. (1999).
Critical aspartic acid residues in pseudouridine synthases. The Journal of biological
chemistry, 2774, 22225-30.

Ratje A.H., Loerke J., Mikolajka A., Brunner M., Hildebrand P.W., Starosta A.L., Don-
hofer A., Connell S.R., Fucini P., Mielke T., Whitford P.C., Onuchic JN., Yu Y.,
Sanbonmatsu K.Y., Hartmann R.K., Penczek P.A., Wilson D.N. & Spahn C.M.
(2010). Head swivel on the ribosome facilitates translocation by means of intra-
subunit tRNA hybrid sites. Nature, 468, 713-6.

Rawat U.B., Zavialov A.V., Sengupta J., Valle M., Grassucci R.A., Linde J., Vester-
gaard B., Ehrenberg M. & Frank J. (2003). A cryo-electron microscopic study of
ribosome-bound termination factor RF2. Nature, 421, 87-90.

Raychaudhuri S., Conrad J., Hall B.G. & Ofengand J. (1998). A pseudouridine synthase
required for the formation of two universally conserved pseudouridines in ribosomal
RNA is essential for normal growth of Escherichia coli. Rna, 4, 1407-17.

Raychaudhuri S., Niu L., Conrad J., Lane B.G. & Ofengand J. (1999). Functional effect
of deletion and mutation of the Escherichia coli ribosomal RNA and tRNA pseudo-
uridine synthase RIuA. The Journal of biological chemistry, 274, 18880—6.

Rodnina M.V., Savelsbergh A., Matassova N.B., Katunin V.I., Semenkov Y.P. &
Wintermeyer W. (1999). Thiostrepton inhibits the turnover but not the GTPase of
elongation factor G on the ribosome. Proceedings of the National Academy of Scien-
ces of the United States of America, 96, 9586-90.

Roth H.E. & Nierhaus K.H. (1980). Assembly map of the 50-S subunit from Esche-
richia coli ribosomes, covering the proteins present in the first reconstitution inter-
mediate particle. European journal of biochemistry / FEBS, 103, 95-8.

Roy-Chaudhuri B., Kirthi N. & Culver G.M. (2010). Appropriate maturation and
folding of 16S rRNA during 30S subunit biogenesis are critical for translational
fidelity. Proceedings of the National Academy of Sciences of the United States of
America, 107, 4567-72.

Sakakibara Y. & Chow C.S. (2011). Probing conformational states of modified helix 69
in 50S ribosomes. Journal of the American Chemical Society, 133, 8396-9.

Sakakibara Y. & Chow C.S. (2012). Role of pseudouridine in structural rearrangements
of helix 69 during bacterial ribosome assembly. ACS chemical biology, 7, 871-8.

54



Schaub R.E. & Hayes C.S. (2011). Deletion of the RluD pseudouridine synthase pro-
motes SsrA peptide tagging of ribosomal protein S7. Molecular microbiology, 79,
331-41.

Scheunemann A.E., Graham W.D., Vendeix F.A. & Agris P.F. (2010). Binding of
aminoglycoside antibiotics to helix 69 of 23S rRNA. Nucleic acids research, 38,
3094-105.

Schuwirth B.S., Borovinskaya M.A., Hau C.-W., Zhang W., Vila-Sanjurjo A., Holton
JM. & Cate J.H. (2005). Structures of the bacterial ribosome at 3.5 A resolution.
Science, 310, 827-34.

Selmer M., Dunham C.M., Murphy F.V.t., Weixlbaumer A., Petry S., Kelley A.C., Weir
J.R. & Ramakrishnan V. (2006). Structure of the 70S ribosome complexed with
mRNA and tRNA. Science, 313, 1935-42.

Sergiev P.V., Bogdanov A.A., Dahlberg A.E. & Dontsova O. (2000). Mutations at posi-
tion A960 of E. coli 23 S ribosomal RNA influence the structure of 5 S ribosomal
RNA and the peptidyltransferase region of 23 S ribosomal RNA. Journal of mole-
cular biology, 299, 379-89.

Sergiev P.V., Lesnyak D.V., Bogdanov A.A. & Dontsova O.A. (2006). Identification of
Escherichia coli m2G methyltransferases: II. The ygjO gene encodes a methyl-
transferase specific for G1835 of the 23 S rRNA. Journal of molecular biology, 364,
26-31.

