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INTRODUCTION

Assembly of ribosomes is a complex process which is initiated during ribo-
somal RNA transcription and that ends with functional ribosomal subunits
capable of participating in translation (Kaczanowska and Rydén-Aulin, 2007,
Nierhaus, 1991). Each ribosome consists of two subunits (large and a small),
whereas each subunit consists of ribosomal RNA(s) and ribosomal proteins, few
of them modified to some extent (Kaczanowska and Rydén-Aulin, 2007). Since
ribosome is a complex ribonucleoprotein particle, its assembly process involves
a number of ribosomal and extra-ribosomal factors (Kaczanowska and Rydén-
Aulin, 2007; Wilson and Nierhaus, 2007), many of which are still incompletely
characterized. The biogenesis of translational apparatus has been studied
extensively for decades, using both in vivo and in vitro approaches but there are
still many unanswered questions.

Extra-ribosomal factors needed for the effective and correct assembly of
ribosomes contain many classes of functionally different proteins — RNA
modification enzymes, RNA helicases, RNA chaperones, heat-shock proteins
and ribosome-dependent GTPases, to name few (Kaczanowska and Rydén-
Aulin, 2007; Wilson and Nierhaus, 2007). So far there is evidence for the direct
involvement of extra-ribosomal proteins in the ribosome assembly process only
for few; for example most of the rRNA modification enzymes are indispensable
for the ribosome assembly and cell viability. In all kingdoms of life, ribosomal
RNAs undergo specific post-transcriptional modifications that are thought to
play an important role in structure stabilization among other functions
(Ofengand and Del Campo, 2004). Of those modifications, pseudouridylation is
the most common single modification found (Ofengand, 2002), followed by
different species of methylated nucleotides (Ofengand and Del Campo, 2004).
Despite the fact that there are many modified nucleotides in ribosomal RNA
(total number ranging from 1 to more than 100 modifications per ribosomal
RNA molecule) and that they mostly cluster in functionally important regions,
no clear function has been assigned to most of them yet. In Escherchia coli, all
enzymes responsible for pseudouridine synthesis in ribosomal RNA have been
identified (Ofengand, 2002) while there are still few methyltransferases missing
(Kaczanowska and Rydén-Aulin, 2007). At the same time, many other extra-
ribosomal assembly factors mentioned above have been shown to participate in
a number of different cellular processes beside ribosome biogenesis, ranging
from translation to the heat-shock response.

One of the major unanswered question in ribosome biogenesis has been
whether the accumulated abnormal ribosomal particles can mature into 70S
ribosomes or not. Ribosome assembly was previously thought to happen via
certain pre-determined pathways that were mostly based on in vitro results
(Nierhaus, 1991). However, some recent studies have shown the heterogeneous
nature of such abnormal particles (Charollais et al., 2004; Charollais et al.,
2003; Hager et al.,, 2002; Hwang and Inouye, 2006; Jiang et al., 2000),
indicating that there is no singular distinct pathway for ribosome assembly and
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that it may be time to re-evaluate ribosome assembly mechanisms. This
suggestion is also well supported by the work of James Williamson group,
where they have analyzed the assembly map and pathways of ribosome small
subunit in detail (Talkington et al., 2005).

Current thesis focuses on the characterization of different extra-ribosomal
factors involved in ribosome assembly, with the special focus on RNA
modification enzymes and RNA helicases.



REVIEW OF LITERATURE

The ribosome is a large, complex and dynamic ribonucleoprotein particle
consisting of a large and small subunit. In Escherichia coli, the large (50S)
subunit contains two rRNA molecules (23S rRNA, 2904 nt, and 5S rRNA, 120
nt) and 33 ribosomal proteins (r-proteins), whereas the small (30S) subunit
contains one TRNA molecule (16S rRNA, 1542 nt) and 21 r-proteins (Kacza-
nowska and Rydén-Aulin, 2007; Wilson and Nierhaus, 2005). Assembly of
ribosomes is a complex and highly coordinated process, which is initiated
during rRNA transcription (Lewicki et al., 1993) and involves processing, mo-
dification and folding of rRNA and r-proteins, as well as their association to
form functional ribosomal subunits. 16S rRNA contains 11 modified nucleo-
tides (10 methylations and 1 pseudouridine) and 23S rRNA contains 25 known
modifications (14 methylations, 9 pseudouridines, one methylated pseudo-
uridine and one unknown modification) (Table 1) whereas there are 11 known
post-translationally modified ribosomal proteins (Table 2).

Table 1. Modified nucleotides in Escherichia coli rRNAs and their modifying enzymes.
Table adapted from (Kaczanowska and Rydén-Aulin, 2007) and (Wilson and Nierhaus,
2007) according to current knowledge. Unknown modification is indicated with *.

Modifying enzyme
Nucleotide Modification Name Synonym
16S rRNA

516 ¥ RsuA YejD

527 m'G RsmG GidB

966 m’G RsmD YhhF

967 m’C RsmB Fmu, YhdB
1207 m’G RsmC YjiT

1402 m‘'Cm RsmH; Rsml hypothetical
1407 m’C RsmF YebU

1498 m’U RsmE Yggl

1516 m’G Rsm] hypothetical
1518 m%A RsmA KsgA

1519 m%A RsmA KsgA
23S rRNA

745 m'G RImA' RrmA,YebH
746 v RIuA YabO

747 m’U RImC YbjF, RumB
955 ¥ RluC YceC

1618 m°A RImF YbiN

1835 m’G RImG Ygjo

1911 y RluD Yfil, SthB
1915 m’¥ RluD Yfil, SthB

RlmH YbeA
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Modifying enzyme

Nucleotide Modification Name Synonym
1917 b Y RIuD Yfil, SthB
1939 m’U RImD YgcA, RumA
1962 m’C RimI YccW
2030 m°A RimJ hypothetical
2069 m'G RImK hypothetical
2251 Gm RImB YjfH
2445 m’G RimL YcbY
2449 D RIdA hypothetical
2457 b Y RIuE YmfC
2498 Cm RImM YgdE
2501 *Cc RItA hypothetical
2503 m°A RImN YfgB
2504 b Y RluC YceC
2552 Um RImE FtsJ, Rrm]J
2580 bd RIuC YceC
2604 b Y RIuF YjbC
2605 bd RIuB Ycil

Table 2. Modifications of Escherichia coli ribosomal proteins. Table adapted from
(Arnold and Reilly, 1999) and (Kaczanowska and Rydén-Aulin, 2007) according to
current knowledge.

Protein Modification Position

S5 Acetylation N-terminus (A1)

S6 Glutamic acid residues C-terminus, up to four E residues

are added

S11 Monomethylation; partial N-terminus (A1); unknown
modification with isoaspartate

S12 Methylthio-aspartate D88

S18 Acetylation N-terminus (A1)

L3 Monomethylation Q150

L7/L12 Monomethylation K81

L12 Acetylation N-terminus (S1)

L11 Three trimethylations N-terminus (A1), K3, K39

L16 Monomethylation; unknown N-terminus (M1); R81

L33 Monomethylation N-terminus (A1)

It is known that many extra-ribosomal factors are involved in the ribosome
assembly process, especially in eukaryotes. For example, there are more than
200 known ribosome assembly factors in Saccharomyces cerevisiae, both
proteins and small nucleolar RNAs (Hage and Tollervey, 2004). In bacteria, the
number of extra-ribosomal components so far identified as being involved in
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ribosome assembly is more than ten-fold smaller (Kaczanowska and Rydén-
Aulin, 2007; Wilson and Nierhaus, 2007).

Extra-ribosomal assembly factors can be divided into different groups, based
on their primary activity or other unique properties. One can classify them on
many different ways but for the sake of unification, same classification as
proposed by (Kaczanowska and Rydén-Aulin, 2007) and (Wilson and Nierhaus,
2007) will be used here. According to them, extra-ribosomal factors involved in
ribosome biogenesis (only some proteins are listed; ribonucleases involved in
rRNA maturation have been excluded) are classified as:

1. RNA modification enzymes (RluD (Gutgsell et al., 2005) and RImE
(Biigl et al., 2000; Caldas et al., 2000a; Caldas et al., 2000b),

2. RNA helicases (DeaD/CsdA (Charollais et al., 2004), SrmB (Charollais
et al., 2003), DbpA (Elles and Uhlenbeck, 2008; Fuller-Pace et al.,
1993) and RhIE (Jain, 2008)),

3. heat-shock proteins (DnaK/DnaJ (Al Refaii and Alix, 2009; Alix and
Guérin, 1993) and GroEL (El Hage et al., 2001)),

4. ribosome-dependent GTPases (Era (Inoue et al., 2003; Inoue et al.,
2006), RsgA (Campbell and Brown, 2008; Himeno et al., 2004),
CgtAr/ObgE (Jiang et al., 2006; Sato et al., 2005) and EngA/Der
(Hwang and Inouye, 2006, 2008)),

5. RNA chaperones (RimM (Bylund et al., 1998) and RbfA (Bylund et al.,
1997; Bylund et al., 1998; Inoue et al., 2003; Inoue et al., 2006)).

The role of above-mentioned proteins in ribosome assembly and biogenesis in
E. coli will be described in more detail below.

I. Ribosomal RNA synthesis and processing

In Escherichia coli, each TRNA operon is transcribed as a primary transcript
molecule (also called 30S RNA) that contains 16S, 23S and 5S rRNA together
with extra leader, spacer and trailer sequences. In all of seven E. coli rrn
operons, spacer region between 16S and 23S gene contains one or two tRNA
sequences; some operons contain additional one or two tRNA sequences distal
to the 5S gene (Figure 1). Ribosomal RNA primary transcript must be further
processed by nucleases into individual rRNA molecules which are then post-
transcriptionally modified by a number of modification enzymes. The pro-
cessing of primary transcript into individual mature rRNA molecules involves a
number of different endo- and exonucleases and is a fast process as most of the
rRNA present in the cells is mature. First rRNA processing events occur before
the transcription of r7n operon is completed while the final maturation of rRNA
takes place in translating ribosomes (Srivastava and Schlessinger, 1990).
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P1 P2 tRNA™ ter

rmA — HHH H——
168 tRNA™" 23S 58
tRNA®"?
B P1 P2 l I] ter
168 23S 5S
tRNA®? tRNA"!
N P1P2 i 1 ter
16S 23S 55 tRNAT
tRNA"" tRNA™
D P1 P2 ll ﬂlE ter
16S tRNA"™ 23S 5S 58
tRNA®"?
rnE P1 P2 l |:| ter
168 23S 5S
tRNA®?
G m I M
168 23S 5S
tRNA"M tRNAASP-1
nH P1 P2 l l |:| l ter
168 tRNA™ 23S 5S

Figure 1. The structure of the rRNA operons in E. coli. Open and filled rectangles
represent rRNA (16S, 23S, and 5S) and tRNA genes, respectively. The figure also
indicates the relative positions of promoters (P1 P2) and terminators (ter). Figure is
adapted from (Srivastava and Schlessinger, 1990).

Ribosomal RNA primary transcript is first cleaved by the endoribonuclease
RNase III and subsequently processed by other ribonucleases to individual
rRNA mature forms (Figure 2, Table 3). RNase III is a double-stranded RNA
specific enzyme, which functions as a homodimer and requires divalent metal
ion for activity (preferably Mg™) (Robertson et al., 1968). Double-stranded
regions in 30S RNA precursor required for RNase III activity are formed by
sequences flanking both 16S and 23S rRNA, forming helices known as
processing stems. RNase III cleavage takes place already during the
transcription of rRNA transcript and results in the release of pre-16S and pre-
23S rRNA molecules together with the 3’-terminal part of the primary
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transcript, 9S RNA. Pre-16S (17S) rRNA has 115 extra residues in its 5° end
and 33 extra residues in its 3’ end (Young and Steitz, 1978) whereas pre-23S
rRNA has 3 or 7 extra residues in its 5’ end (Sirdeshmukh and Schlessinger,
1985) and 8 extra residues in its 3’ end (King et al., 1984). 9S RNA contains 5S
rRNA sequence and additional sequences that may include one or two distal
tRNAs, depending on an exact rrn operon sequence (Figure 1).

16S

RNase E/IG —» <«— unknown unknown —» «— RNase T
RNase Il —» <€— RNase Il RNase Ill —» <€— RNase lll
RNase E T™ T2
RNase P — L g € RNase PH/T/IIID
RNase Z unknown/ \ RNase T

5S
tRNA

Figure 2. Schematic arrangement of rRNA processing sites. The sites of nucleolytic
cleavage and known corresponding enzymes are indicated by arrows. Enzymes
responsible for final maturation of individual rRNA termini are shown in bold. tRNA
maturation can happen via two pathways — exonucleolytic (RNase PH/TII/D) or
endonucleolytic (RNase Z) pathway, as indicated. Figure is adapted from (Liiv, 1998).

It is known that RNase III cleavage sites on 23S rRNA depend whether r-
proteins have bound to rRNA or not (Allas et al., 2003). Regarding 5° end of
23S rRNA, RNase III acting on purified 70S or 50S ribosomes results in a 3
nucleotides longer 23S rRNA species, while RNase III acting on de-proteinized
RNA (phenol-extracted rRNA from RNase III deficient ribosomes or in vitro
transcribed rRNA) results in a 7 nucleotides longer 23S rRNA species
compared to mature termini (Allas et al., 2003). Interestingly, 3’ end processing
of 23S rRNA by RNase III is somewhat different. RNase III acting on either
purified ribosomes or phenol-extracted RNA from RNase III deficient
ribosomes results in 2 or 3 nucleotides longer 3’ end than found in mature 23S
rRNA (Allas et al., 2003). At the same time, cleavage on in vitro transcribed
30S RNA happens at position +8 which has been recognized before as RNase
III cleavage site (King et al., 1984). This means that unlike RNase III cleavage
at the 5 end where its cleavage sites are determined by the presence of r-
proteins, cleavage at the 3’ end is not influenced by the presence of r-proteins
but is mostly determined by RNA structure.
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According to previous data, 16S rRNA can mature in RNase III deficient
cells at almost the same rate as in wild-type cells (King and Schlessinger, 1983).
In contrast, final maturation of 23S rRNA absolutely requires the initial
cleavage by RNase III as in the absence of RNase III only pre-23S rRNA
molecules are assembled into ribosomes (King et al., 1984). At the same time,
such ribosomes are functional as bacteria lacking RNase III are viable albeit
slower growing and defective in translation of some mRNA’s (King et al.,
1984; Srivastava and Schlessinger, 1990).

I.l1. The maturation of 16S rRNA

It was first observed by Murray Deutscher, based on his lab’s numerous studies,
that none of the presently known exoribonucleases in E. coli were required for
the maturation of 16S rRNA, leaving the main focus on endoribonucleases.
Prime candidate for this was RNase E, as it was known for long time that pre-
16S RNA molecules (16.3S) accumulate in an rne strain called BUMMER
(Dahlberg et al., 1978) and that RNase E is already involved in the processing
of 5S rRNA (Apirion and Lassar, 1978; Ghora and Apirion, 1978) and tRNA
(Ray and Apirion, 1981). But, it appeared surprisingly that actually two
enzymes are required for the final maturation of 16S rRNA 5° end — RNase E
and RNase G (CafA) (Li et al., 1999b; Wachi et al., 1999).

RNase E is the main component of RNA degradosome, associating other
degradosome components via its scaffold domain (Carpousis, 2007) and it has
an extensive role in rRNA and tRNA processing (Apirion and Lassar, 1978;
Ghora and Apirion, 1978; Ray and Apirion, 1981). RNase G was first described
as a functional homologue of RNase E, sharing an extensive sequence similarity
to RNase E N-terminal part and being able to partially suppress temperature-
sensitive growth of RNase E mutant strain ams/ (Wachi et al., 1997; Wachi et
al., 1999). The deletion of RNase E or RNase G gene alone does not stop 16S
rRNA 5’ end from maturation although the maturation rate is greatly reduced
(Li et al.,, 1999b). On the other hand, in the rne caf4 double mutant no 16S
rRNA 5’ maturation occurs, and only the initial RNase III cleavage products
with 115 extra residues can be detected (Li et al., 1999b). Even though RNase E
and RNase G are complementary in their action, their specificity towards 16S
rRNA is different. In the absence of RNase E, only two forms of 16S rRNA are
detected — mature and +115. In the absence of RNase G, two products appear —
+66 and +4/+5 residues in length, the results of RNase E cleavage (Li et al.,
1999b; Wachi et al., 1999). Of those, +66 is the primary RNase E cleavage
product which is further substrate for RNase G while +4/+5 products are
probably the results of less accurate end-maturation process due to the lack of
RNase G. The activity of both RNase E and RNase G has been confirmed in
vitro, where both enzymes were active on different 16S rRNA precursors, in
good accordance to in vivo data (Li et al., 1999b).

Enzyme(s) responsible for the 3’ end maturation of 16S rRNA are still at
large although such activity was described and partially purified already in 1976
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(Hayes and Vasseur, 1976), unfortunately with no further proof for so far. It
was thought to be an endoribonuclease that results in mature 3’ termini since no
intermediates have been observed. The reaction half-time for the 3’ end
cleavage is about two-fold slower than is the maturation of 16S rRNA 5° end
(King and Schlessinger, 1983), indicating that 16S rRNA 5’ and 3’ termini are
processed independently. This finding is also supported by the fact that 16.3S
rRNA accumulated in an RNase E deficient strain does have mature 3’ termini
(Dahlberg et al., 1978). Furthermore, it was just lately determined that in 21S
particles (true precursors to 30S subunits (El Hage and Alix, 2004)) that
accumulate in the absence of chaperone DnakK, 5’ end of 16S rRNA is matured
before 3° end (Al Refaii and Alix, 2009). Taken together, these data support the
suggestion that the final maturation of 16S rRNA termini does happen
independently while at the same time there is a requirement for the
incorporation of at least some r-proteins to the RNA for the final maturation to
happen. On the other hand, as 30S subunits containing pre-16S rRNA are not
catalytically active, this final maturation has to happen before 30S subunits bind
to the 50S subunits to participate in translation.