Sergiev P.V., Serebryakova M.V., Bogdanov A.A. & Dontsova O.A. (2008). The ybiN
gene of Escherichia coli encodes adenine-N6 methyltransferase specific for modifi-
cation of A1618 of 23 S ribosomal RNA, a methylated residue located close to the
ribosomal exit tunnel. Journal of molecular biology, 375, 291-300.

Sharpe Elles L.M., Sykes M.T., Williamson J.R. & Uhlenbeck O.C. (2009). A dominant
negative mutant of the E. coli RNA helicase DbpA blocks assembly of the 50S
ribosomal subunit. Nucleic acids research, 37, 6503—14.

Siibak T. & Remme J. (2010). Subribosomal particle analysis reveals the stages of bac-
terial ribosome assembly at which rRNA nucleotides are modified. Rna, 16, 2023-32.

Sivaraman J., Tannuzzi P., Cygler M. & Matte A. (2004). Crystal structure of the RluD
pseudouridine synthase catalytic module, an enzyme that modifies 23S rRNA and is
essential for normal cell growth of Escherichia coli. Journal of molecular biology,
335, 87-101.

Sogin M.L., Pace B. & Pace N.R. (1977). Partial purification and properties of a ribo-
somal RNA maturation endonuclease from Bacillus subtilis. The Journal of biolo-
gical chemistry, 252, 1350-7.

Spahn C.M., Gomez-Lorenzo M.G., Grassucci R.A., Jorgensen R., Andersen G.R.,
Beckmann R., Penczek P.A., Ballesta J.P. & Frank J. (2004). Domain movements of
elongation factor eEF2 and the eukaryotic 80S ribosome facilitate tRNA trans-
location. The EMBO journal, 23, 1008—19.

Srivastava A.K. & Schlessinger D. (1988). Coregulation of processing and translation:
mature 5' termini of Escherichia coli 23S ribosomal RNA form in polysomes. Pro-
ceedings of the National Academy of Sciences of the United States of America, 85,
7144-8.

Srivastava A.K. & Schlessinger D. (1989). Processing pathway of Escherichia coli 16S
precursor rRNA. Nucleic acids research, 17, 1649—63.

Srivastava A.K. & Schlessinger D. (1990). Mechanism and regulation of bacterial ribo-
somal RNA processing. Annual review of microbiology, 44, 105-29.

55



Stanley R.E., Blaha G., Grodzicki R.L., Strickler M.D. & Steitz T.A. (2010). The struc-
tures of the anti-tuberculosis antibiotics viomycin and capreomycin bound to the
708 ribosome. Nature structural & molecular biology, 17, 289-93.

Stark H., Rodnina M.V., Wieden H.J., Zemlin F., Wintermeyer W. & van Heel M.
(2002). Ribosome interactions of aminoacyl-tRNA and elongation factor Tu in the
codon-recognition complex. Nature structural biology, 9, 849—54.

Stevenson B.S. & Schmidt T.M. (1998). Growth rate-dependent accumulation of RNA
from plasmid-borne rRNA operons in Escherichia coli. Journal of bacteriology, 180,
1970-2.

Strunk B.S. & Karbstein K. (2009). Powering through ribosome assembly. Rna, 15,
2083-104.

Sumita M., Desaulniers J.P., Chang Y.C., Chui H.M., Clos L., 2nd & Chow C.S.
(2005). Effects of nucleotide substitution and modification on the stability and
structure of helix 69 from 28S rRNA. Rna, 11, 1420-9.

Zhu J.D., Waters A.P., Appiah A., McCutchan T.F., Lal A.A. & Hollingdale M.R.
(1990). Stage-specific ribosomal RNA expression switches during sporozoite inva-
sion of hepatocytes. The Journal of biological chemistry, 265, 12740-4.

Talkington M.W., Siuzdak G. & Williamson J.R. (2005). An assembly landscape for the
30S ribosomal subunit. Nature, 438, 628-32.

Tissieres A. & Watson J.D. (1958). Ribonucleoprotein particles from Escherichia coli.
Nature, 182, 778-80.

Traub P. & Nomura M. (1968). Structure and function of E. coli ribosomes. V. Re-
constitution of functionally active 30S ribosomal particles from RNA and proteins.
Proceedings of the National Academy of Sciences of the United States of America,
59, 777-84.

Traub P. & Nomura M. (1969). Structure and function of Escherichia coli ribosomes.
VI. Mechanism of assembly of 30 s ribosomes studied in vitro. Journal of molecular
biology, 40, 391-413.