Table 3. Enzymes involved in the maturation of Escherichia coli ribosomal RNA.
Listed are enzyme names, corresponding rRNA species and termini, enzyme specificity
and resulting termini from nuclease cleavage.

RNA Terminus Enzyme Endo/exo Result
16S 5 RNase E endo +66;
+4/+5
RNase G endo +115;
mature
16S 3’ unknown endo mature
23S 5’ unknown endo mature
23S 3’ RNase T mature
5S 5’ RNase E endo +3
unknown mature
5S 3’ RNase E endo +3
RNase T exo +1;
-1;
mature

1.2. The maturation of 23S rRNA

As already noted above, 23S rRNA requires initial RNase III cleavage to be
fully matured (King et al., 1984). If there is no RNase III activity present,
multiple discrete precursor forms of 23S rRNA accumulate. For example, 5’
end can contain from 20 to 97 extra nucleotides, divided between a number of
different species (King et al., 1984) while 3’ end has only one precursor species
with 53 extra nucleotides (King et al., 1984).
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It was initially thought that the final maturation of 23S rRNA 3’ end is
carried out exonucleolytically and that 5’ end maturation is performed by an
endonuclease, under protein synthesis conditions or conditions favouring
protein synthesis, independently of each other (Sirdeshmukh and Schlessinger,
1985; Srivastava and Schlessinger, 1988). While the first assumption was soon
proved right, the enzyme responsible for the 5’ end maturation of 23S rRNA is
unfortunately still at large, despite many efforts to discover it.

Luckily there is much more knowledge present about the 3’ end maturation
of 23S rRNA and this will be discussed below. It was noted previously that the
addition of wt cell extract to ribosomes from RNase IlI-deficient cells resulted
in many different species of 23S rRNA 3’ termini, ranging from +8 to —2
nucleotides, indicating an exonuclease activity (Sirdeshmukh and Schlessinger,
1985). This was proven in 1999, when RNase T was shown to be the enzyme
mainly responsible for the final maturation of 23S rRNA 3° end (Li et al,,
1999a). An exonuclease RNase T had already been described to be required for
the end turnover of tRNA (Deutscher et al., 1985) and for the maturation of
tRNA (Li and Deutscher, 1994, 1996), 5S rRNA (Li and Deutscher, 1995) and
other small stable RNAs (Li et al., 1998). It appeared that only the strains
lacking RNase T showed major 23S rRNA 3’ end maturation defects (Li et al.,
1999a). Somewhat urprisingly, some 3’ end trimming took place even in the
absence of RNase T, indicating the involvement of other exoribonucleases in
the process (Li et al., 1999a). RNase T role in the 3’ end maturation process of
23S rRNA was confirmed when purified enzyme was in vitro able to efficiently
mature both 23S rRNA and ribosomes extracted from RNase T-deficient
background (Li et al., 1999a). At the same time, it was also confirmed that 23S
rRNA 3’ and 5° end maturation happens independently, because 5’ end was
fully processed in both RNase T-deficient and RNase T-proficient strains (Li et
al.,, 1999a). Thus, it can be concluded that while other exoribonucleases
contribute to the initial shortening of 23S rRNA 3’ end, only RNase T is
required for the final trimming (Li et al., 1999a).

1.3. The maturation of 5S rRNA

The maturation process of 5S rRNA in E. coli is poorly understood, although it
is known that the complete maturation of 5S rRNA is not essential for cell
growth (Li and Deutscher, 1995). A 5S rRNA precursor (9S RNA) accumulates
in an RNase E-deficient mutant, consisting of 5S rRNA with 5° extra
nucleotides extending to the RNase III cleavage site near the 23S rRNA 3’ end
and extra nucleotides extending to the operons terminator (Misra and Apirion,
1979). Pre-5S rRNA is released from the 9S RNA by RNase E cleavage,
resulting in a product that has extra 3 nucleotides in both 5’ and 3’ end (Roy et
al., 1983). Final maturation of 5S rRNA is inhibited by protein synthesis
inhibitor chloramphenicol, suggesting that it happens under protein synthesis
conditions (Feunteun et al., 1972; Jordan et al., 1971; Szeberényi et al., 1985).
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And, since 5S rRNA precursors have been found in polysomes, this further
suggests that final maturation does occur in polysomes (Feunteun et al., 1972).

The maturation of 5S rRNA 3’ end is carried out mainly by RNase T, other
known exoribonucleases (PNPase, RNase II, PH, D or BN) play little or no role
in this process (Li and Deutscher, 1995). It was established that only the
absence of RNase T caused incompletely processed 5S rRNA molecules to
accumulate (Li and Deutscher, 1995). In the absence of RNase T, predominant
precursors contained 2 extra nucleotides in the 3’ end as compared to the mature
5S rRNA. Additionally, a series of precursors with up to 10 extra nucleotides
were observed, dependent on the exact genetic background (Li and Deutscher,
1995). This finding was in contradiction with previous knowledge that the main
5S precursor has +3 nucleotides in each end, a result of an RNase E cleavage
(Roy et al., 1983). Whether those differences are attributable to RNase E
specificity differences in vivo and in vitro, to sequence and structure differences
between different 77n operons or some yet undescribed nucleolytic activity
remains to be studied. RNase T treatment on purified ribosomes from RNase T
deficient cells resulted in a rapid conversion of pre-5S rRNA molecules to the
mature form, proving its role in the 3° end processing. Isolated pre-5S rRNA
molecules with 2 extra nucleotides in the 3’ end are rapidly converted to the +1
form by purified RNase T and then, in a slower manner, shortened by two
additional nucleotides to generate a -1 product (Li and Deutscher, 1995). Even
though such -1 products have not been observed in vivo, these were also
generated from wild-type 5S rRNA under the same conditions. Taken together,
this shows that 5S rRNA 3’ end processing is much faster and more accurate
when 5S rRNA molecules have been assembled into ribosomes even though
their final processing is not a prerequisite for ribosome activity (Li and
Deutscher, 1995). In the same study it appeared that the maturation of 3’ end of
5S rRNA is independent from the 5’ end maturation as 5S rRNA precursors
with extended 3’ termini had all mature 5° termini (Li and Deutscher, 1995).

Unfortunately, no specific activity responsible for the maturation of 5S
rRNA 5’ end in E. coli has been described to date. It is known that multiple 5’
species with either one, two, or three extra nucleotides accumulate in the
absence of protein synthesis conditions (Feunteun et al., 1972) and that the
same precursor species are observed in RNA pulse-label experiments (Jordan et
al., 1970). This suggests that the final maturation of 5S rRNA 5’ end is carried
out by a yet unidentified exoribonuclease(s) in a similar fashion to 3’ end
processing although no final conclusion can be drawn.

1.4. The role of other ribonucleases and
RNA chaperones in rRNA processing

While there is no direct evidence for PNPase and RNase PH to take part of a

specific step in ribosomal RNA processing, deletion of both enzymes together
leads to defects in ribosome assembly (Zhou and Deutscher, 1997). PNPase and
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RNase PH are the only P;-dependent 3’-to-5’ exoribonucleases known in E. coli,
with PNPase participating mainly in mRNA decay as one of the components of
degradosome (Carpousis, 2007) and RNase PH being involved in tRNA
metabolism (Li et al., 1998). Although it was first indicated that both PNPase and
RNase PH might play an important role in tRNA metabolism, it appeared later
that the absence of PNPase and RNase PH leads to defects in ribosome assembly
while tRNA synthesis and processing was left without changes (Zhou and
Deutscher, 1997). The absence of PNPase and RNase PH causes cells to acquire a
cold-sensitive growth phenotype, a defect that is largely due to the extensive
degradation of 23S rRNA and that results in lower than normal level of 50S
subunits (Zhou and Deutscher, 1997). Since overexpression of RNase II (3°-to-5’
exoribonuclease) can only partially complement the cold-sensitive phenotype of
pnp rph strain, it shows the specific requirement for at least one P;-dependent
exoribonuclease for the normal cell growth (Zhou and Deutscher, 1997). Whether
it is due to the fact that P; levels influence ribosome metabolism and protein
synthesis in vivo or some other mechanism, remains to be determined.

Besides ribonucleases that are required for rRNA processing, a group of extra-
ribosomal factors are also required. These proteins, alternatively known as RNA
chaperones, play an important but yet undetermined role in rRNA processing. At
the moment, only 16S rRNA specific RNA chaperones have been characterized,
RbfA and RimM being the most studied of them.

RbfA (ribosome binding factor A) was first characterized as a suppressor for
cold-sensitive mutation (C23U) in 16S rRNA (Dammel and Noller, 1995). At the
same time, deletion of rbf4 gene led to major growth defects, especially at low
temperatures (Dammel and Noller, 1995). Furthermore, ribosome profiles from
RbfA-deficient cells showed disrupted balance between the free subunits and
ribosomes/polysomes, indicating defects in ribosome biogenesis (Dammel and
Noller, 1995). RbfA was found to be associated with the 30S subunits and its
deletion caused synthetic lethality with the mutations in 16S rRNA 5’ terminal helix
(Dammel and Noller, 1995). Later, Jones and Inouye showed that RbfA is a cold-
shock protein and that its absence triggers a constitutive cold-shock response in
cells (Jones and Inouye, 1996). The exact role of RbfA remained somewhat
mystery although it was proposed that RbfA participates in transformation of non-
translatable ribosomes to translatable ones at low temperatures (Jones and Inouye,
1996). In 1998 first evidence appeared that RbfA together with RimM participates
in the processing of 16S rRNA (Bylund et al., 1998). RimM (ribosome maturation
factor M) was identified earlier, when it was shown to be associated specifically
with the 30S subunits and that its deficiency effected translational efficiency and led
to an accumulation of 17S RNA (Bylund et al., 1997). The slow-growth phenotype
of rimM-minus cells was rescued by over-expression of RbfA (Bylund et al., 1998),
in a similar manner to a cold-sensitive 16S rRNA suppression observed by Dammel
and Noller (Dammel and Noller, 1995). Interestingly, it was observed that 16S
rRNA processing was defective in both rimM-minus and rbf4-minus cells and that
overexpression of RbfA increased the 16S rRNA processing efficiency in rimM-
minus background only slightly (Bylund et al., 1998). This finding placed both
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RimM and RbfA among proteins needed for the correct and efficient rRNA
processing, despite knowing their exact role. The processing defects of 16S rRNA
and aberrations in ribosome profiles in rbf4-minus cells were later independently
confirmed by Xia et al (Xia et al., 2003). Expression of mutated RimM protein in
rimM-minus background resulted in a similar ribosomal phenotype to rimM-minus
cells but these defects could be suppressed by mutations in r-proteins S13 and S19
or in helices 31 and 33b of 16S rRNA (Lovgren et al., 2004). Since r-protein S13
interacts with S19 and both S13 and S19 interact with 16S rRNA helices 31 and
33b, this suggests that RimM has role in the correct maturation of ribosome small
subunit head region.

As discussed later, the role of RbfA in ribosome biogenesis was also
supported by the fact that over-expression of Era could suppress defective
ribosome assembly and 16S rRNA processing in RbfA-deficient strain (Inoue et
al., 2003). Furthermore, it was soon suggested that RbfA and Era have over-
lapping function in ribosome biogenesis, probably via competition for the binding
of 30S subunit (Inoue et al., 2006). The binding site for RbfA was shown to be
overlapping with binding sites for A and P site tRNAs, it was also in the
immediate vicinity of the binding site for Era (Datta et al., 2007). This in turn
suggested that in the absence of RbfA, Era could stabilize helix 1 in 16S rRNA,
thus overtaking RbfA role and helping the 30S subunits to mature (Datta et al.,
2007), a suggestion well supported by the results of Dammel and Noller (Dammel
and Noller, 1995). Still, there is one more intriguing point to mention — the
binding of RbfA to the 30S subunits shifts helix 44 of 16S rRNA in such a way
that 30S:RbfA complex is unable to bind to the 50S subunits (Datta et al., 2007).
This on the other hand suggests that RbfA acts as a “quality sensor’ that will not
allow the 30S subunits with incompletely matured 16S rRNA 5’ end to enter
translation initiation cycle. At the same time, RbfA does not have any negative
influence on translation in vitro or in vivo, suggesting that it rather acts selectively
on pre-30S subunits, especially under cold-shock conditions, to provide cells with
a continuous supply of functional 30S subunits (Datta et al., 2007).

1.5. The maturation of tRNA

RNase P is required for the maturation of most of the E. coli tRNA 5° ends
(Hartmann et al., 2009) while 3’ end maturation can happen via two different
pathways. First, it can happen with the help of exonucleases RNase PH/T/II/D
(Kelly et al., 1992; Li and Deutscher, 1994, 1995, 1996; Li et al., 1998; Reuven
and Deutscher, 1993) or through the endonucleolytic cleavage by RNase Z (for
a review see (Redko et al., 2007) and (Hartmann et al., 2009).
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2. Moadifications in the ribosomal RNA and the role
of RNA modification enzymes in ribosome assembly

The exact role of RNA modification enzymes in the ribosome assembly process
is not clear, despite all of the efforts done so far. Basically, opinions about their
role in ribosome assembly were in past divided into two — (1) only modifi-
cations are of importance and enzymes can be left out, and (2) only the (another
function of) modification enzyme is of importance and modifications can be left
out, since they only act as signals.

As with most things in life, information to support both hypothesis was
gathered but in the end only the first hypothesis survived when ribosome
assembly is concerned. For example (and this will be covered in more detail
below), RIuD and RImE are two of such enzymes in E. coli that are required in
their active form for the correct assembly of ribosomes (Biigl et al., 2000;
Caldas et al., 2000b; Gutgsell et al., 2005; Hager et al., 2002). Intriguingly, even
though the lack of their respective modifications will lead to deficiencies in
translation, some (known and unknown) second-site mutations can rescue such
defects without the re-appearance of corresponding modifications (Ejby et al.,
2007; Tan et al., 2002).

TruB, TrmA and Pet56p on the other hand were some of the RNA modifi-
cation enzymes that were initially shown to be needed for cell growth even
when they were catalytically inactive, thus supporting the second hypothesis
(Gutgsell et al., 2000; Persson et al., 1992; Sirum-Connolly and Mason, 1993).
RluD was in the beginning also implicated to have a second function unrelated
to its primary catalytic activity (Gutgsell et al., 2001) but that conclusion was
later withdrawn (Gutgsell et al., 2005). Unfortunately, there is a lack of strong
evidence to support the suggestion that Pet56p and TrmA have a second
function, unlinked to their primary catalytic activity, as originally proposed.

Recently, such evidence have been gathered for KsgA, a highly conserved
enzyme responsible for the synthesis of two m®A in 16S rRNA in E. coli
(O’Farrell et al.,, 2004). KsgA is also involved in ribosome biogenesis
(Connolly et al., 2008) and it was proposed to act as a quality control element,
segregating those 30S subunits that are still being assembled or processed from
those that are fully mature and ready to participate in the translation cycle (Xu
et al.,, 2008). At the same time, KsgA is indicated to have a role in the
suppression of cold-sensitive cell growth of a GTPase era mutant (Inoue et al.,
2007) (described in more detail later) and lately, to have a DNA glycosylase/AP
lyase activity (Zhang-Akiyama et al., 2009). This makes KsgA the strongest
candidate so far to support the second hypothesis presented above in general
although the exact role of its another function and relatedness to the
methyltransferase activity/ribosome assembly needs to be confirmed.

What is the exact role of the modifications in ribosomal RNA? It is believed
that modified nucleotides confer extra stability and rigidity to RNA structure
and in accordance to this, they are mostly found in highly structured RNA
species where correct tertiary structure is of utmost importance. On the rRNA
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secondary structures, localization of modifications appears to be random.
However, when mapped on the ribosome tertiary structures they occur in the
functionally most important regions (Ofengand and Del Campo, 2004). This in
turn suggests that modified nucleotides may have an important role in protein
synthesis, a suggestion well supported by evidence in case of RluD (Gutgsell et
al., 2005) and RImE (Hager et al., 2002) where catalytically inactive enzymes
are not able to suppress defects caused by the lack of corresponding modi-
fications in 23S rRNA. Another common role for the modifications in rRNA is
to confer either resistance or sensitivity to the ribosome-targeting compounds,
especially antibiotics, as is the case with KsgA specific methylations in 16S
rRNA (O’Farrell et al., 2004).

Pseudouridine is made post-transcriptionally from uridine residues (Figure
3), in an oligo- or polynucleotide level. Isomerization reaction is catalyzed by
pseudouridine synthases in an ATP-independent manner and in bacteria most of
the enzymes are responsible for the catalysis of a single modification.
Methylation of RNA nucleotides can happen on ribose (2’-hydroxyl) or on
nitrogen base (typically on carbon, primary nitrogen or tertiary nitrogen) and
similarly to pseudouridylation, most of the methyltransferases are responsible
for the catalysis of a single modification. Unlike with pseudouridine synthases
that do not require any co-factors, methyltransferases usually require S-AdoMet

as a co-factor and methyl group donor.
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Uridine Pseudouridine
Figure 3. The structure of uridine and pseudouridine. Pseudouridine is made

from uridine by the cleavage of N-glycosyl bond, rotation of the uracil ring (C-5
goes to N-1 position), followed by re-formation of glycosyl link as a C-C bond.
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2.1. Pseudouridine synthase RluD

RluD (ribosome large subunit pseudouridine synthase D), a pseudouridine
synthase responsible for the catalysis of three pseudouridines in helix 69 of 23S
rRNA was initially identified and characterized independently by two groups,
based on its activity in vitro (Huang et al., 1998; Raychaudhuri et al., 1998).
Uridines at positions 1911, 1915 and 1917 are conserved among many
organisms (with 1915 and 1917 being universally conserved) (Ofengand, 2002)
and are specifically pseudouridylated by RluD in E. coli. Of those three
residues, pseudouridine at position 1915 1is further methylated by the
methyltransferase RImH (Ero et al., 2008; Purta et al., 2008).

Even though it was first mentioned in 1994 that a mutation in »/uD gene
causes slow growth in E. coli, implicating its role in cell growth (Myler et al.,
1994) no further proof of this was provided for few years. At the same time, an
allele of rluD had been identified previously as a suppressor for the
thermosensitive mutation in HfIB (FtsH) (Myler et al., 1994), a heat-shock and
ATP/Zn"" -dependent metalloprotease required for the proteolytic degradation of
sigma-32 among other proteins (Schumann, 1999). In this context it is needed to
state that the genes for methyltransferase r/mE (reviewed in detail below) and
hfIB form a bi-cistronic operon where one of the promoters is controlled by
sigma-32 transcription factor and that rluD gene is located upstream of clpB, a
sigma-32 regulated gene encoding a chaperone involved in protein degradation
and disaggregation (Doyle and Wickner, 2009). Whether the suppression of
HfIB" mutation by RIuD was due to its enzymatic activity and role in ribosome
biogenesis or due to fact that RluD is located upstream of c/pB, is unknown to
date. There is no information whether such links between rimE, ftsH, rluD and
clpB are of any biological importance but even the sole existence of such
indirect links between various enzymes that are involved in ribosome
biogenesis is highly intriguing.

In 1998, two independent studies were published where r/uD gene was
disrupted and resulting growth phenotype was characterized in more detail.
James Ofengand’s group used the interruption of rluD gene with a miniTn/0
transposon and Daniel Santi’s group used the interruption of »/uD gene with a
Kan®-cassette (Huang et al., 1998; Raychaudhuri et al., 1998). Both groups
recorded a severe reduction in cellular growth rate in rluD-minus cells which
was rescued by the introduction of plasmid-borne r/uD gene (Raychaudhuri et
al., 1998), (Huang et al., 1998). Interestingly, a set of faster-growing colonies
appeared when r/uD-minus cells grown in liquid media were plated on LB-
plates (Raychaudhuri et al., 1998). Such cells had a growth rate identical to that
of wt cells while they were still unable to produce pseudouridines in helix 69 of
23S rRNA. This was probably due to a second-site mutation(s) as the slow-
growth phenotype was easily restored by the transduction of interrupted r/iuD
gene back to wt background (Raychaudhuri et al., 1998). Few years later a
study was published in which it was claimed that catalytically inactive forms of
RluD protein are capable of restoring the slow growth phenotype (Gutgsell et
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al., 2001). First of all, based on the sequence homology analysis and in vitro
experiments, aspartate at position 139 in RluD was shown to be the catalytic
amino acid responsible for its activity (Gutgsell et al., 2001). Second, it had
appeared that the r/uD-minus strain described by Raychaudhuri et al
(Raychaudhuri et al., 1998) already contained a second-site mutation and, based
on colony morphology, it was termed r/uD-minus Tiny whilst the primary
disruption strain was termed r/uD-minus Dust. Tiny strain had ~2-fold longer
doubling time whereas Dust had ~5-fold longer doubling time compared to wt
cells (Gutgsell et al., 2001). Intriguingly, catalytically inactive RluD mutants
RIuD(D139N) and RluD(D139T) were still able to form pseudouridines at 23S
rRNA positions 1911, 1915 and 1917 in vivo, when expressed in r/uD-minus
Dust background but failed to show any activity in r/uD-minus Tiny
background (Gutgsell et al., 2001). Even more, those RluD protein mutants
were able to support growth of both Dust and Tiny strains, suggesting that RluD
has a second function independent of its catalytic activity.

Unfortunately, these results proved to be wrong when another paper on RluD
was published by James Ofengand group few years later (Gutgsell et al., 2005).
By that time they had succeeded in constructing a full deletion of #/uD gene, a
strain that was studied in depth and that failed to reproduce any of the intriguing
results obtained earlier. Most importantly, this time there was no growth
phenotype suppression or RluD-specific pseudouridine synthesis when
catalytically inactive forms of RluD proteins were expressed in RluD-deficient
cells while active form of RluD resulted in full suppression and re-appearance
of pseudouridines (Gutgsell et al., 2005). At the same time, this work revealed
many interesting results about RluD role in ribosome assembly, expanding the
data known previously (Ofengand et al., 2001).

As shown by Gutgsell and colleagues, the deletion of rluD gene led to
massive changes in ribosome profile, with the reduction of free 70S ribosomes,
increase of free subunits and appearance of new 62S and 39S particles (Gutgsell
et al., 2005), similar to the results obtained previously (Ofengand et al., 2001).
Interestingly, 62S and 39S particles were observed this time only when lysates
were either separated or lysed under low Mg™" concentrations (<10 mM). Lower
Mg"" concentrations either shifted or converted free 70S ribosomes completely
towards the 62S particles, indicating the improperly packed nature of free 70S
ribosomes. The 39S particles on the other hand were observable only when 6
mM Mg concentration was used during lysis. Use of 20 mM Mg resulted in
complete loss of 39S particles, independent of gradient conditions. Although it
was claimed that the use of higher Mg™" concentration during lysis allows 50S
subunits to stay stably associated and therefore no 39S particles are observable,
one also cannot rule out differences in lysis efficiency. Nevertheless, closer
inspection of 39S particles revealed them to be precursors to the 50S subunits,
as they contained incompletely processed 23S rRNA (Gutgsell et al., 2005).
Surprisingly, at the same time incompletely processed 16S rRNA was found in
the rluD-minus 30S subunits (Gutgsell et al., 2005). While there is no clear
explanation why the lack of three pseudouridines in 23S rRNA should affect
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maturation of 16S rRNA or 30S subunits, similar phenomenon was observed in
strains deficient for ribosome large subunit assembly factors SrmB and DeaD
(Charollais et al., 2004; Charollais et al., 2003), at that time thought to be an
indirect consequence of deficiencies in 50S subunit biogenesis.

It is worth to note that even with the new deletion strain of »/uD gene, there
was still a high frequency of pseudoreversion events (Gutgsell et al., 2005).
Such isolated pseudorevertants did still have the disrupted rluD gene, lacked
RluD-specific pseudouridines but had a growth rate close to that of wt cells and
had only modest and slightly variable defects in ribosome profiles (Gutgsell et
al., 2005). First light on possible second-site mutations that could suppress
defects seen in RluD-deficient cells was shed in 2007, when it was discovered
that a point mutation in RF2 (RF2(E172K)) is able to suppress growth defect of
rluD-minus Dust strain (Ejby et al., 2007). Furthermore, even though riuD-
minus Dust cells had a 2 to 16- fold higher stop codon read-through rate than
that of wt cells, introduction of RF2(E172K) into r/uD-minus Dust background
reduced it back to the wt level with one exception. For some yet unknown
reason, cells expressing RF2(E172K) were about 10-fold more accurate on
termination on UGA stop codons than wt cells and that was observed both in
rluD-minus and r/luD+ background (Ejby et al., 2007). It had been determined
previously that free 70S ribosomes from r/uD-minus strain had ~80% activity of
wt ribosomes in in vitro poly(Phe) synthesis (Gutgsell et al., 2005), indicating
that ribosomes from r/uD-minus cells are almost fully functional, once they
have reached maturation. While 20% difference in the translation rate could not
explain big differences seen in growth rates, changed stop codon read-through
rates could explain such differences easily. It was also shown previously that
while many point mutations in helix 69 of 23S rRNA (U1917C among others)
cause strong growth defects and such mutant ribosomes are inactive under in
vitro conditions (Liiv et al., 2005), ribosomes with deleted helix 69 of 23S
rRNA are active and almost as accurate as wt ribosomes in vitro although the
deletion of helix 69 is dominantly lethal to the cells (Ali et al., 2006). Therefore
it was suggested by Ejby et al that at least one pseudouridine in helix 69 of 23S
rRNA is involved in translation termination by RF2 and that most if not all
defects seen in rluD-minus cells are mostly due to errors in translation
termination. Especially, disrupted ribosome profile and errors in assembly
pathway could be explained as being indirect consequences of global errors in
cellular translation, as the synthesis of most of the ribosomal proteins is
translationally coupled. Even more, it was determined that r/uD-minus cells
spend about twice the amount of energy compared to wt cells to produce the
same amount of biomass (Ejby et al., 2007). At the same time, #/uD-minus cells
have higher expression of heat-shock proteins, further suggesting that
translational errors are the cause for later re-folding and/or degradation of
mistranslated proteins and therefore also for the extra energy expenditure (Ejby
et al., 2007).

Although it was shown that a single point mutation in RF2 is able to rescue
rluD-minus phenotype, few of the other isolated pseudorevertants still had wt

25



RF2 sequence, indicating that there are at least two different pathways for
pseudoreversion of which only one is known by now (Ejby et al., 2007). Having
multiple pathways is also supported by the high frequency of pseudoreversion
events observed (Ejby et al., 2007; Gutgsell et al., 2001; Gutgsell et al., 2005).

During the first characterization of RluD, it was suggested that it recognizes
helix 69 of 23S rRNA and then isomerizes all uridines to pseudouridines in a
position-inspecific manner (Raychaudhuri et al., 1998). Using a set of point-
mutations in helix-loop 69, it was shown recently that RIuD is highly specific to
positions 1911 and 1917 while position 1915 could not be determined due to
experimental limits (Leppik et al., 2007). At the same year, it was also
determined that 50S subunits are much better and more efficient substrates to
RluD than free 23S rRNA (Vaidyanathan et al., 2007). Furthermore, it was
implicated that RluD acts on a late step of ribosome assembly, a conclusion
which is in very good correlation with results by Leppik et al (Leppik et al.,
2007). In conclusion, it can be said that RIuD is one of the few RNA
modification enzymes that is required for efficient ribosome biogenesis and that
acts better on assembled ribosomal subunits than on free RNA.

2.2. RNA methyltransferase RImE

RImE (RImE stands for ribosome large subunit methylase E according to
unified nomenclature; previously called RrmJ or FtsJ) was identified and
characterized as an RNA methyltransferase involved in ribosome biogenesis
simultaneously by two groups in 2000 (Biigl et al., 2000; Caldas et al., 2000a).
Caldas et al established first that RImE is a heat-shock protein which catalyzes
the formation of 2’-O-methyluridine in E. coli 23S rRNA position 2552
(Um2552) (Caldas et al., 2000a), with a strong preference towards ribosomes
rather than free rRNAs as the methyl group acceptor; this finding was
independently confirmed by Biigl et al (Biigl et al., 2000). »/mE is the upstream
gene in a bi-cistronic operon that also encodes for the heat-shock protease HfIB
(FtsH), this makes RImE the first modification enzyme linked to the heat-shock
response (Biigl et al., 2000). At the same time, U2552 is one of the five
universally conserved residues in the A-loop region of 23S rRNA (Moazed and
Noller, 1989).

RImE has homologs in a variety of archaea, eubacteria and eukarya,
homologs ranging from 210 to over 840 amino acids in length (Biigl et al.,
2000). It has a conserved S-AdoMet binding motif, first found by protein amino
acid sequence analysis and later confirmed by crystal structure analysis. Based
on 3D structure analysis, one can say for sure that RImE does indeed have a
conserved methyltransferase fold and that it binds S-AdoMet with some of its
highly conserved amino acids (Biigl et al., 2000).

On a biological level, the deletion of »/imE gene led to a severe reduction in
growth rates at all studied temperatures (Biigl et al., 2000; Caldas et al., 2000b),
and caused a temperature-sensitive phenotype, with a reduction of maximum
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growth temperature by more than 2 °C (Biigl et al., 2000). Not surprisingly,
such a decrease in maximal growth temperature has been observed in null
mutants for the heat-shock proteins like DnaK, DnaJ and others (reviewed in
(Gross, 1996)). Furthermore, r/mE-minus cells failed to adjust their growth rate
as a response to the temperature shift, indicating the importance of RImE in
adaptation to temperature shifts (Biigl et al., 2000).

In addition to the role RImE has in rRNA methylation, it was shown to take
part of ribosome assembly at the same time. Namely, the lack of RImE caused
an accumulation of free 50S and 30S subunits, at the expense of the 70S
ribosomes and polysomes under non-stringent magnesium concentrations (Biigl
et al., 2000; Caldas et al., 2000b). Under stringent magnesium concentration
that favors dissociation of 70S ribosomes into free subunits, appearance of a
new 408 particle was recorded, at the expense of free 50S subunits (Biigl et al.,
2000). RNA analysis confirmed 40S particle to be derived from the 50S
subunits (Biigl et al., 2000), but as 40S particles were observed only under
dissociating conditions, this suggested them to be ‘loosely’ assembled 50S
subunits rather than authentic assembly precursors. Based on a study where
rlmE-minus ribosomal particles were analysed for their protein content, it
appeared that free 50S subunits from wild-type and rlmE-minus strain were
identical while 40S particles contained at least seven r-proteins in diminished
amounts (Hager et al., 2002). These proteins, L5, 116, L18, L25, .27, L28 and
L30, belong all to the group of late assembly proteins (Nierhaus, 1991). Based
on that finding and on a fact that of all ribosomal particles observed, only 70S
ribosomes and free 50S subunits served as a suitable substrate for RImE while
neither free 23S rRNA or other ribosomal particles could not be effectively
methylated (Biigl et al., 2000; Caldas et al., 2000a), RImE was implicated to
take part at the very late step of ribosome assembly, well after other known
extra-ribosomal factors. What was its exact role in ribosome assembly,
remained to be discovered.

In 2002 it was established that it is indeed the methylation activity of RImE
which is needed for normal cell functioning (Hager et al., 2002). This was
proven by using a set of different point mutations in proposed active sites of
RImE. It became apparent that all mutated RImE isoforms incapable of the
methylation reaction in vitro had growth defects and aberrant ribosome profiles
similar to the original r/mE-minus strain when expressed in r/mE-minus
background (Hager et al., 2002). A follow-on study by the same group, using
higher number of mutated RImE isoforms, confirmed previous results (Hager et
al., 2004). Furthermore, this time they were able to define the minimal substrate
for the RImE protein to be an unmodified A-loop of 23S rRNA, although the
methylation of A-loop took place at a much slower rate compared to 50S
subunits (Hager et al., 2004). While it was clear by that time that catalytically
active RImE protein is needed for normal cell functioning, it was not clear
which role Um2552 residue had in it.

Previously, it was shown that the in vitro protein synthesis rate of rimkE-
minus cell extract was 1.6 to 2.8-fold lower compared to wt cell extract, when
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using lacZ-programmed system (Caldas et al., 2000b). Surprisingly, protein
synthesis rate of RImE-deficient cell extract was increased two-fold (compared
to unmethylated extracts), when cell extracts were incubated with purified
RImE protein and S-AdoMet beforehand (Caldas et al., 2000b). Based on these
results, a suggestion was made that solely the lack of Um2552 in 23S rRNA is
responsible for the observed growth, ribosome assembly and translational
defects but it took few more years to gather evidence to prove the essentiality of
Um2552 for effective translation. Apparently, ribosomes lacking Um2552 have
around ten times lower frameshift rates and about 5-fold lower stop codon
readthrough rates than wt ribosomes, making them much more accurate
(Widerak et al., 2005). Such an increase in accuracy could be due to the
enhanced codon-anticodon interaction during aa-tRNA binding, due to the
changes in accommodation/proofreading step or due to some other interaction
between translation system components. Based on the data that methylation of
U2552 affects translation accuracy, an interesting cause was proposed for why
RImE belongs to the heat-shock regulon (Biigl et al., 2000). Namely, even
though there are no results showing any influence of heat-shock on U2552
methylation levels, U2552 could be unmethylated under some circumstances
when it is advantageous for the cell to gain improved translational accuracy at
the expense of speed. This way RImE could belong to a protein quality control
pathway, taking an active part during translation while other heat-shock proteins
as chaperones DnaK, GroEL etc act on later steps like protein folding.
Furthermore, the essentiality of an Um2552 modification in 23S rRNA for
effective translation was one of the first indications that defects seen in
ribosome assembly could be due to global errors in translational apparatus and
not due to the lack of corresponding modification enzyme.

3. Other extra-ribosomal factors involved
in ribosome assembly

RNA helicases, ribosome-dependent GTPases, heat-shock proteins and RNA
chaperones are thought to participate in the process of rRNA processing and
folding. RNA can and will readily form stable secondary structures, many of
which are of wrong conformation, although energetically stable. To overcome
such stable structures, there is a specific need for extrinsic factors that could
unwind dsRNA helices (RNA helicases), keep RNA in right conformation for
the next processing step to take place (RNA chaperones) or change the
conformation of already assembled macro-molecular complexes (ribosome-
dependent GTPases and heat-shock proteins). Below, an overview of the role of
RNA helicases, ribosome-dependent GTPases and heat-shock-proteins in
ribosome biogenesis will be given.
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3.1. The role of RNA helicases in ribosome assembly

Based on the occurrence and characteristics of conserved motifs in amino acid
sequence, helicases are divided into three major superfamilies and two families
(named as SF1 to SF5) (for a review see (Cordin et al., 2006)). DExD/H family
of putative RNA helicases, consisting of DEAD, DEAH, DExH and DExD-box
families, belongs to SF2 and is characterized by eight conserved motifs. The
DEAD-box family is by far the largest family among DExD/H helicases,
characterized by the presence of nine conserved motifs that are involved in the
ATPase and helicase activities. The name of the family was derived from the
amino-acid sequence D-E-A-D (Asp-Glu-Ala-Asp) of one of the conserved
motifs, Walker B motif.

Usually, DEAD-box proteins contain a core of ~400 amino acids in length
that contains conserved motifs and highly variable N- and C-terminal exten-
sions in size and composition. These extensions are thought to give specificity
towards corresponding substrates or cofactors or alternatively, to confer
additional activities. To date, DEAD-box RNA helicases have been associated
with nearly all cellular processes involving RNA, from transcription to mRNA
decay.

Escherichia coli has five members of DEAD-box helicases —DeaD/CsdA,
SrmB, DbpA, RhIB and RhIE that all have an RNA-dependent ATPase and
RNA helicase activities (Iost and Dreyfus, 2006). While their preference
towards targets and their activity differ, all of them are able to dissociate short
RNA duplexes on an ATP-dependent manner. So far, many different functions
have been assigned to them like ribosome biogenesis (DeaD, SrmB and DbpA),
mRNA decay (RhIB and DeaD) and translation assistance (DeaD), some of
which are reviewed in detail below.