Udem S.A. & Warner J.R. (1973). The cytoplasmic maturation of a ribosomal precursor
ribonucleic acid in yeast. The Journal of biological chemistry, 248, 1412—6.

Vaidyanathan P.P., Deutscher M.P. & Malhotra A. (2007). RIuD, a highly conserved
pseudouridine synthase, modifies 50S subunits more specifically and efficiently than
free 23S rRNA. Rna, 13, 1868-76.

Weixlbaumer A., Jin H., Neubauer C., Voorhees R.M., Petry S., Kelley A.C. & Rama-
krishnan V. (2008). Insights into translational termination from the structure of RF2
bound to the ribosome. Science, 322, 953-6.

Vermeer C., de Kievit R.J., van Alphen W.J. & Bosch L. (1973). Recycling of the
initiation factor IF-3 on 30 S ribosomal subunits of E. coli. FEBS letters, 31, 273-6.

Wilson D.N. & Nierhaus K.H. (2005). Ribosomal proteins in the spotlight. Critical re-
views in biochemistry and molecular biology, 40, 243—67.

Wilson D.N., Schluenzen F., Harms J.M., Yoshida T., Ohkubo T., Albrecht R., Buerger
J., Kobayashi Y. & Fucini P. (2005). X-ray crystallography study on ribosome re-
cycling: the mechanism of binding and action of RRF on the 50S ribosomal subunit.
The EMBO journal, 24, 251-60.

Wimberly B.T., Brodersen D.E., Clemons W.M., Jr., Morgan-Warren R.J., Carter A.P.,
Vonrhein C., Hartsch T. & Ramakrishnan V. (2000). Structure of the 30S ribosomal
subunit. Nature, 407, 327-39.

Woese C.R., Magrum L.J., Gupta R., Siegel R.B., Stahl D.A., Kop J., Crawford N.,
Brosius J., Gutell R., Hogan J.J. & Noller H.F. (1980). Secondary structure model

56



for bacterial 16S ribosomal RNA: phylogenetic, enzymatic and chemical evidence.
Nucleic acids research, 8,2275-93.

Wrzesinski J., Bakin A., Ofengand J. & Lane B.G. (2000). Isolation and properties of
Escherichia coli 23S-RNA pseudouridine 1911, 1915, 1917 synthase (RIuD).
IUBMRB life, 50, 33-7.

Wrzesinski J., Nurse K., Bakin A., Lane B.G. & Ofengand J. (1995). A dual-specificity
pseudouridine synthase: an Escherichia coli synthase purified and cloned on the
basis of its specificity for psi 746 in 23S RNA is also specific for psi 32 in
tRNA(phe). Rna, 1, 437-48.

Yusupov M.M., Yusupova G.Z., Baucom A., Lieberman K., Earnest T.N., Cate J.H. &
Noller H.F. (2001). Crystal structure of the ribosome at 5.5 A resolution. Science,

292, 883-96.

57



ACKNOWLEDGEMENTS

First and foremost, I want to thank my supervisor Jaanus Remme for always
being very supportive. Also finding the time for discussion and advising when I
felt completely lost. I also thank Aivar for supervising and knowing everything
about everything and usually sharing the knowledge with others. I thank past
and present co-workers (Arto, Kai, Kalle, Kerli, Kaspar, Lauri, Ulo) of the
molecular biology lab, as well as people from biochemistry lab. Special thanks
to Rya, Triinu, Anu and Katrin who have been with me since in the beginning
of the university. Tiiu was always helping me with my administrative issues,
thank you.

I also thank my elementary- and high school teachers Vaike and Merike for
their hard work in the past.

Finally, I thank my family. Special thanks goes to my wife Hely and son
Mihkel for their support when I needed it the most, I also thank my mother,
brother and sister for always being there for me.

58



CURRICULUM VITAE

Name: Margus Leppik
Date of birth: September 28™,1981
Citizenship: Estonian

Address: University of Tartu, Faculty of Science and Technology,
Institute of Molecular and Cell Biology
e-mail: margus.leppik@ut.ee

Current position:  University of Tartu, Institute of Molecular and Cell
Biology, Technician

Education:
1988-2000 Oskar Lutsu Palamuse Gymnasium

2000-2005 University of Tartu, BSc, gene technology

2005-2007 University of Tartu, MSc, gene technology

2007— ... University of Tartu, doctorate studies, molecular and cell
biology

Language skills: Estonian, English

Research experience:
2005- ... University of Tartu, Institute of Molecular and Cell Biology,
Prof. J. Remme’s group, technician

Main research interests:
Ribosome biosynthesis in Escherichia coli, TRNA pseudouridines and rRNA
pseudouridine synthases.