3.1.1. RNA helicase DeaD

DeaD (for DEAD-box helicase, later renamed CsdA for cold-shock DEAD-box
protein A (Jones et al., 1996)) was first characterized in 1991 as an hypothetical
ATP-dependent RNA helicase which can suppress a temperature-sensitive
mutation in ribosomal protein S2 (Toone et al., 1991). S2 is one of the last r-
proteins to be assembled into small ribosome subunit and it is required for the
binding of S1 to the 30S subunit (Laughrea and Moore, 1978). This indicated
that DeaD may have a role in the biogenesis of ribosomes, specifically small
ribosomal subunit biogenesis, but it took more than ten years until any of this
was proven. In 1996, Jones and colleagues showed that DeaD is a ribosome-
associated protein capable of unwinding double-stranded RNA (Jones et al.,
1996). Furthermore, it appeared that its expression is heavily up-regulated under
cold-shock and that its knockout has a severe cold-sensitive phenotype, causing
the appearance of long filamentous cells after prolonged incubation at 15 °C
(Jones et al.,, 1996). Also, they suggested that DeaD 1is rather a helix-
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destabilizing protein than an RNA helicase as it was capable of dissociating
dsRNA without the need for ATP (Jones et al., 1996). Few years later, Lu et al
also failed to record any ATPase activity of purified DeaD protein, whether in
the presence or absence of a variety of polynucleotides (Lu et al., 1999). At the
same time, they observed the ability of DeaD to facilitate translation initiation
from the highly structured mRNA (Lu et al., 1999). The absence of DeaD
ATPase activity was later disproved when it became apparent that it has
ATPase activity which is heavily stimulated by the presence of RNA (Bizebard
et al., 2004; Prud’homme-Généreux et al., 2004; Turner et al., 2007).

Overall protein expression analysis from deaD-minus cells revealed another
interesting result where the expression of heat-shock proteins DnaK and GroEL
was continuously derepressed in deaD-minus cells following a temperature shift
from 37 °C to 15 °C. Such a result indicates that DeaD (which itself is a cold-
shock induced protein) takes part of the heat-shock response regulation (Jones
et al.,, 1996). This all led to the conclusion that DeaD plays a major role in
mRNA translation, especially at low temperature, probably by unwinding stable
secondary structures in mRNAs which allows ribosomes to translate suc-
cessfully. Nevertheless, the question remained — how can DeaD complement the
lack of S2 protein? It was proposed that DeaD can suppress the mutation in
rpsB (which encodes S2 protein) by stimulating S2 translation, for example by
destabilizing secondary structures in S2 mRNA. Such enhanced S2 expression
could then compensate for the defect in temperature-sensitive S2 protein (Toone
et al., 1991). This hypothesis was proven wrong when there was no observable
change in neither S2 or S1 expression levels when DeaD was overexpressed
from the plasmid in 7psB® cells (Moll et al., 2002). Interestingly, even though
DeaD overexpression did not affect S2 expression, it was still capable of
restoring both S2 and S1 on the ribosomes via some unknown pathway (Moll et
al., 2002). Another hypothesis was that rpsB mutation suppression by DeaD
overexpression may be due to the functional complementation of S1 by DeaD,
as S1 is capable of unwinding dsRNA in an ATP-independent manner similarly
to DeaD (Jones et al., 1996; Lu et al., 1999). Somewhat controversially to other
results, Moll and colleagues were not able to detect ribosome-associated DeaD,
therefore their proposed mechanism for the DeaD-assisted rpsB® suppression
was through ribosome assembly pathway where DeaD induces a conformational
change in 16S rRNA which in turn results in binding of mutated S2 and
consequently, S1 to the ribosome (Moll et al., 2002). While their hypothesis
about DeaD being involved in ribosome assembly was proven correct two years
later (Charollais et al., 2004), there is so far still no evidence about DeaD being
a ribosome small subunit specific assembly factor. Instead, all results published
so far indicate that DeaD is involved only in the biogenesis of 50S subunit
(Charollais et al., 2004; Peil et al., 2008).

For example, deaD-minus cells grown at 20 °C had less polysomes than
their wt counterparts and the balance between free ribosomal subunits was also
changed, with an increase in the amount of free 30S subunits compared to the
50S subunits together with the appearance of a new, 40S particle (Charollais et

30



al., 2004). Further analysis with the 40S particle confirmed that it is indeed a
precursor for the ribosome large subunit which is incompletely assembled. First
of all, it contained mainly incompletely processed pre-23S rRNA derived from
the initial RNase III cleavage and second, it contained just a subset of L-
proteins (Charollais et al., 2004). According to these results it was claimed that
40S particles are not authentic precursors but are rather mis-assembled
ribosomal large subunits whereas the increase in the amount of free 30S
subunits is probably mostly due to the lack of functional 50S subunits
(Charollais et al., 2004). On the other hand, as shown in the Results part of the
thesis, 40S particles are not assembly dead-end products either as they can be
matured into at least partially functional large subunits, albeit at much slower
rate (Peil et al., 2008).

Though it was previously suggested that DeaD could be a part of small
subunit assembly pathway, there was no proof for that as 30S subunits from
deaD-minus cells were identical to their wt counterparts, both on RNA and
protein level (Charollais et al., 2004). Contrary to previous results where DeaD
was said to be associated with both ribosome subunits (Jones et al., 1996) or not
to be associated with ribosomes at all (Moll et al., 2002), DeaD was shown to
be associated mainly with the 50S and pre-50S subunits, with only traces of it
extending to the 30S region (Charollais et al., 2004). It was also previously
noted that DeaD is present in the 40S fractions from the strain lacking SrmB,
another DEAD-box RNA helicase in E. coli (Charollais et al., 2003), a finding
later confirmed with western blot analysis where DeaD was predominantly
found in the 40S particles from srmB-minus strain, (Charollais et al., 2004).
Even more interestingly, it was found that overexpression of DeaD can rescue
ribosome assembly defects in s#mB-minus strain but not vice versa (Charollais
et al., 2004). Somewhat intriguingly, srmB-minus deaD-minus double mutant
cells did not have exaggerated growth phenotype as one might have expected.
And finally, since 40S particles from deaD and srmB differ on their protein
content level, it was concluded that DeaD and SrmB act on a different stage of
large subunit biogenesis - SrmB was assigned as an early assembly factor and
DeaD as a late assembly factor (Charollais et al., 2004).

Shortly after DeaD was shown to be involved in ribosome assembly, it was
also shown to be a part of so-called ‘cold shock RNA degradosome’
(Prud’homme-Généreux et al., 2004). The RNA degradosome is a bacterial
multi-protein complex that is responsible for RNA degradation and processing.
In E. coli, it typically consists of RNase E which acts as a scaffold for other
components: RNA helicase RhIB, exoribonuclease PNPase and enolase
(Carpousis, 2007). Going through a screen for proteins that could suppress
deaD-minus cold-sensitive phenotype, Prud’homme-Généreux and colleagues
discovered that when RNase E was expressed from a low-copy vector, it was
able to partially suppress the deaD-minus slow growth phenotype observed at
22 °C (Prud’homme-Généreux et al., 2004). Interestingly, when wt genomic
copy of RNase E was replaced with a temperature-sensitive RNase E allele rne-
1, it amplified the growth defect of deaD-minus strain at 22 °C while rne-1
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mutation alone does not have a growth phenotype (Prud’homme-Généreux et
al., 2004). Furthermore, rne mRNA life-time was increased about five-fold in
deaD-minus cells at 22 °C, supporting the role of DeaD in RNA degradosome.
As noted before, RNase E is the main component of RNA degradosome,
associating with other degradosome components via its scaffold domain.
Scaffold domain has two binding sites for RNA helicases (Khemici et al.,
2004). To check whether DeaD is able to interact with degradosomes in vivo,
degradosomes were purified and analyzed for their protein content. While there
was almost no DeaD present in degradosomes from cells grown at 37 °C, it was
a major component of degradosomes at 15 °C (Prud’homme-Généreux et al.,
2004). It also became apparent that RNase E can interact with PNPase and
DeaD both in vitro and in vivo, forming a stable complex that can be
immunoprecipitated with RNase E-specific antibody (Prud’homme-Généreux et
al., 2004). What’s even more interesting, DeaD can replace RhIB on in vitro
formed minimal degradosomes consisting of RNase E and PNPase. Such
minimal degradosomes could degrade a substrate mRNA on an ATP- and
phosphate-dependent manner whereby no difference was observed whether
degradosomes were formed with RhIB or DeaD (Prud’homme-Généreux et al.,
2004). There are possibly two different explanations for that — either that DeaD
and RhIB bind simultaneously to RNase E or that there is a heterogeneous
population of degradosomes in cold-shocked cells, one population with DeaD
and other population with RhIB. Due to the experimental difficulties no proof
for either of these hypothesis has been provided so far.

DeaD protein helicase activity in vivo was shown by Butland et al (Butland
et al., 2007). This was proven by using engineered chloramphenicol acetyl-
transferase gene that contained stable secondary structure in the Shine-Dalgarno
region, €2-SD. First, over-expression of DeaD did restore €2-SD cat mRNA
translation to the level of wt e-SD cat gene, showing that DeaD can effectively
destabilize the secondary structure at the initiation region of €2-SD cat mRNA
and enhance thereby its translation (Butland et al., 2007). Second, the
translation initiation activity of e2-SD cat was about 10-fold reduced in deaD-
minus cells grown at 25 °C but brought back to wt level when growth
temperature was raised to 37 °C (Butland et al., 2007). Such an effect is
expected as stable RNA secondary structures can be destabilized either by
helicases or by raising temperature, thereby lowering their free energies. Taken
together, this shows that DeaD indeed does have an active role in translation
initiation process, as already proposed by Toone et al (Butland et al., 2007;
Toone et al., 1991). The helicase activity of DeaD protein in vivo was further
proven by mutational analysis in the DEAD motif (DEAD -> DQAD) which
abolished both ATPase and helicase activity (Turner et al., 2007). It was also
shown in that study that while DeaD C-terminal extension only contributes to
optimal functional activity at 25 °C and higher temperatures, it is required for
its function at 15 °C (Turner et al., 2007). This result was later questioned when
Awano and colleagues failed to observe the requirement for DeaD C-terminal
part for its activity at low temperatures (Awano et al., 2007), although it could
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be explained by the differences in used expression systems. Later, the need for
the helicase activity of DeaD for its cellular functions was confirmed with yet
more mutations in the DEAD motif, where DEAD->AEAD and DEAD-
>DAAD mutants could not complement deaD-minus cold-sensitive phenotype
(Awano et al., 2007). On the other hand, DEAD->DEAA mutant was able to
grow at 15 °C, which either indicates that the last aspartic acid in the DEAD-
box is not crucial for helicase activity or such protein retains enough helicase
activity to support growth at low temperature (Awano et al., 2007). Relying on
previous knowledge, CspA and RNase R were checked for their capability of
complementing DeaD deficiency at low temperatures (Awano et al., 2007).
While they both were able to support growth, it was at lower level than with wt
DeaD protein (Awano et al., 2007). This was probably also a cause why these
genes were not revealed on a genetic screen that revealed RhIE as a suppressor
(Awano et al., 2007). It also appeared that deaD-minus rnr-minus double
mutant had more pronounced growth defect that could be complemented with
over-expression of either RNase R or DeaD while rnr-minus alone had no
observable growth defect at low temperature (Awano et al., 2007). Furthermore,
DeaD and its helicase activity was once again shown to be important for mRNA
degradation at low temperature as in the absence of functional DeaD cspA
mRNA had much longer half-life (Awano et al., 2007). While in very good
agreement with results from Prud’homme et al, this also suggests that DeaD
might have a primary role in mRNA decay during cold adaptation (Awano et
al., 2007; Prud’homme-Généreux et al., 2004).

Two independent genetic screens to find genes that could complement deaD-
minus cold-sensitive phenotype, revealed rA/E (encoding the DEAD-box
helicase RhIE) as one of such candidates (Awano et al., 2007; Jain, 2008). Even
though RhIE was first described in 1994 (Ohmori, 1994), no distinct cellular
function had been assigned to it yet. Until recently, it was only known that RhlE
has ATPase and helicase activity in vitro, is able to associate with proteins
involved in RNA degradation and assists mRNA degradation in vitro (Bizebard
et al., 2004; Khemici et al., 2004; Raynal and Carpousis, 1999). More light was
shed on RhIE function when Chaitanya Jain analyzed its role in deaD-minus
and srmB-minus cells (Jain, 2008). While RhIE over-expression could not
rescue the deaD-minus slow growth phenotype completely, it was able to
reduce doubling time at 20 °C approximately two-fold (Jain, 2008). On the
other hand, when RhIE was over-expressed in srmB-minus cells, it increased the
doubling time over three-fold at 16 °C, at the same time only slight increase in
doubling-time was seen in wt cells (Jain, 2008). In contrast, loss of RhIE
accentuated growth defects in deaD-minus background but diminished the
defects in srmB-minus background (Jain, 2008). Since these observations were
also supported by polysome profile analysis and 23S rRNA 5’ end mapping,
this led to a proposition of an interesting hypothesis (Jain, 2008). According to
this hypothesis, the maturation of 50S subunits proceeds via multiple
intermediates with DeaD and SrmB acting on a non-overlapping set of ribosome
assembly intermediates that are interconvertible via RhlIE. Overexpression of
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RhAIE shifts the equilibrium towards SrmB pathway, leading to a greater level of
ribosome biogenesis defects in srmB-minus cells than in deaD-minus cells
while the lack of RhIE shifts equilibrium towards DeaD pathway, increasing the
level of ribosome biogenesis defects in deaD-minus background (Jain, 2008).
No studies have been performed so far to support this, leaving it to be a
speculative, although highly interesting hypothesis.

In 2005, Butland et al conducted a first large-scale proteomics study with E.
coli to identify protein-protein complexes by using sequential peptide affinity
purification (SPA). This revealed many interesting interactions, one of those
being between DeaD and many ribosomal proteins (Butland et al., 2005).
Follow-on study characterized those interactions in more detail (Butland et al.,
2007). As expected for a ribosome-associated protein, most observed
interactions were indeed with ribosomal proteins. Somewhat surprisingly, there
were more interactions with S-proteins (ten proteins, S1-S7, S13, S15, S20)
than with L-proteins (six proteins, L1-L4, L13, L22) or with other proteins (six
proteins, YfiF, YgiF, RImL, SrmB, RNase R, YhiR). Of those interactions, all
were determined to be direct protein-protein interactions without the involve-
ment of nucleic acids, except for the interaction with YgiF which was lost after
nuclease treatment. All identified proteins are either RNA- or DNA-binding
proteins involved in many different areas as translation (r-proteins), ribosome
assembly (SrmB), rRNA modification (RImL) or RNA processing (RNase R).
Such functional diversity suggests that DeaD can play more of a general role in
the cells, being involved in processes like translation initiation, RNA pro-
cessing, ribosome assembly etc as an RNA helicase (Butland et al., 2007).

While there is now enough evidence that DeaD is needed for normal cell
growth on many levels, being involved in translation initiation, RNA decay and
cold-shock adaptation, its exact role in ribosome assembly needs to be clarified.
Even though the lack of DeaD protein leads to defined changes in ribosome
profile and RNA processing defects, this could be an indirect effect caused by
erroneous translation. Similar phenomenon has been observed for the RNA
modification enzymes RImE and RluD, where there is now direct evidence that
the observed defects in ribosome assembly are most likely caused by errors in
translation which in turn are caused by the lack of corresponding rRNA
modifications.

3.1.2. RNA helicase SrmB

SrmB was the first of five DEAD-box RNA helicases identified in . coli (Nishi
et al., 1988). It was discovered in a search for second-site mutations that could
suppress ribosome assembly defects in r-protein L24-deficient cells as L24 is
essential for the assembly of ribosomes in E. coli (Cabezdén et al., 1977).
Previously it had been shown that a temperature-sensitive mutation in L24
causes protein instability and disrupts interaction between 23S rRNA and 124,
thereby causing lethality through errors in ribosome assembly (Nishi and
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Schnier, 1986). Over-expression of SrmB, on the other hand, was enough to
allow L24-deficient cells revert the defects in ribosome assembly (Nishi et al.,
1988). Sequence alignment analysis revealed high homology of SrmB to elF-4A
and p68, two well-known human proteins. Like elF-4A, SrmB had nucleic acid
dependent ATPase activity, although more than an order of magnitude greater
than elF-4A did (Nishi et al., 1988). In contrast to eIF-4A, SrmB was capable of
binding to RNA alone, without the help of other proteins whereas elF-4B is
required for the binding of eIF-4A to the RNA substrate (Nishi et al., 1988).

The mechanism by which SrmB could rescue ribosome assembly defects
caused by the temperature-sensitive mutation in L24 remained unclear for quite
some time although a following hypothesis was originally proposed. According
to this hypothesis, SrmB could bind to 23S rRNA regions other than those
occupied by L24 during ribosome assembly process and thereby protect
unstable assembly precursors from the degradation or, alternatively, to help
rRNA to acquire its correct tertiary structure (Nishi et al., 1988). Unfortunately,
there was no further evidence to support this or any other hypothesis for more
than fifteen years until in 2003, Charollais and colleagues provided evidence
about the role of SrmB in ribosome assembly (Charollais et al., 2003). They
constructed a s¥mB deletion strain which displayed a slow-growth phenotype at
30 °C, a defect that became even more pronounced at lower temperatures. The
link between SrmB and L24 (established by Nishi and colleagues (Nishi et al.,
1988)) was confirmed by analyzing the growth properties of both single and
double mutant strains. It appeared that while srmB-minus and rplX19 single
mutants showed no difference compared to wt cells when grown at 37 °C, srmB
rplX19 double mutant was severely impaired in growth (Charollais et al., 2003).
Since such results suggested possible defects in ribosome assembly, ribosome
profiles were analyzed next. Compared to the wt cells, ribosome profile of
srmB-minus cells was considerably changed. Namely, there was a large increase
in the amount of free 30S subunits and an appearance of a new 40S particle
(Charollais et al., 2003). Furthermore, the normal 1:2 ratio between free 30S
and 50S subunits was changed to 2:1 ratio, suggesting that there is a deficiency
in the ribosome large subunit biogenesis. Closer examination revealed the
presence of incompletely processed 23S rRNA in the 40S particles and 17S
rRNA in the 30S subunits from srmB-minus cells. First result was attributed
directly to the lack of SrmB that caused defects in 50S subunit assembly while
the latter was attributed to be an indirect consequence of the deficiency of 50S
subunits rather than the direct involvement of SrmB in 30S subunit biogenesis.
Proposal that 40S particles are precursors to mature 50S subunits was fully
supported by the protein content analysis. Namely, five r-proteins (L13, L28,
L34, L35, L36) were missing and nine r-proteins (L6, L7/L12, L14, L16, L25,
L27, L31, L32 and L33) were present in reduced amounts in the 40S particles
from srmB-minus cells; 50S and 30S subunits on the other hand were identical
to their wt counterparts (Charollais et al., 2003). With an exception of L13, all
other r-proteins belong to the so-called ‘late’ assembly step proteins (Nierhaus,
1991) showing the immature and heterogeneous nature of the 40S particles from
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srmB-minus cells. The role of SrmB in the 50S subunit assembly was further
supported by the fact that it co-sedimented with the 50S subunit precursors and
was able to specifically bind to the 40S particles instead of mature 50S subunits
(Charollais et al., 2003). Based on the protein content analysis, Charollais et al
proposed that SrmB is involved in an early step of ribosome large subunit
assembly. The most intriguing result was the absence of r-protein L13 from the
40S particles. Based on this, it was proposed that SrmB is needed for the
recruitment of L13 to the subunit precursors and that the absence of SrmB leads
ribosome assembly to an alternative and slower assembly pathway, resulting in
the appearance of the 40S particles (Charollais et al., 2003). While the binding
of L13 to 23S rRNA in vitro depends on the presence of L20 (and L20 was
present in the 40S particles), it could be that L20 is not correctly positioned for
the binding of L13 to the 40S particles in s¥mB-minus cells. This in turn is in
good agreement with the previously established link between SrmB and 124
when it was shown in vitro that in the absence of L24, L20 can take over the
initiator function (Franceschi and Nierhaus, 1988). Therefore, if in the absence
of SrmB L20 might not be able to replace L24, this might lead to the observed
synthetic lethality.

As already described before, there is also some evidence for the interactions
between SrmB and other DEAD-box helicases DeaD and RhIE (Charollais et
al., 2004; Jain, 2008). For example, over-expression of DeaD can rescue
ribosome assembly defects in s7mB-minus strain but not vice versa, supporting
the assignment of SrmB as an early assembly factor (Charollais et al., 2004). On
the other hand, over-expression of RhIE in s7mB-minus cells increased the
observed growth defect at 16 °C while the loss of RhIE in srmB-minus back-
ground diminished growth defects almost completely (Jain, 2008). Therefore, it
remains to be confirmed whether SrmB acts in ribosome assembly as an RNA
helicase or as an RNA chaperone and what its real mission is. For now one can
only say that SrmB is indeed involved in ribosome biogenesis, together with
other RNA helicases like DeaD, RhIE and DbpA.

3.1.3. RNA helicase DbpA

DbpA (DEAD-box protein A) was the second of identified DEAD-box proteins
in E. coli, found shortly after the discovery of SrmB in 1988 (Iggo et al., 1990;
Nishi et al., 1988). It was identified and cloned during a search for the relative
of eukaryotic protein p68 in Escherichia coli, without any indications about its
potential substrate or role in cell (Iggo et al., 1990). DbpA consists of two
domains — C-terminal domain that confers specificity for 23S rRNA (Kossen et
al., 2002) and N-terminal domain that bears ATPase and helicase activity (Elles
and Uhlenbeck, 2008).

After the initial discovery of DbpA protein, it took few years to establish
whether it is capable of hydrolyzing ATP in an RNA-dependent manner, but
that discovery contained a big surpriss — ATPase activity of DbpA was
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triggered only in the presence of 23S rRNA (Fuller-Pace et al., 1993).
Furthermore, DbpA was highly specific to bacterial 23S rRNA. Total RNA
from yeast or HeLa cells, rRNA from rabbit or total tRNA from E. coli failed to
trigger any ATPase activity; neither did the same single- or double-stranded
DNA (Fuller-Pace et al., 1993). Based on the ATPase activity tests, it was
proposed that DbpA recognizes rather a specific sequence than a
secondary/tertiary structure, unless such a structure is stable enough to
withstand RNA denaturation. Two years later it became apparent that only 93
nucleotides long 23S rRNA sequence is both necessary and sufficient for the
activation of ATPase activity of DbpA (Nicol and Fuller-Pace, 1995). This
sequence is a part of domain V in 23S rRNA (nucleotides 2496-2588) that
forms a part of the peptidyltransferase center and interacts with A- and P-site
tRNAs (Moazed and Noller, 1989). Furthermore, Nicol and Fuller-Pace
confirmed that together with primary sequence, 23S rRNA secondary structure
is of central importance for its recognition by DbpA, especially the three stem-
loops located within that fragment (Nicol and Fuller-Pace, 1995). While DbpA
was able to bind minimal substrate RNAs with disrupted stem-loops as
efficiently as wt RNA, its ATPase activity was many times lower on such
substrates (Nicol and Fuller-Pace, 1995). In a search for other 23S rRNA
regions capable of stimulation of ATPase activity of DbpA, four such regions
were found by Boddeker et al (Boddeker et al., 1997). Of these four regions,
only one (spanning nucleotides 2500-2600) was capable of achieving 100%
stimulation of ATPase activity and that region was similar to that originally
reported by Nicol and Fuller-Pace (Nicol and Fuller-Pace, 1995). Other three
23S rRNA regions triggered ATPase activity of up to 60% and while spread
around all over 23S rRNA, they all were rich in stem-loop structures, indicating
again the importance of secondary structure elements for the substrate
recognition by DbpA. Only some time later was it discovered that the hairpin 92
together with adjacent 5° and 3’ single-stranded sequences within 23S rRNA is
the main structural element that is needed to trigger ATPase activity of the
DbpA protein (Tsu et al., 2001). Furthermore, kinetic studies revealed that
neither free 50S subunits or 70S ribosomes are capable of ATPase activity
stimulation of DbpA (Tsu and Uhlenbeck, 1998), suggesting that it has a role in
ribosome biogenesis rather than in a generic translation machinery as already
proposed before.

Intriguingly, tests to determine whether DbpA is an RNA helicase concluded
with a finding that DbpA can destabilize RNA:RNA and RNA:DNA complexes
on an ATP-independent manner (Boddeker et al., 1997). Just a short time later,
Pugh et al demonstrated that under their experimental conditions, DbpA bears
no detectable helicase activity in vitro, whether ATP-dependent or -independent
(Pugh et al., 1999). The question whether DbpA acts as an RNA helicase and
under what conditions was addressed again in 2001 by two groups. Henn and
colleagues used atomic force microscopy while Diges and Uhlenbeck used
traditional helicase assays (Diges and Uhlenbeck, 2001; Henn et al., 2001).
Atomic force microscopy study demonstrated that DbpA can unwind long
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dsRNA sequences with 5> overhangs processively in an ATP-dependent manner
(Henn et al., 2001). In contrast, Diges and Uhlenbeck determined that DbpA is a
non-processive ATP-dependent RNA helicase and that its activity is highly
stimulated by the hairpin 92 of 23S rRNA (Diges and Uhlenbeck, 2001).
Discrepancies between the three helicase assay results (Diges and Uhlenbeck,
2001; Henn et al., 2001; Pugh et al., 1999) could be explained in many ways, as
proposed by Diges and Uhlenbeck (Diges and Uhlenbeck, 2001). First, the
helicase substrate used by Pugh et al was probably too stable and it did not
contain single-stranded region between the substrate helix and hairpin 92,
accounting for the not detected helicase activity. Second, it had been shown that
the C-terminal part of DbpA is needed for the recognition and binding to the
hairpin 92 of 23S rRNA, thereby ‘locking’ DbpA to its substrate in the presence
of 23S rRNA. In the absence of hairpin 92 (as was in the atomic force
microscopy experiments), the N-terminal part of DbpA could still maintain its
non-specific affinity towards RNA substrate and thereby disrupt long helices in
a non-specific manner. While all these explanations seemed plausible, the
question still remained — does DbpA possess any helicase activity?

To address this issue once and for all, Diges and Uhlenbeck conducted a
follow-on study using a more exhaustive set of different dSRNA substrates
(Diges and Uhlenbeck, 2005). This resulted in a finding that DbpA isa 3> > 5’
RNA helicase that requires a single-stranded loading site 3’ of the substrate
helix. Furthermore, it appeared that DbpA is a weakly processive RNA helicase
and that its helicase activity depends on the presence of hairpin 92 of 23S rRNA
(Diges and Uhlenbeck, 2005).

Unfortunately, there is still no information about the role of DbpA in vivo
although based on its high specificity towards 23S rRNA a role in translation or
ribosome assembly was proposed already in 1993 and thereafter (Fuller-Pace et
al., 1993; Tsu and Uhlenbeck, 1998). DbpA knock-out cells display normal
growth and ribosome assembly phenotype, indicating that whatever its role in
cells is, it is not essential for cell viability (lost and Dreyfus, 2006; Peil et al.,
2008). Interestingly, just recently Elles and Uhlenbeck succeeded in the
isolation of DbpA point mutation (DbpA(R331A)) that abolishes its ATPase
and helicase activity and results in a dominant slow growth phenotype (Elles
and Uhlenbeck, 2008). While no clear explanation can be given for such a
phenomenon, one could hypothesize that in the absence of DbpA protein
(whether wt or mutated) other DEAD-box helicases take over its function
without any visible loss of viability. On the other hand, when catalytically
inactive but otherwise 23S rRNA hairpin 92 specific DbpA with its intact C-
terminal region is present in the cells, it out-competes wt DbpA and causes
slow-growth phenotype via yet unknown mechanism. Thus far this is the only
clear growth defect associated with the RNA helicase DbpA and whilst too
early to draw any final conclusions about the role of DbpA in ribosome
assembly or cell growth, the picture is slowly clearing up.
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3.2. The role of ribosome-dependent GTPases
in ribosome assembly

As of today, there is direct evidence for the involvement of four small GTPases
in ribosome biogenesis in E. coli. First two of the proteins, Era and RsgA, are
involved in the assembly of 30S subunit while other two, ObgE and Der, are
involved in the assembly of 50S subunit. Three out of four GTPases mentioned
(Era, ObgE and Der) are essential proteins for cell viability and for most of
them many different cellular functions have been assigned previously. One
common link connecting above-mentioned GTPases is that they all are
conserved among many phyla (Caldon and March, 2003) and that they have a
role in ribosome biogenesis (Karbstein, 2007). This is also one of the reasons
why those GTPases together with other extra-ribosomal factors are such
interesting targets for antimicrobial compound development (Comartin and
Brown, 2006; Maguire, 2009) and why their role in ribosome biogenesis needs
to be studied further. Another interesting property of some small GTPases is
that besides their direct involvement in ribosome biogenesis, their over-
expression can rescue ribosome assembly defects seen in the RNA methyl-
transferase RImE, RNA chaperone RbfA and GTPase RsgA deficient strains
(Campbell and Brown, 2008; Inoue et al., 2003; Tan et al., 2002), thereby
linking them to ribosome biogenesis both directly and indirectly via multi-
protein network.

3.2.1. GTPase Era

Era (E. coli Ras-like protein) is an essential Escherichia coli small G-protein,
characterized to take part in various cellular processes like cell division and
carbon assimilation among others (for the review see (Caldon and March,
2003)). It is composed of two domains, an N-terminal Ras-like domain and C-
terminal domain responsible for RNA binding (Johnstone et al., 1999). Era is
capable of binding both free 16S rRNA and ribosome 30S subunits in a
nucleotide dependent manner (GDP- and GTP-bound forms of Era have
reduced binding ability compared to Era alone) and its depletion leads to major
translational defects in S100 fraction/ompF-lpp mRNA based -cell-free
translation system (Sayed et al., 1999). Depletion of Era protein also led to
major growth defects and accumulation of 17S RNA, a precursor to 16S rRNA,
together with visible defects in ribosome profiles (Inoue et al., 2003),
suggesting that it acts as a ribosome assembly factor among its other functions.
Its role in ribosome biogenesis was further supported by the fact that over-
expression of Era can suppress defective ribosome assembly and 16S rRNA
processing in an RNA chaperone RbfA-deficient strain while at the same time
over-expression of RbfA was not capable of suppressing ribosome assembly
defects in Era-depleted cells (Inoue et al., 2003). On the other hand, over-
expression of Era could not suppress the C23U mutation in 16S rRNA or the
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deletion of rimM, both of which were suppressed by the over-expression of
RbfA, indicating complementary but still different role for both RbfA and Era
(Inoue et al., 2003). Even though the over-expression of wt Era was able to
suppress growth and ribosome assembly defects in rbf4-minus strain, over-
expression of Era(E200K) protein (the mutation that causes cold-sensitive
phenotype in era-minus background) caused more severe growth defects and
two-fold higher accumulation of 17S RNA instead (Inoue et al., 2006). This was
thought to happen via competition for the binding of 30S subunit by
chromosome-encoded wt Era and plasmid-encoded Era(E200K) protein,
resulting in defective 16S rRNA processing. Interestingly, it was found
previously that cold-sensitive phenotype of Era(E200K) could be suppressed by
the over-expression of ksgA gene (Lu and Inouye, 1998). KsgA is a 16S rRNA
adenosine dimethyltransferase (O’Farrell et al., 2004) that was just recently
shown to participate in ribosome assembly (Connolly et al., 2008) and that has
a secondary DNA glycosylase/AP lyase activity (Zhang-Akiyama et al., 2009).
The mechanism by which KsgA over-expression could suppress the cold-
sensitivity of the Era(E200K) mutation was unknown at that time, but recently
there was an interesting breakthrough when mutational analysis revealed that
KsgA has another function, unlinked to its methyltransferase activity (Inoue et
al., 2007). Mutated forms of KsgA protein that had a severely reduced
methyltransferase activity were still able to suppress the defects in era/
Era(E200K) strain while the mutation in KsgA C-terminal domain that did not
affect its methyltransferase activity (KsgA(R248A)) failed to suppress the
growth defects (Inoue et al., 2007). It also appeared that over-expression of
KsgA does not repair defective 16S rRNA processing in Era(E200K) strain,
indicating that Era(E200K) cold-sensitivity is not due to the accumulation of
17S RNA (Inoue et al., 2007). On contrary, over-expression of wt KsgA but not
KsgA(R248A) protein made cells highly sensitive to organic acids, showing
that KsgA has indeed a second activity in the cells, responsible for the
suppression of Era(E200K)* phenotype and regulation of acid shock response
whilst unlinked to its methyltransferase activity. The latest report that KsgA has
DNA glycosylase/AP lyase activity (Zhang-Akiyama et al., 2009) fits well with
the discovery of Inoue et al (Inoue et al., 2007) although it is not known to date
whether the reported secondary activities are the same or not.

3.2.2. GTPase RsgA

RsgA (ribosome small subunit dependent GTPase A, previously called YjeQ)
was first characterized as a novel GTPase in E. coli, essential for cell viability
(Arigoni et al., 1998), but its essentiality was later disproved (Himeno et al.,
2004). RsgA was found to co-purify exclusively with ribosomes in the cell and
in vitro binding assays revealed its greater affinity towards ribosome 30S
subunit than towards 50S subunits or 70S ribosomes (Daigle and Brown, 2004).
The binding affinity of RsgA was determined by the presence of guanosine
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nucleotides - RsgA was almost exclusively bound to the 30S subunits in the
presence of GDPNP while in the presence of GDP or GTP some amount of
RsgA was still detectable in the supernatant (Daigle and Brown, 2004; Himeno
et al., 2004). Furthermore, GTPase activity of RsgA was strongly stimulated by
the presence of ribosomes, especially by the 30S subunits (Daigle and Brown,
2004), (Himeno et al., 2004) and its binding specificity towards ribosomes was
determined by its N-terminal region (Daigle and Brown, 2004). GTPase activity
of RsgA was greatly reduced by A-site specific antibiotics while antibiotics
binding to P-site or peptidyltransferase center failed to affect the GTPase
activity of RsgA, suggesting that the binding site for RsgA on ribosome at least
partially overlaps with the A-site region of 30S subunit (Himeno et al., 2004).

Although rsgd was previously reported to be an essential gene for cell
viability, Himeno et al succeeded in the construction of rsg4 deletion strain.
rsgA-minus strain had about 2.5-fold longer doubling time and disrupted
ribosome profile compared to wt strain, where 70S ribosome fraction was
greatly reduced with a concomitant increase in the amount of free 50S and 30S
subunits (Himeno et al., 2004). Unfortunately, the poor resolution of ribosome
profiles could not allow one to estimate whether there were any intermediate
particles present or not. Nevertheless, the fact that free 30S subunits from
RsgA-deficient strain were less active in the stimulation of GTPase activity of
RsgA than 30S subunits obtained from 70S ribosomes via dissociation,
indicated that they were not fully matured (Himeno et al., 2004). This finding
was also supported by the fact that free 30S subunits from RsgA-deficient strain
contained a large amount of 17S RNA, a precursor to 16S rRNA (Himeno et al.,
2004). Furthermore, it was later determined that the binding of RsgA to the 30S
subunit induces conformational changes around A- and P-site and helix 44 of
16S rRNA that are partially restored after GTP hydrolysis by RsgA and its
dissociation from 30S subunit (Kimura et al., 2008), confirming its partici-
pitation in ribosome biogenesis.