List of publications:

Leppik, M; Peil, L; Kipper, K; Liiv, A; Remme, J: Substrate specificity of
the pseudouridine synthase RluD in Escherichia coli. FEBS J 2007,
21:5759-66.

Ero, R; Leppik, M; Liiv, A; Remme, J: Specificity and kinetics of 23S
rRNA modification enzymes RImH and RluD. RNA 2010, 11:2075-84.
Leppik, M; Ero, R; Liiv, A; Kipper, K; Remme, J: Different sensitivity of
H69 modification enzymes RluD and RImH to mutations in Escherichia
coli 23S rRNA. Biochimie 2012, 94(5):1080-9.

95



Conferences:

2008 NordFrosk RNA Network Meeting, Helsinki, oral presentation
2009 Ribosome Synthesis, Regensburg, poster presentation

2010 Ribosomes 2010, Orvieto, poster presentation

Teaching:

Practical Course in Chemistry of Nucleic Acids
Protein Biosyntesis, 1 lecture

Supervising:
1 BSc student

Committees:
2013 Member of exam committee of bachelor degree

96



CURRICULUM VITAE

Nimi: Margus Leppik
Siinniaeg: 28. september 1981
Kodakondsus: Eesti

e-post: margus.leppik@ut.ee

Praegune tookoht: Tartu Ulikool, Molekulaar- ja rakubioloogia instituut,
laborant

Haridustee:
1988-2000 Oskar Lutsu Palamuse Giimnaasium

2000-2005 Tartu Ulikool, BSc, geenitehnoloogia erialal
2005-2007 Tartu Ulikool, MSc, geenitehnoloogia erialal
2007- ... Tartu Ulikool, doktoridpe, molekulaarbioloogia erialal

Keelteoskus: Eesti, Inglise

Teadustdo kogemus:
2005- ... Tartu Ulikool, Molekulaar- ja rakubioloogia instituut, Prof. J.
Remme t66grupp, laborant

Peamised uurimisvaldkonnad:
Ribosoomi biosiintees, rRNA pseudouridiinid ja rRNA pseudouridiini
stintaasid.

Publikatsioonide loetelu:

Leppik, M; Peil, L; Kipper, K; Liiv, A; Remme, J: Substrate specificity of
the pseudouridine synthase RluD in Escherichia coli. FEBS J 2007, 21:
5759-66.

Ero, R; Leppik, M; Liiv, A; Remme, J: Specificity and kinetics of 23S rRNA
modification enzymes RImH and RluD. RNA 2010, 11:2075-84.

Leppik, M; Ero, R; Liiv, A; Kipper, K; Remme, J: Different sensitivity of
H69 modification enzymes RluD and RImH to mutations in Escherichia coli
23S rRNA. Biochimie 2012, 94(5):1080-9.

97



Konverentsid:

2008 NordFrosk RNA Network Meeting, Helsinki, suuline ettekanne
2009 Ribosome Synthesis, Regensburg, posterettekanne

2010 Ribosomes 2010, Orvieto, posterettekanne

Oppetoo:

Nukleiinhapete keemia praktikumi juhendamine
Valgu biosiintees, 1 loeng

Juhendamine:
1 BSc iilidpilane

Komisjonid:
2013 Bakalaureuse kraadi kaitsmiskomisjoni liige

98



11.

12.

13.

13.

14.

15

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport

and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiilitsete makrosamblike vairtus ohu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes méagimetsades. Tartu, 1992, 131 1k.

. Andres Miie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-

some. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kaird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.

Lilian Jérvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

. Ulo Puurand. The complete nucleotide sequence and infections in vitro

transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

99



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor tran-
scription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle OIlli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous grassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keroplati-
dae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

100



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Példmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in
environmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.

Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Kéks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
erotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O; and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and transla-
tional strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus E2
protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu
2000. 88 p.

101



61.

62.

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu 2000. 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p.

. Jonne Kotta. Impact of eutrophication and biological invasionas on the

structure and functions of benthic macrofauna. Tartu 2000. 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000. 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000. 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001.
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu 2001. 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu 2001. 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu 2001. 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002. 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in
Pseudomonas putida. Tartu, 2002. 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002. 74 p.