Recently a number of genes were identified that were able to suppress the
growth and/or ribosome biogenesis defects seen in rsgA-minus strain when
over-expressed. Interestingly, two of those genes, GTPases infB and era, were
able to suppress both growth and ribosome assembly defects on an expression
level dependent manner (Campbell and Brown, 2008). A complementary screen
identified additional seven genes whose deletion led to more severe growth
defects than seen in the single mutants for those genes or rsgA-minus alone.
Most interesting of those genes were rimM, rluD and ksgA (Campbell and
Brown, 2008). RimM and RluD have been previously shown to participate in
ribosome assembly (discussed in detail above) and KsgA is an universally
conserved 16S rRNA specific methyltransferase also involved in ribosome
biogenesis (Connolly et al., 2008). Although Campbell and Brown suggested
that the enhanced slow growth seen in »/uD rsgA and rimM rsgA double mutant
strains is because they function in the same pathway as RsgA, it is highly
unlikely, at least with RluD. Namely, RIuD is a 50S subunit specific factor
(even though the lack of RluD does disrupt 30S assembly) while RsgA is a 30S
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subunit specific factor, meaning that they are acting on different substrates
during ribosome assembly. On the other hand, since the lack of either RIuD or
RsgA causes defects in their respective subunit assembly, it is logical to expect
even bigger defects in double mutant strain, exactly as was seen by Campbell
and Brown (Campbell and Brown, 2008).

3.2.3. GTPase ObgE

Escherichia coli protein ObgE (also called CgtAg) belongs to an evolutionarily
conserved group of essential GTP-binding proteins (Czyz and Wegrzyn, 2005).
While many different functions have been assigned to Obg proteins, ranging
from chromosome segregation to stress response (Czyz and Wegrzyn, 2005),
only ribosome-associated activities will be covered here. First implications that
ObgE (and other so-called small GTPases in that sense) might have a role in
ribosome assembly in E. coli were established in 2002, when it appeared that
over-expression of ObgE or Der, another GTPase in E. coli (reviewed below),
can rescue the deletion of #/mE gene (Tan et al., 2002), encoding for the enzyme
that methylates U2552 in E. coli 23S rRNA (Biigl et al., 2000; Caldas et al.,
2000a). The deletion of #/mE gene causes major defects in growth and ribosome
assembly, as described in detail above. To much of a surprise, growth and
assembly defects in #/mE-minus strain were rescued by over-expressing either
Der or ObgE (Tan et al., 2002). Although it is still unknown how the over-
expression of two GTPases can suppress RImE deficiency, it was proposed to
happen on a level of ribosome structure stabilization and not by a stimulation of
complementary methyltransferases (Tan et al., 2002). Next suggestion that E.
coli ObgE might have a role in ribosome biogenesis was published by Wout and
colleagues when they discovered that ObgE co-sediments with the 50S subunit
and co-purifies with the RNA helicase DeaD and (p)ppGpp synthetase/
hydrolase SpoT (Wout et al., 2004). These results were followed by a paper
where the involvement of ObgE in ribosome biogenesis in E. coli was directly
shown (Sato et al., 2005), a result later confirmed by an independent study
(Jiang et al., 2006). Both groups discovered that the depletion of ObgE leads to
changes in ribosome profiles, with the accumulation of free subunits and
reduction of free 70S ribosomes (Jiang et al., 2006; Sato et al., 2005). The
involvement of ObgE in ribosome biogenesis was further confirmed by a fact
that ObgE co-sedimented with both free 30S and 50S subunits but not with the
70S ribosomes (Jiang et al., 2006; Sato et al., 2005; Wout et al., 2004) and that
it was able to bind to 16S and 23S rRNA in the presence of GTP and magne-
sium ions (Sato et al., 2005). Even more, ObgE-depleted cells accumulated pre-
16S rRNA (Sato et al., 2005) and pre-23S rRNA (Jiang et al., 2006), defective
in the maturation of both 5” and 3” ends. At the same time, ObgE was shown to
be associated with a number of r-proteins (S3-S5, S13, S16, L2, L4, L16-17)
and extra-ribosomal factors involved in ribosome biogenesis (RNA helicase
DeaD being the most interesting of those) (Sato et al., 2005) while the 40S
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particles from ObgE-depleted cells had decreased amount of r-proteins L16,
L33 and L34, similar to that observed in deaD-minus (Charollais et al., 2004),
srmB-minus (Charollais et al., 2003) and r/mE-minus (Hager et al., 2002)
strains. Taken together, this data strongly points ObgE to take part in the late
step of ribosome 50S subunit assembly, especially as ObgE was found to be
associated only with the ‘near-50S’ or 50S particles but not with the 40S
particles of various origin (Jiang et al., 2006). There is also some intriguing
evidence that ObgE regulates the level of cellular (p)ppGpp during exponential
growth, by controlling the hydrolase activity of SpoT via direct interaction
between two proteins on pre-50S subunits that are being assembled (Jiang et al.,
2007). Whether there exists such a link between ObgE, SpoT and ribosome
assembly, remains to be seen.

3.2.4. GTPase Der

Der (double-Era-like domains, previously called EngA) is an essential GTPase
for cell viability and unique as it has two tandemly repeated GTP-binding
domains at the N-terminal region followed by a C-terminal domain (Hwang and
Inouye, 2001). As already mentioned above, Der and ObgE were shown to be
the suppressors for the deletion of RImE, a heat-shock dependent enzyme that
methylates U2552 in E. coli 23S rRNA (Tan et al., 2002); that was also the first
implication about the role of Der in ribosome biogenesis. Few years later it was
confirmed that Der itself is essential for the normal biogenesis of the 50S
subunits in E. coli (Bharat et al., 2006; Hwang and Inouye, 2006). Namely,
when cells were depleted for Der protein, their ribosome profiles showed major
changes - the amount of free subunits was significantly increased at the expense
of the amount of polysomes and free 70S ribosomes (Bharat et al., 2006; Hwang
and Inouye, 2006), similar to that seen in other ribosome assembly deficient
strains. When Der-depleted  ribosomes were dissociated at low Mg™
concentrations, new particles appeared in the 40S region, their exact
sedimentation coefficient being dependent on the Mg™ concentration used
(Hwang and Inouye, 2006). Those 40S particles were found to lack r-proteins
L9 and L18 and to contain L2 and L6 in slightly diminished amounts (Hwang
and Inouye, 2006). Furthermore, Der-depleted cell extracts contained precursors
to 16S and 23S rRNA, incompletely processed at both 5* and 3’ ends (Hwang
and Inouye, 2006). The role of Der in large subunit assembly was also
supported by the fact that Der co-fractionated only with the ribosome 50S
subunits but not with the 70S ribosomes or 30S subunits (Hwang and Inouye,
2006), (Bharat et al., 2006).

It is worth to note that although Der is essential for cell growth, it was
initially shown that its absence can be compensated on normal growth
temperature with Der protein in which either one of the two but not both GTP-
binding domains have a point mutation (N118D and N321D) (Hwang and
Inouye, 2006). At the same time, both GTP-binding domains were shown to be
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required for cell growth at low temperatures (Hwang and Inouye, 2006). Using
a different set of point mutations in GTP-binding domains in Der (K15A, S16A,
K216A, S217A), Bharat and colleagues failed to record the ability of those
mutants to support growth and suppress ribosome assembly defects except for
only one mutation (K15A) (Bharat et al., 2006). This in turn indicates that both
GTP-binding domains in Der are indispensable for its cellular function (Bharat
et al., 2006) and that DerN118D and DerN321D used by Hwang and Inouye
(Hwang and Inouye, 2006) still retained some of its functionality in the cell at
37 °C and 42 °C, their lower activity being compensated for with over-
expression (Hwang and Inouye, 2008).

Interestingly, growth and ribosome assembly defects caused by the lack of
functional Der protein could be rescued by the over-expression of RelA protein
(Hwang and Inouye, 2008), a (p)ppGpp synthetase (Justesen et al., 1986).
Furthermore, it was confirmed that it is indeed the (p)ppGpp synthetic activity
of RelA what is needed for the suppression of both growth and ribosome profile
defects in der/Der(N118D) and der/Der(N321D) strains at 30 °C while over-
expression of RelA cannot support growth of der-minus cells (Hwang and
Inouye, 2008). How does RelA exactly suppress the deficiency of Der in cells,
remains to be confirmed but it seems to depend mainly on the accumulation of
(p)ppGpp. One possibility is that the accumulation of (p)ppGpp helps to
associate mutant Der protein with the 50S subunits, or that it slows down rRNA
synthesis and allows ribosome subunits to mature in a correct but somewhat
slower manner. It is worth to remind here that GTPase ObgE (described in
detail above) has interactions and co-sediments with SpoT, a partner of RelA
enzyme. Whether it is just a coincidence that two GTPases capable of
suppressing defects caused by the methyltransferase RImE deficiency have
interactions with (p)ppGpp pathway enzymes (ObgE with SpoT and Der with
RelA) is an interesting point that needs to be studied further.

3.3. The role of heat-shock proteins
in ribosome assembly

The role of heat-shock proteins in ribosome assembly in E. coli has been
studied in depth, mostly by J.H. Alix and his group. So far, most of the work
involving the role of heat-shock proteins in ribosome assembly has been done in
cells lacking either DnaK or Dnal or both (Al Refaii and Alix, 2009; Alix and
Guérin, 1993; El Hage et al., 2001) and there is evidence for the involvement of
GroEL and other chaperones in ribosome assembly (El Hage et al., 2001).

First indication that DnaK is involved in ribosome biogenesis came in 1993,
with the discovery that precursors to ribosomal subunits accumulate in dnak"™
strains grown at elevated temperatures (Alix and Guérin, 1993). This was
determined to be a direct consequence related to the lack of functional DnaK
protein, not by either stringent response or uncontrolled heat-shock response.
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Few years later came the first evidence that together with DnaK and Dnal,
GroEL and possibly other heat-shock proteins participate in ribosome
biogenesis in E. coli (E1 Hage et al., 2001). Unlike with the dnaK® strain used
before, the full deletion of DnaK caused defects only in the assembly of 50S
subunits, leaving the assembly of 30S subunit untouched. Furthermore, DnakK
and DnalJ were shown not to be required for ribosome assembly at up to 42 °C,
in case other sigma-32 dependent heat-shock proteins are over-expressed at the
same time. In the same work it was established that groEL" strains exhibit
abnormal ribosome patterns at high temperatures where the deficiency of
functional GroEL protein seemed to affect only the assembly of 50S subunits,
leaving 30S maturation unaffected. On the other hand, it was shown that the
over-expression of GroEL/GroES chaperonins was enough to at least partially
compensate for the defects in ribosome assembly due to the lack of functional
DnaK protein (EI Hage et al., 2001).

Precursor ribosomal particles from DnaK-deficient cells were at first
indicated to be capable of final maturation since they were shifted towards the
70S ribosomes in time (Alix and Guérin, 1993). This finding was confirmed
later, by showing that abnormal ribosomal particles found in dnak® cells are
indeed true precursors to mature subunits (El Hage and Alix, 2004) which are
capable of final maturation in the lack of DnaK chaperone, although at a much
slower rate than in wt cells. The 218 particles from dnak® cells contained pre-
16S rRNA and lacked a number of late assembly step S-proteins, whereas 45S
particles contained pre-23S rRNA and lacked a number of late assembly step L-
proteins (El Hage and Alix, 2004). By following the kinetics of rRNA
processing, it was clear that precursor forms of rRNA contained in the 21S and
458 precursor particles were processed into their mature forms, together with
the shift of precursor particles towards completely assembled 50S and 30S
subunits (Alix and Guérin, 1993; El Hage and Alix, 2004). An interesting
common feature of both 21S and 45S precursor particles was that they lacked
some late assembly step proteins, suggesting that DnaK has a role in a late step
of ribosome assembly. Furthermore, the incorporation of r-proteins missing
from the 21S subunits in in vitro reconstitution requires an energy-dependent
conformational change and it was previously suggested that DnaK participates
in this change (Maki et al., 2002; Maki et al., 2003).

The suggestion of DnaK might be involved in the conformational change
during the assembly of 30S subunit both in vitro and in vivo resulted in a very
heated debate, with Gloria Culver and colleagues on one side and Jean-Harve
Alix and Knud Nierhaus on the other side. First, it was shown by Gloria Culver
and colleagues that purified DnaK chaperone system components facilitate 30S
subunit reconstitution at low temperatures (Maki et al., 2002). Without the
heating step that is required for a conformational change during the 30S
assembly process, RI precursors accumulate and reconstitution stalls.
Surprisingly, the addition of purified DnaK, Dnal, GrpE proteins and ATP
could activate the conversion of RI precursors to the 30S particles without any
heating step, resulting in the 30S subunits active in tRNA binding, although
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30% less active than normally reconstituted 30S subunits (Maki et al., 2002).
These findings were heavily criticized by J-H. Alix and K. Nierhaus who failed
to record any of the DnaK-facilitated effects on the 30S subunit reconstitution
(Alix and Nierhaus, 2003). Instead of tRNA binding assay, they used poly(Phe)
synthesis assay to follow the kinetics of 30S subunit reconstitution, with or
without chaperones. This resulted in a finding that while the DnaK protein used
throughout the reconstitution was active, it had no effect of whatsoever on the
measured poly(Phe) activity (Alix and Nierhaus, 2003), a result in striking
contrast with that of Culver group (Maki et al., 2002). Just a short while later,
Maki et al published a follow-on note to explain for the accounted controversies
between the results of two groups (Maki et al., 2003). The main reasons that
resulted in dissimilar results in the end were most probably due to different
experimental setup used. For example, the purification of reconstituted subunits
to eliminate bound DnaK before functional assays was shown to be crucial, as
were some other specific details. Furthermore, using now a completely defined
poly(Phe) synthesis assay instead of the previously used tRNA binding assay,
Maki et al were able to show again that DnaK facilitated 30S subunits are
catalytically active, albeit at a lower level than normally reconstituted 30S
subunits (Maki et al., 2003).

The fact that DnaK is absolutely needed for the late assembly step(s) at high
temperatures suggests it to act as a quality control mechanism under heat-shock
conditions, to stop cells from wasting crucial energy in defective translation by
keeping the number of available translationally active ribosomes low. At the
same time, chaperones seem to participate in the ribosome assembly also in
other ways, most likely by inducing conformational changes needed for final
maturation of subunits.
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RESULTS AND DISCUSSION

Objectives of the present study:

To date, the involvement of many extrinsic factors in ribosome assembly in E.
coli has been shown. Among those factors, RNA modification enzymes and
RNA helicases play an important part. Until only recently, ribosome assembly
was thought to happen via certain pre-determined pathways that resulted in
mature ribosomes. The identification of many similar but still different
precursor particles from ribosome assembly deficient strains raised the question
whether such in vivo precursors can indeed be matured or are they assembly
‘dead-end’ products, incapable of final maturation. Furthermore, the role of
RNA modifications and modification enzymes in ribosome biogenesis and
translational apparatus has been a constant cause for discussions. To try to
answer some of those questions, following aims were put up:

1. To characterize the role of pseudouridine synthase RluD in ribosome
assembly and to describe assembly defects in RluD-deficient cells.

2. To characterize the specificity of pseudouridine synthase RluD in
detail.

3. To identify and characterize pseudouridine methyltransferase respon-
sible for the synthesis of methylated pseudouridine at position 1915 in
23S rRNA.

4. To characterize the role of RNA helicases DeaD and DbpA in ribosome
assembly, to describe assembly defects in DeaD-deficient cells and to
analyze the maturation and functional properties of ribosomal
precursors in DeaD-deficient cells.

Refl. Pseudouridine synthase RluD has an important role
in ribosome assembly

Pseudouridine is the most abundant single ribosomal RNA modification found
in all organisms that is made post-transcriptionally from uridine residues, in an
oligo- or polynucleotide level by pseudouridine synthases in an ATP-
independent manner. There are two interesting points in pseudouridine
formation — first, on what basis is the nucleotide selection made and, second,
what purpose does the pseudouridine itself serve. So far, pseudouridines have
been found only in RNA molecules whose tertiary structure is crucial for their
function, i.e. IRNA, tRNA, snRNA, snoRNA, and tmRNA.

There are altogether ten pseudouridine synthases that have been divided into
four families, based on their amino acid sequence homology (I, Table 3). Of
those ten proteins, three are responsible for the synthesis of pseudouridines in
tRNAs while rest of the enzymes catalyze pseudouridines in rRNA molecules.
Thus, all predicted pseudouridine synthases in E. coli have been connected to
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their respective pseudouridines (I, Table 3). One common feature amongst all
known pseudouridine synthases is the presence of catalytic aspartic acid
residue, located in a conserved motif II (Ofengand Rudd 2000). Mutations of
this aspartic acid render enzymes catalytically inactive, as determined by both
in vitro and in vivo assays (Ofengand et al., 2001).

Pseudouridines corresponding to each of the enzymes have been determined
by individually knocking out single synthase genes and screening for the
disappearance of pseudouridine at the same time. Of all pseudouridine synthase
genes, only the deletion of #/uD caused defects in cell growth-rate, indicating its
importance for cell viability (Huang et al., 1998; Raychaudhuri et al., 1998).
Since pseudouridines made by RluD are located in the highly conserved region
of 23S rRNA (Ofengand, 2002), we tested the possibility that the absence of
these three pseudouridines might affect ribosome assembly.

Exponentially growing cells were lysed and their ribosome content was
analyzed by sucrose gradient centrifugation at different Mg~ concentrations (I,
Figure 6). In panel A, ribosome profiles corresponding to wt, rluD-minus/
pRIuD and r/uD-minus strains are shown. Under used conditions, wt ribosome
profile consists of a large peak corresponding to the 70S ribosomes and small
peaks corresponding to free 50S and 30S subunits, represented by wt MG1655
strain ribosome profile. In contrast, deletion of rluD gene (designated as riuD-
minus Dust strain by Gutgsell et al (Gutgsell et al., 2001)) on the other hand
caused major changes to ribosome profile. First, the balance between the 70S
ribosomes and free subunits was heavily disrupted as the amount of free
subunits was much higher than in wt cells, at the expense of 70S ribosomes (I,
Figure 6A). Second, an additional particle designated as 39S was accumulated
in the cells. Interestingly, the mobility of the ribosomal small subunits in the
sucrose gradients was shifted from 30S to 27S in spite of the fact that RluD
makes pseudouridine residues only in 23S rRNA. Defects in ribosome profiles
were restored to wt appearance when wt RluD protein was expressed from a
plasmid in r/uD-minus background. The presence of the abnormal ribosomal
particles means either that there is an assembly defect due to the disruption of
the rluD gene, or that ribosomal particles lacking these specific pseudouridines
are unstable. To analyze the stability of the ribosomal particles during sample
processing, we prepared the lysate at 6 mM Mg’ and then adjusted it to 15 or
20 mM Mg concentration before centrifugation at the chosen Mg'" con-
centration since it is known that Mg'" ions stabilize ribosomes. If the 39S
particles were derived from the native 50S subunits because of their instability,
one would expect the 39S peak to disappear when Mg ' concentration is
increased. As seen in (I, Figure 6A), this was not the case, meaning that 39S
ribosomal particles are stable during sample processing. Furthermore, 39S
particles contained L-proteins (L. Peil & J. Remme, unpublished data) and
precursor 23S rRNA (Figure 4), (Gutgsell et al., 2005), indicating that those
particles are likely to be precursors to 50S subunits. Thus, from these results
one can conclude that the absence of RluD protein leads to the assembly defect
of both ribosome subunits.
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Figure 4. Analysis of 5’ termini of #/uD-minus strain 23S rRNA.

Ribosomal particles were separated by sucrose gradient centrifugation, RNA was
precipitated and purified and 5’ termini were determined by primer extension analysis.
Positions of mature (“+1°) and precursor (-3’ and ‘-7’) 23S rRNA 5’ termini are
indicated, together with corresponding DNA sequence.

Alternatively to the hypothesis described above, ribosome assembly defects
could have been caused independently of RluD catalytic activity or
pseudouridines, for example when RluD has a second function in the cells,
unlinked to its primary catalytic activity. This was checked by transforming
rluD-minus Tiny cells with plasmids containing r/uD sequences coding for
catalytically inactive forms of RluD and recording corresponding ribosome
profiles (I, Figure 6B). #/uD-minus Tiny cells have an unidentified second-site
mutation that is able to partially suppress slow-growth phenotype of 7/uD-minus
Dust cells (Gutgsell et al., 2001). That second-site mutation is also capable of
partially suppressing ribosome assembly defect (I, compare Figure 6A and 6B).
In general, there are no 39S particles in #/uD-minus Tiny cells although there
still are abnormal 42S particles present in the pattern. Furthermore, 27S
particles have shifted back to the 30S region in #/uD-minus Tiny cells when
compared to rluD-minus Dust cells (I, Figure 6). Taken together, this all
indicates a partial suppression of ribosome assembly defects in rluD-minus
Tiny cells when compared to r/uD-minus Dust cells.

The essentiality of RluD catalytic activity was analyzed in r/uD-minus Tiny
cells instead of the original rluD-minus Dust cells because of previously
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published intriguing results. Namely, Gutgsell and colleagues had discovered
the re-appearance of RluD-specific pseudouridines in r/uD-minus Dust cells
expressing mutated RluD protein from the plasmid (Gutgsell et al., 2001), (I,
Figure 5B). Interestingly, they failed to observe similar results for 7/uD-minus
Tiny cells (Gutgsell et al., 2001), (I, Figure 5A). Based on the fact that r/uD-
minus Dust cells had restored pseudouridines in helix 69 of 23S rRNA in the
presence of mutated RluD protein, they were not a suitable platform for further
studies on a possible second function of RluD. Therefore, r/uD-minus Tiny
strain was selected instead for following studies. To much of a surprise, mutated
forms of RluD protein were able to rescue aberrant ribosome profiles of r/uD-
Tiny cells back to wt appearance (I, Figure 6B) whereas no pseudouridines were
made in helix 69 of 23S rRNA (I, Figure 5A). This result suggested intriguingly
that RluD has a second function in cells which is independent of its
pseudouridine catalytic activity and which is responsible for the correct
ribosome assembly. While being the first such indication for pseudouridine
synthases, there was evidence for similar phenomenon among other RNA
modifying enzymes. For example, lack of Pet56p (2°-O-methyltransferase
specific for G2270 in 21S rRNA in yeast mitochondria) caused massive defects
in ribosome large subunit assembly (Sirum-Connolly and Mason, 1993) that
were implicated to be rescued with the introduction of catalytically inactive
Pet56p protein. Later it was mentioned that while Pet56p is normally essential
for the formation of functional mitochondrial ribosomes, extragenic mutations
have been obtained that suppress, albeit weakly, Pet56p loss-of-function
mutations (Sirum-Connolly and Mason, 1995). Thus, it can be concluded that
neither the Pet56p-catalyzed ribose methylation nor the Pet56p protein itself is
absolutely required for the synthesis of a functional ribosome.

Unfortunately, future studies proved the hypothesis about the potential
second function of RIuD wrong due to simple errors in the experimental system.
Most importantly, original #/uD-minus Dust and Tiny cells appeared to contain
two copies of rluD gene, of which only one was disrupted by a miniTn/0
cassette, a result established by colony PCR and Southern hybridization analysis
(Figure 5). Initial screening of r/uD-minus strains by PCR with primers
complementary to r/uD gene resulted in a finding that all #/uD-minus strains
produced an extra band similar in length to wt »/luD gene, together with the
longer band corresponding to disrupted rluD gene (Figure 5A). To determine
the origin of both products seen in PCR analysis, we used Southern hybridi-
zation analysis. For that, partial digestion of corresponding genomic DNA and
hybridization with rluD gene specific labeled probes was performed (Figure
5B). There were two options as in what configuration wt and disrupted »/uD
gene could have been in the genome, presented in Figure 6. Based on the
experimental data presented in Figure 5, we concluded that all »/uD-minus
strains contained an extra copy of wt r/uD gene adjacent to the miniTn/0-
interrupted r/uD gene instead of it being in front of the miniTn/0-interrupted
rluD gene, as indicated in Figure 6 (compare hypothetical fragments shown in
Figure 6 to experimental data shown in Figure 5).
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Figure 5. Analysis of wt and r/uD-minus strains by colony PCR (A) and Southern
hybridization (B).

(A). Lanes 1-3: rluD-minus Dust; lanes 4-6: rluD-minus Tiny; lanes 7-8: rluD-minus
PR; lane “—’: empty reaction; lane ‘wt’: MG1655; lane ‘M’: molecular weight marker.
Products were separated in 1% agarose gel and visualized by UV.

(B). Lanes marked as ‘1’: Mlul digestion of genomic DNA, lanes marked as “2’: BssHII
digested genomic DNA, lane ‘M’: molecular weight marker. Filter was hybridized with
radioactively labeled rluD-specific probe and autoradiographed. Positions of molecular
weight markers are indicated.
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Figure 6. Schematic representation of hypothetical DNA fragments produced by
genomic DNA digestion with two different restriction enzymes, figure is not to scale.
(A) Hypothetical genomic DNA fragments produced in #/uD-minus strains when extra
copy of rluD gene is placed after disrupted gene.

(B) Hypothetical genomic DNA fragments produced in 7/uD-minus strains when extra
copy of rluD gene is placed in front of disrupted gene.

(C) Hypothetical genomic DNA fragments produced in wt MG1655 strain with single rluD
gene. Fragment lengths in brackets correspond to regions complementary to rluD gene.

This in turn effectively meant that previous intriguing results about catalytically
inactive form of RluD being able to rescue ribosome assembly and growth
defects were most likely due to the second copy of r/uD gene present in the
genome. This could have happened via many ways. First, recombination
between genomic copy of wt r/uD gene and mutated copy of rluD gene in the
plasmid could have happened, resulting in the re-appearance of RluD-specific
pseudouridines and rescue of previously observed defects. Second, since all
original r/luD-minus strains initially did not contain RluD-specific pseudouri-
dines (I, Figure 5), this means that the expression of an extra wt copy of riuD
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gene was negligible. On the other hand, plasmid transformation of rluD-minus
Dust cells and numerous follow-on passages might have been enough for the
accumulation of mutations to allow for enough of the wt »/uD gene expression
responsible for the re-appearance of RluD-specific pseudouridines. Neverthe-
less, this second copy of wt r/uD gene was not the reason for the high frequency
of pseudoreversion events observed, since similar events took place in a number
of other full deletion strains of r/uD gene (Ejby et al., 2007; Gutgsell et al.,
2005).

Results presented here were confirmed indirectly when a study was
published later with a newly constructed r/uD deletion strain. In that work no
rescue of slow-growth phenotype or ribosome assembly defects by mutated
forms of RluD protein were observed (Gutgsell et al., 2005). Therefore, as
intriguing as the hypothesis of RluD having a second function in the cells was,
it is confirmed by now that all observed defects are either due to the lack of
pseudouridines or absence of catalytically active RluD protein. At the moment,
more evidence is pointing towards the hypothesis that the lack of
pseudouridines is responsible for the initial assembly defects, but that these
defects can be overcome by a number of second-site suppressor mutations. So-
called pseudorevertants lack RluD-specific pseudouridines but have a normal
growth phenotype (Ejby et al., 2007; Gutgsell et al., 2001; Gutgsell et al., 2005)
and ribosomal profiles (Gutgsell et al., 2005). As of today, only one of many
suppressor mutations has been identified and characterized in detail, a point
mutation in RF2 (Ejby et al., 2007). The discovery that the introduction of
RF2(E172K) into #/uD-minus Dust background reduced otherwise 2 to 16- fold
higher stop codon read-through rate back to the wt level (Ejby et al., 2007) was
a clear indication that at least one of RluD-specific pseudouridines in helix-loop
69 of 23S rRNA is involved in translation termination by RF2. This suggestion
was well supported by both overlaid 3D structures of ribosome and RF2 that
showed the close proximity of RF2(E172K) mutation to helix-loop 69 (Ejby et
al., 2007) and results by Ali et al where only subunit association, translation
initiation, termination, or ribosome recycling were shown to be affected by the
absence of helix-loop 69 (Ali et al., 2006).

Therefore, one can conclude that the defects seen in r/uD-minus cells are
mostly due the translational deficiencies of ribosomes (at termination step),
likely caused by the lack of three RluD-specific pseudouridines in helix-loop 69
of 23S rRNA. In addition, it has been shown for methyltransferase RImE
(RrmJ/FtsJ) that not the catalytically inactive enzyme but its product, a 2’-O-
methylated U2552 in 23S rRNA, is needed for correct ribosome assembly
(Hager et al., 2002; Hager et al., 2004). Lack of Um2552 affects translation in
vitro (Caldas et al., 2000b) and in vivo, causing ribosomes to become much
more accurate (Widerak et al., 2005) which in turn likely affects ribosome
assembly, similarly to that seen in #/uD-minus cells.
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Figure 7. Analysis of non-ribosomal proteins in the ribosomal fractions by SDS-PAGE
and Coomassie blue staining.

Ribosomal particles were separated by sucrose gradient centrifugation, proteins were
extracted by TCA precipitation, and separated on 7% SDS-PAGE. Positions of protein
marker bands and DeaD protein are indicated, as are ribosomal particles.

One more interesting result was revealed by protein analysis that needs to be
discussed. A protein with an apparent molecular weight of ~65 kDa was found
mainly in the the 39S but also to a lesser extent in the 50S particles although not
in the 70S or 27S particles of the r/uD-minus Dust strain (Figure 7). This
protein was identified as an RNA helicase DeaD (N-terminal sequence was
determined by Edman degradation to be E/S/G/H/A-E-F-E-T/Q/A-X-F-A-D-
L/K), a protein which is involved in many processes in the cell (reviewed in
detail above) and which was later shown to be required for the normal ribosome
assembly in E. coli (Charollais et al., 2004). As shown in Figure 7, DeaD
protein was also present in the 50S subunits of wt strain, r/uD-minus Dust
carrying the rescue plasmid pRluD+, and in a pseudorevertant of the rluD-
minus Dust strain (#/uD-minus/PR) but in a lesser amount than was found in the
50S subunits of r/uD-minus Dust cells. The presence of DeaD protein at
increased level in the ribosomal fractions of r/uD-minus Dust cells indicate that
the expression of DeaD protein is either induced upon disruption of r/uD gene
or that DeaD accumulates in incompletely assembled ribosomal particles. While
there is no direct evidence that the lack of RluD specifically causes DeaD to
accumulate, second hypothesis is well supported. Namely, DeaD has been
shown to suppress a mutation in S2 (Toone et al., 1991), thereby linking it to
ribosome biogenesis. At the same time, DeaD has been shown to be bound to
the assembly precursor particles in RNA helicase SrmB-deficient cells and
over-expression of DeaD is enough to rescue ribosome assembly defects in
srmB-minus strain (Charollais et al., 2004).

Based on the data presented here, we can conclude that the deletion of
pseudouridine synthase r/uD gene leads to major defects in ribosome assembly.
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Although initial results suggested that such defects are caused by the lack of
RluD protein, it can now be concluded that the defects seen are mostly due to
the absence of corresponding pseudouridines that cause deficiency in
translation, probably in the termination step. In addition, we have linked
together pseudouridine synthase RluD and RNA helicase DeaD in ribosome
biogenesis, a point further discussed below.

Ref II. Pseudouridine synthase RluD is highly specific towards
uridines at positions 1911 and 1917 and it is involved
in the late step of ribosome assembly

It had been proposed previously by Raychaudhuri and colleagues that RluD
recognizes helix 69 in 23S rRNA and then isomerizes all uridines in the loop
region to pseudouridines, in a position-independent manner (Raychaudhuri et
al., 1998). This suggestion was supported by the finding that RluD protein
acting on a naked 23S rRNA was quite unspecific, since it isomerized more
than three uridines per 23S rRNA molecule (Wrzesinski et al., 2000). We
succeeded to show that in contrast to previous suggestions, RluD is highly
specific towards uridines at positions 1911, 1915 and 1917 in 23S rRNA (II,
Figure 2). In this work, we tested whether RluD is able to modify uridines at
other positions of helix-loop 69 in 23S rRNA, by using single nucleotide
substitutions A1912U, C1914U, A1916U and A1919U. Mutant genes for 23S
rRNA were expressed in vivo and pseudouridines were determined by chemical
modification followed by primer extension analysis. Since uridine at position
1915 is further methylated at N3 position, it was not possible to determine the
presence of pseudouridine at this position as m*¥ itself causes primer extension
stop independent of any further chemical treatment. Three of four analyzed
mutant RNAs (A1912U, C1914U and A1919U) all contained pseudouridines
only in positions 1911 and 1917, similarly to wt 23S rRNA (II, Figure 2).
Interestingly, in A1916U mutant no pseudouridines could be detected in 50S
subunits and pseudouridines were barely detectable in 70S ribosomes. This
suggested that A1916 serves as an important specificity determinant for RluD, a
conclusion supported by additional mutagenesis. Namely, of all used mutations,
only A1916U and A1916G had effect on pseudouridines synthesis by RluD (I,
Figure 4). As already mentioned, in case of A1916U no pseudouridines could
be detected either in the 70S ribosomes or in free 50S subunits. In case of
A1916G, pseudouridines were present in the 70S ribosomes but not in free 50S
subunits.

Next we wanted to identify whether RIuD acts during early assembly on
naked 23S rRNA or during late assembly. In latter case RluD can require the
presence of r-proteins or a conformational change of rRNA. For that purpose we
used deaD-minus strain which was previously shown to be deficient in
ribosomal large subunit assembly (Charollais et al., 2004). Furthermore, the 40S
particles accumulating in this strain are assembly precursors to 50S subunits
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(IV, Figure 3) and since DeaD was implicated to be a late assembly factor
(Charollais et al., 2004), this provided perfect test-bed. The presence of RluD-
specific pseudouridines was determined from wt and deaD-minus ribosomal
particles. Expectedly, wt 70S and 50S particles contained RluD-specific
pseudouridines, as did the 70S ribosomes from deaD-minus cells (II, Figure 5).
The 50S and 40S particles on the other hand contained only traces of RluD-
specific pseudouridines, indicating that RluD is active in the absence of DeaD
and that it acts on a late assembly step. In addition, we have determined that
free 50S particles from the deaD-minus strain have low functional activity,
probably due to incomplete assembly (IV, Table 2). The finding that RIuD acts
on a late assembly step was fully supported by the finding by Vaidyanathan et
al (Vaidyanathan et al., 2007). They determined that free 50S subunits are much
better and more efficient substrates to RluD than free 23S rRNA (Vaidyanathan
et al., 2007), once again implicating that RluD acts on a late step of ribosome
assembly, a conclusion in very good correlation with our results described
above.

In conclusion, these results make RluD one of the few RNA modification
enzymes (together with RImE (Biigl et al., 2000) and RsmE (Basturea and
Deutscher, 2007)) that is required for the efficient ribosome biogenesis and that
acts better on assembled ribosomal subunits than on free RNA. Based on the
data known previously and presented above, one can conclude that products of
pseudouridine synthase RluD are needed for the correct assembly of ribosomes.

The question that still remains unanswered is - what is needed for and how
does RluD recognize its substrate? At the moment there are two alternatives as
how this can happen. First, r-proteins may be needed for the RluD directed
isomerization of uridines in helix-loop 69 or, alternatively, proper folding of
helix-loop 69 needed for the RluD directed isomerization of uridines in helix-
loop 69 occurs only during the late step of 50S subunit assembly. Un-
fortunately, no experimental data has been collected yet to support either of
those hypothesis.

Ref III. Identification of a pseudouridine methyltransferase RlimH

As described above, helix-loop 69 of E. coli 23S rRNA contains three modified
nucleosides: pseudouridines at positions 1911 and 1917 and m’¥ at position
1915. Pseudouridines in helix-loop 69 are synthesized by a pseudouridine
synthase RluD while the enzyme responsible for the methylation of
pseudouridine at position 1915 remained unknown for long time. In this paper,
we identified RImH as the first pseudouridine specific methyltransferase. The
identity of modified residue at position 1915 in E. coli 23S rRNA was
determined to be 3-methylpseudouridine, as proposed previously (Kowalak et
al., 1996). This is the first and only modified pseudouridine residue found in
bacterial TRNA to date while there are three different species of modified
pseudouridines found in Eukarya: m'-pseudouridine, 2’-O-methylpseudouridine
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and m'acp’-pseudouridine (Kowalak et al., 1996). There is also some evidence
that m*¥ is present in Zea mays chloroplasts (Ofengand et al.), a point further
discussed below.