Kro6t Aasamaa. Shoot hydraulic conductance and stomatal conductance of
six temperate deciduous tree species. Tartu, 2002. 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002.
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligo-
nucleotide microarrays. Tartu, 2002. 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003. 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003. 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003. 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003. 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation to
productivity. Tartu, 2003. 159 p

102



82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003. 89 p.

Andres Minnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003.
109 p.

Ivika Ostonen. Fine root structure, dynamics and proportion in net
primary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003. 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003. 199 p.

Ulo Vili. The greater spotted eagle Aquila clanga and the lesser spotted
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004.
159 p.

Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004. 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004. 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004. 117 p.
Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004. 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004. 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004. 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004. 103 p.
Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004. 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004. 128 p.

Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004. 105 p.

Ulo Maivili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004. 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004. 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004. 167 p.

100. Ilmar Ténno. The impact of nitrogen and phosphorus concentration and

N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004. 111 p.

101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments

in greenfinches. Tartu, 2004. 144 p.

102. Siiri Rootsi. Human Y-chromosomal variation in European populations.

Tartu, 2004. 142 p.

103



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005. 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast Han-
senula polymorpha. Tartu, 2005. 100 p.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005. 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005.
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005. 156 p.

Kaasik, Krista. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005. 121 p.

Juhan JavoiS. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005. 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005. 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005. 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005. 106 p.

Mait Metspalu. Through the course of prehistory in india: tracing the
mtDNA trail. Tartu, 2005. 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006. 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006. 126 p.

Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006. 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006. 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006. 90 p.

Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major 1.): Sources of variation and trade-offs in relation to
growth. Tartu, 2006. 94 p.

Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006. 186 p.

Harri Valdmann. Lynx (Lynx [ynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.

104



123. Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida
albicans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

124. Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007.
123 p.

125. Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007. 143 p.

126. Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007. 89 p.

127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007. 233 p.

128. Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007. 135 p.

129. Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007. 109 p.

130. Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007. 79 p.

131.Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007. 171 p.

132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007. 112 p.

133.Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007. 172 p.

134.Reedik Migi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007. 96 p.

135. Priit Kilgas. Blood parameters as indicators of physiological condition and
skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007. 129 p.

136. Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007. 95 p.

137. Kirt Padari. Protein transduction mechanisms of transportans. Tartu, 2008.
128 p.

138. Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008. 125 p.

139. Ulle Jogar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008. 99 p.

140. Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008. 133 p.
141. Reidar Andreson. Methods and software for predicting PCR failure rate in

large genomes. Tartu, 2008. 105 p.
142. Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008. 175 p.

105



143. Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

144. Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

145. Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

146. Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

147. Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

148. Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

149. Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

150. Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO, concentration. Tartu, 2008, 108 p.

151.Janne Pullat. Design, functionlization and application of an in situ
synthesized oligonucleotide microarray. Tartu, 2008, 108 p.

152. Marta Putrins. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.

153. Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

154. Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.

155. Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

156. Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

157. Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes — the role of land use intensity and land-
scape structure. Tartu, 2009, 112 p.

158. Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

159. Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

160. Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

161. Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

106



162. Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

163. Jaana Salujée. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.

164. Ele Vahtmie. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.

165. Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.

166. Pille Sailik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p.

167. Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.

168.Lea Hallik. Generality and specificity in light harvesting, carbon gain
capacity and shade tolerance among plant functional groups. Tartu, 2009,
99 p.

169. Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.

170. Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p.

171. Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p.

172.Signe Altmie. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.

173. Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.

174. Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.

175. Eero Talts. Photosynthetic cyclic electron transport — measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.

176. Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.
177. Kaarel KrjutS$kov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,

2010, 129 p.

178. Egle Koster. Morphological and genetical variation within species complexes:
Anthyllis vulneraria s. 1. and Alchemilla vulgaris (coll.). Tartu, 2010, 101 p.
179. Erki Ounap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:

Geometridae). Tartu, 2010, 111 p.

180. Merike Jesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.

181. Kristjan Herkiil. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

107



182. Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.

183. Maria Pollupiiii. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.

184. Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.

185. Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.

186. Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.

187.Virve Sober. The role of biotic interactions in plant reproductive
performance. Tartu, 2010, 92 p.

188. Kersti Kangro. The response of phytoplankton community to the changes
in nutrient loading. Tartu, 2010, 144 p.

189. Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.

190. Helen Tammert. Ecological role of physiological and phylogenetic
diversity in aquatic bacterial communities. Tartu, 2010, 140 p.

191. Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.

192. Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.

193. Siim Séber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p.

194. Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.

195. Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect.
Tartu, 2011, 134 p.

196. Tambet Tonissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and
neural function. Tartu, 2011, 110 p.

197. Helin Rédgel. Multiple faces of cell-penetrating peptides — their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.

198. Andres Jaanus. Phytoplankton in Estonian coastal waters — variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.

199. Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.

200. Signe Virv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.

201. Kristjan Vilk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

108



202. Arno Péllumée. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.

203. Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011,
143 p.

205. Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.

206. Kessy Abarenkov. PlutoF — cloud database and computing services
supporting biological research. Tartu, 2011, 125 p.

207. Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p.

208. Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.

209. Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a
wild passerine. Tartu, 2011, 105 p.

210. Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.

211. Pauli Saag. Natural variation in plumage bacterial assemblages in two
wild breeding passerines. Tartu, 2012, 113 p.

212. Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein
substrate: arrangements for the perfect marriage. Tartu, 2012, 143 p.

213. Mari Jirve. Different genetic perspectives on human history in Europe
and the Caucasus: the stories told by uniparental and autosomal markers.
Tartu, 2012, 119 p.

214. Ott Scheler. The application of tmRNA as a marker molecule in bacterial
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p.

215. Anna Balikova. Studies on the functions of tumor-associated mucin-like
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p.

216. Triinu Kéressaar. Improvement of PCR primer design for detection of
prokaryotic species. Tartu, 2012, 83 p.

217. Tuul Sepp. Hematological health state indices of greenfinches: sources of
individual variation and responses to immune system manipulation. Tartu,
2012, 117 p.

218. Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p.

219. Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-
ferent spatial scales. Tartu, 2012, 165 p.

220. Annely Lorents. Overcoming the plasma membrane barrier: uptake of
amphipathic cell-penetrating peptides induces influx of calcium ions and
downstream responses. Tartu, 2012, 113 p.

109



221.

222.

223.

224.

225.

226.

227.

228.

220.

230.

231.

232.

233.

234.

235.

236.
237.

238.

239.

Katrin Miinnik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general
population. Tartu, 2012, 171 p.

Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p.

Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas
syringae pv. tomato DC3000: heterologous expression, biochemical
characterization, mutational analysis and spectrum of polymerization
products. Tartu, 2012, 160 p.

Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p.

Tonu Esko. Novel applications of SNP array data in the analysis of the ge-
netic structure of Europeans and in genetic association studies. Tartu,
2012, 149 p.

Timo Arula. Ecology of early life-history stages of herring Clupea
harengus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p.

Inga Hiiesalu. Belowground plant diversity and coexistence patterns in
grassland ecosystems. Tartu, 2012, 130 p.

Kadri Koorem. The influence of abiotic and biotic factors on small-scale
plant community patterns and regeneration in boreonemoral forest. Tartu,
2012, 114 p.

Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria.
Tartu, 2012, 122 p.

Kaupo Kohv. The direct and indirect effects of management on boreal
forest structure and field layer vegetation. Tartu, 2012, 124 p.

Mart Jiissi. Living on an edge: landlocked seals in changing climate.
Tartu, 2012, 114 p.

Riina Klais. Phytoplankton trends in the Baltic Sea. Tartu, 2012, 136 p.
Rauno Veeroja. Effects of winter weather, population density and timing
of reproduction on life-history traits and population dynamics of moose
(Alces alces) in Estonia. Tartu, 2012, 92 p.

Marju Keis. Brown bear (Ursus arctos) phylogeography in northern
Eurasia. Tartu, 2013, 142 p.

Sergei Poélme. Biogeography and ecology of alnus- associated ecto-
mycorrhizal fungi — from regional to global scale. Tartu, 2013, 90 p.

Liis Uuskiila.. Tartu, 2013, 173 p.

Marko Ldoke. Studies on DNA replication initiation in Saccharomyces
cerevisiae. Tartu, 2013, 112 p.

Anne Aan. Light- and nitrogen-use and biomass allocation along pro-
ductivity gradients in multilayer plant communities. Tartu, 2013, 127 p.
Heidi Tamm. Comprehending phylogenetic diversity — case studies in
three groups of ascomycetes. Tartu, 2013, 136 p.

110



240. Liina Kangur. High-Pressure Spectroscopy Study of Chromophore-
Binding Hydrogen Bonds in Light-Harvesting Complexes of Photo-
synthetic Bacteria. Tartu, 2013, 150 p.



	Blank Page