RImH (previously called YbeA) was identified as a pseudouridine methyl-
transferase from a set of 11 putative methyltransferase knock-out strains (part of
KEIO collection). Candidate genes for the initial screen were selected based on
their functional annotation and availability of the knock-out strains. From each
of the strains, total rRNA was extracted and screened for the presence of m*¥ at
position 1915 in 23S rRNA by primer extension analysis (III, Figure 2). Ten out
of eleven knock-out strains together with wt strain had a strong stop signal,
corresponding to a methylated pseudouridine at position 1915 of 23S rRNA.
rlmH-minus strain on the other hand had no stop signal, indicating the absence
of corresponding methylated pseudouridine. The ability of RImH to actually
methylate pseudouridine at position 1915 was further confirmed by HPLC
analysis of nucleoside composition of corresponding 23S rRNA fragment from
different strains — wt, rlmH, rimH/pRImH and 23S rRNA treated with RImH in
vitro (IlI, Figure 3). After the discovery of RluD, there had been no direct
confirmation whether uridine or pseudouridine serves as a substrate for a
subsequent methylation reaction although it was proposed that pseudouridine is
a better substrate (Raychaudhuri et al., 1998). In good correlation with that
proposal, we discovered that RImH heavily prefers pseudouridine to uridine as a
substrate for methylation reaction. (III, Figure 4). Furthermore, it appeared that
RImH requires pseudouridine at position 1915 to be presented in the 70S
ribosomes and not in free 50S subunits for the methylation. Based on that data,
one can conclude that RluD is also specific to 70S ribosomes as it is required to
act before RImH. In accordance, Purta et al have modeled RluD into 70S
ribosome according to our finding (Purta et al., 2008). These results indicate
that RImH to takes part in the late step of ribosome assembly, as RImH acts
well after pseudouridine synthase RluD (RluD had already been shown to be a
late step modifying enzyme (II)) and RImH requires 50S subunit to be
associated with 30S subunit.

An interesting feature of #/mH gene that needs to be discussed is that it is a
widely conserved gene. Based on its amino acid sequence, RImH belongs to the
COG1576 cluster of SPOUT superfamily methyltransferases (Tkaczuk et al.,
2007). Clusters of Orthologous Groups (COGs) is a systematic grouping of
gene families from completely sequenced genomes (Tatusov et al., 1997),
(Tatusov et al., 2003). Since the number of sequenced genomes is big and
increasing fast, only one representative was taken from each class or family of
organisms for sequence alignment analysis (111, Figure 5 and III, Supplementary
Figure 1, correspondingly). Sequence alignment analysis revealed two main
results, both of which are discussed in detail below. First, based on our
sequence analysis, members of COG1576 were found in all three domains of
life and second, RImH homologs are well conserved, especially in their C-
terminal part.

57



In Eukarya, we found COG1576 representatives only in green plants
(Viridiplantae), with NP_196624 from Arabidopsis thaliana being annotated as
a chloroplast protein (III, Figure 5 and Supplementary Table 1). This finding
supports the discovery of m*¥ from Zea mays chloroplasts (Ofengand et al.) but
since Zea mays genome was not available in either COG or RefSeq databases at
the time of our analysis, there was no way to confirm the presence of an RImH
ortholog in maize genome. Similarly, in a back-to-back publication by Purta et
al (Purta et al., 2008), COG1576 members in plants were only found in
chloroplasts and so far there is no evidence to support the presence of m*¥ in
cytoplasmic ribosomes. In Archaea, we found COG1576 members to be present
only in the phylum Euryarchaeota, a finding supported by Purta et al (Purta et
al., 2008). In contrast to Eukarya and Archaea, members of COG1576 were
present in most major lineages in Bacteria. According to our data, the
corresponding gene was present in phyla Acidobacteria, Actinobacteria,
Bacteroidetes, Cyanobacteria, Deinococcus-Thermus, Firmicutes, Fuso-
bacteria, Lentisphaerae, Proteobacteria, Synergistetes, Thermotogae, and
Verrucomicrobia (111, Figure 5, Supplementary Figure 1 and Supplementary
Table 1). Interestingly, Purta et al failed to find any r/mH ortholog in
Actinobacteria and Cyanobacteria, probably due to different sequence selection
criteria. At the same time, they made an interesting observation that in each
organism that had an RImH ortholog also an RluD ortholog was present. This in
turn is in very good correlation with our data that shows the requirement for
prior pseudouridine formation before the methylation by RImH can happen
(IIT). One more interesting correlation was revealed by the sequence alignment
analysis. Namely, while RImH was present in Mycoplasma pulmonis and
Ureaplasma urealyticum, it was absent in Mycoplasma pneumoniae and
Mycoplasma genitalium among Firmicutes, it was also missing in Rickettsiales
among alpha-proteobacteria, all of who are parasites with small genomes. The
fact that such organisms have lost the r/mH gene is interesting, though no clue
about its biological relevance can yet be drawn.

Coming back to the second conclusion drawn based on sequence alignment,
we found that six amino acids were conserved among a smaller set of analyzed
sequences encompassing a member from each class of organisms (111, Figure 5).
Of those six amino acids, two glycines (G103 and G107, E. coli numbering) are
in the predicted SAM-binding region and one arginine (R142) is a predicted
catalytic amino acid. An arginine in a similar context is conserved in the
methyltransferase TrmD and has shown to be part of its catalytic center (Elkins
et al., 2003), similarly to another SPOUT methyltransferase TrmH (Watanabe et
al., 2005). Similar results were obtained with a larger set of sequences,
encompassing a member from each family of organisms (III, Supplementary
Figure 1). Even though the total number of universally conserved amino acids
was reduced from six to four, one of them was still R142, strengthening the
hypothesis about its importance as a catalytic amino acid.

In conclusion, we have identified a widely conserved RImH protein as a
pseudouridine methyltransferase that requires pseudouridine presented in the
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70S ribosome as a substrate for efficient methylation. These results together
with data from Purta and colleagues (Purta et al., 2008) implicates that RImH is
one of the latest known rRNA modification enzymes acting in ribosome
biogenesis, most probably during the first steps of translation. Since it has been
known for a long time that final maturation of rRNA termini takes place under
conditions favouring protein synthesis (Srivastava and Schlessinger, 1990), it is
not too surprising that some RNA modifications are made so late in the
assembly process. Furthermore, as the absence of RImH protein leads to slightly
reduced amounts of modified nucleosides in the 23S rRNA fragment 1778-1921
(III, Table 1), one might postulate the role of RImH to be in ribosome
biogenesis quality control. On the other hand, since cells lacking functional
RImH protein had a clear competitional growth disadvantage against wt cells
(Purta et al., 2008), this might indicate the functional importance of m*¥ for
efficient translation, similar to results observed in the absence of RImE (Caldas
et al., 2000b; Widerak et al., 2005) or RluD (Ejby et al., 2007).

Ref IV. RNA helicase DeaD is involved in the ribosome assembly

Having established previously that RNA helicase DeaD is involved in ribosome
biogenesis, being over-represented in ribosomal particles from pseudouridine
synthase RluD deficient strain (Ref I), we decided to analyze ribosome
assembly in E. coli cells lacking RNA helicases DeaD and DbpA. For that, we
used a previously available deaD-minus strain and self-constructed dbp4-minus
strain. DbpA was chosen for the analysis because of its high specificity towards
E. coli 23S tRNA, suggesting its involvement in ribosome biogenesis.

First analysis focused on the ribosomal particle content of wt and both
deletion strains (IV, Figure 1). In wt cells, major peak was formed by the 70S
ribosomes with low levels of free 50S and 30S subunits, both at 25 and 37 °C
(IV, Figure 1A). To much of our surprise, dbpA-minus cells exhibited similar
ribosome pattern to wt cells (IV, Figure 1C), even though DbpA is highly
specific to 23S rRNA (Fuller-Pace et al., 1993) and suggested to be involved in
ribosome biogenesis. This result, together with the results from the growth rate
experiment allowed us to conclude that the deletion of dbpA has no detrimental
effect to ribosome biogenesis under the used experimental conditions, therefore
no further experiments were carried out with this strain.

In contrast, deletion of deaD gene caused major defects in ribosome pattern,
more so at lower growth temperature. The balance between 70S ribosomes and
free subunits was disrupted, with much more 30S subunits being accumulated in
deaD-minus cells than 50S subunits, together with the appearance of a new 40S
particle (IV, Figure 1B). This observed pattern was similar to the one originally
published by Charollais et al (Charollais et al., 2004), suggesting that the
disruption of deaD gene leads to defects in ribosome assembly. RNA content
analysis revealed that 40S particles contained exclusively 23S rRNA, a feature
common to ribosome large subunit (IV, Figure 2). Furthermore, by analyzing
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the 5’ end of 23S rRNA extracted from both 50S and 40S particles of deaD-
minus cells, we came to a conclusion that they contained a large amount of
immature 23S rRNA (IV, Table 1). This conclusion was based on the fact that
final maturation of 23S rRNA requires initial cleavage by RNase Il (King et
al., 1984) and that RNase III cleavage site specificity is determined by the
presence of r-proteins (Allas et al., 2003). Namely, naked 23S rRNA is cleaved
at position ‘-7° while 23S rRNA assembled into an RNP is cleaved at position
‘-3’. Such a straightforward specificity allows one to easily determine whether
the 23S rRNA has been processed as a protein-free RNA transcript or as a
ribosomal particle. It is interesting to note that while free 50S subunits from
both wt and deaD-minus cells exhibited nearly identical amount of different
pre-23S rRNA species, 408 particles of deaD-minus cells contained ~10% more
of -7’ form, with a concomitant decrease in -3’ and mature form (IV, Table 1).
This in turn suggests strongly that 40S particles are incompletely assembled 50S
subunits, due to the lack of RNA helicase DeaD. Similar to our results,
Charollais et al had previously determined that 40S particles accumulate in
deaD-minus cells but there were no indications whether they are true precursors
to 50S subunits or so-called ‘assembly dead-end’ products (Charollais et al.,
2004).

It was known previously that the over-expression of DeaD protein can rescue
ribosome assembly defects seen in an RNA helicase SrmB-deficient cells but
not vice versa (Charollais et al., 2004), indicating that 40S particles from SrmB-
deficient cells can be matured into ribosome 50S subunits. Whether similar was
true for the 40S particles from DeaD-deficient cells, was not known. Therefore,
we decided to solve this question by analyzing the time course of ribosome
assembly in deaD-minus cells by using an RNA pulse-labeling strategy.
Exponentially growing cells were labeled with [*H]uridine for 5 minutes, after
which transcription was blocked with rifampicin and time-points were taken for
ribosome profile analysis by radioactive counting and UV absorbance. This
strategy allowed us to monitor the incorporation of freshly synthesized and
labeled rRNA into ribosomes, thereby following the fate of precursor particles.

In wt cells grown at 25 °C, at the 0 minute time point the majority of
radioactively labeled RNA was found in the 50S and 30S fractions, indicating
fast rate of ribosomal subunit assembly. About half of the radioactively labeled
rRNA was incorporated into 70S ribosomes within 5 minutes at 25 °C and after
10 minutes, most of the radioactively labeled rRNA had already been
incorporated into the 70S ribosomes (IV, Figure 3A). From thereafter, no
changes in the ribosome pattern were observed, leading us to a conclusion that
ribosome assembly is completed in 10 minutes in wt cells growing at 25 °C. It
is worth to mention here that ribosome subunit assembly is thought ot be
completed in the 70S ribosomes that can actively participate in translation.

In contrast, the time course and radioactively labeled RNA pattern was
radically different in deaD-minus cells. At the 0 minute time point the majority
of radioactively labeled RNA was found in the 40S and 30S fractions and it
moved very slowly to the 70S ribosomes (IV, Figure 3B). After 20 minutes,
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only about 50% of radioactively labeled RNA was incorporated into 70S
ribosomes and that process was not completed even after 40 minutes. The fact
that radioactive signal shifts from ribosomal precursor particles towards mature
70S ribosomes shows that the 40S particles of deaD-minus cells can indeed be
matured to form functional ribosomes. The rate of ribosome maturation is
approximately four-fold slower than in wt cells, a conclusion that can be
explained by the observed deficiency in the 50S subunit assembly. Indeed, the
maturation of 30S subunits proceeds without the accumulation of any apparent
precursor particles, suggesting that 30S subunit assembly is not affected by the
absence of DeaD. This conclusion is supported by the findings of Charollais et
al (Charollais et al., 2004), who failed to detect either precursor 16S rRNA or
missing r-proteins from 30S subunits of deaD-minus cells. This in turn means
that the observed accumulation of 30S subunits is solely due to the slow
maturation of 50S subunits that leads to the deficit of 50S subunits.

Finally, we analyzed the functional activity of 50S and 40S particles from wt
and deaD-minus cells by using puromycin-based peptidyltransferase assay. For
this purpose, free 50S and 40S particles as well as 50S subunits dissociated
from the 70S ribosomes (designated as 50S*) were collected and checked for
their catalytic activity. The 50S subunits derived from 70S ribosomes from both
deaD-minus and wt cells exhibited almost identical level of activity (IV, Table
2). Free 50S subunits from wt cells on the other hand exhibited 2.5-fold lower
activity than the mature 50S* subunits derived from 70S ribosomes, suggesting
that ~60% of free 50S subunits are in fact precursor particles that sediment at
50S but are incapable of peptidyltransferase reaction. This result agrees with the
observation that 50S particles acquire their sedimentation value rapidly and the
limiting step of ribosome large subunit assembly is the activation step of 50S
particles (Lindahl, 1975). Moreover, the 50S particles of deaD-minus strain are
incompletely modified (II, Figure 5). Interestingly, free 50S particles from
deaD-minus cells are approximately three-fold less active than their wt
counterparts and about seven-fold less active compared to mature 50S*
subunits. Such a big decrease in their catalytic activity suggests that the rate of
50S subunit assembly is reduced not only in the primary assembly step as
observed by pulse-labeling experiment, but also during the final maturation
step. Expectedly, 40S particles from deaD-cells had no activity in peptidyl-
transferase assay.

In conclusion, we have shown that the absence of an RNA helicase DeaD
results in defects in ribosome large subunit assembly, characterized by the
disrupted ribosome profile and appearance of a new 40S precursor particle.
While being initially catalytically inactive, 40S particles can be matured into
functional 50S subunits, although at much slower rate than that seen in wt cells.
Furthermore, the absence of DeaD does not only slow down the 50S particle
formation, it also slows down the final maturation step of 50S subunits during
which they become catalytically active. We have shown previously that
pseudouridine synthase RluD specific pseudouridines are either missing or
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present in trace amounts in 50S and 40S particles from deaD-minus cells (II,
Figure 5) but whether this is the reason of low catalytic activity observed (IV),
needs to be confirmed.

In this context it is interesting to note that while DbpA has been characte-
rized as the most specific of RNA helicases towards its substrate in . coli, its
absence does not lead to any observable defects in ribosome biogenesis (lost
and Dreyfus, 2006; Peil et al., 2008). In contrast, the absence of an RNA
helicase DeaD that has been shown to take part in many processes in the cell
leads to major defects in ribosome assembly, especially at lower growth
temperatures (Charollais et al., 2004), (IV, Figure 1 and 2). Based on the
substrate specificity and known roles in the cell, one could postulate that the
wider array of roles a ribosome specific RNA helicase has in the cell, the bigger
the defects seen in ribosome biogenesis. While seemingly true in case of DbpA,
SrmB and DeaD, it remains to be seen whether such a stepwise recruitment of
an RNA helicase is just a coincidence. So far there is evidence of ribosome
assembly defects for only two of the RNA helicases — SrmB and DeaD
(Charollais et al., 2004; Charollais et al., 2003; Peil et al., 2008) although third
helicase RhIE seems to be involved too (Jain, 2008). Based on the facts that
over-expression of DeaD can suppress ribosome assembly defects in srmB-
minus background while not vice versa and that the deletion of dbpA gene does
not cause any visible defects in ribosome biogenesis despite its high specificity
towards 23S rRNA, one could place St mB between DbpA and DeaD in its
action in ribosome biogenesis.
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CONCLUSIONS

Ribosome assembly is a highly complex and coordinated process, which starts
shortly after the transcription initiation of ribosomal RNA and during which
many ribosomal and extra-ribosomal factors participate in it. Extra-ribosomal
factors include proteins with many different activities, for example RNA and
protein modification enzymes, RNA helicases, ribosome-dependent GTPases,
heat-shock proteins and RNA chaperones. The involvement of RNA modifi-
cation enzymes and corresponding modifications in the ribosome assembly
process has been of high interest for the last decades, as has been the involve-
ment of other extra-ribosomal factors. Under normal conditions, ribosome
assembly is finished within minutes after the start of ribosomal RNA tran-
scription whereas in vitro reconstitution from purified ribosomal components
requires numerous long incubations and heating steps. In a way, this suggests
that other (extra-ribosomal) factors are required for the efficiency of the
ribosome assembly process.

In this study the main focus was on the characterization of roles of pseudo-
uridine synthase RIuD and RNA helicase DeaD in the ribosome assembly
process. Furthermore, we wanted to identify and characterize the enzyme
responsible for the synthesis of an only known modified pseudouridine residue
in Escherichia coli ribosomal RNA.

Following conclusions can be drawn from the current thesis:

1. The deletion of pseudouridine synthase RluD in Escherichia coli causes
major defects in the assembly of both small and large ribosomal subunits,
resulting in the accumulation of abnormal ribosomal particles in 7/uD-minus
cells. At the same time, the amount of free 70S ribosomes is severely
reduced and accumulated abnormal 39S ribosomal particles contain
incompletely processed precursor 23S rRNA. In addition, RNA helicase
DeaD is found in RluD-deficient 39S ribosomal particles, thereby linking the
involvement of both RluD and Dead in in the ribosome assembly process.

2. Pseudouridine synthase RluD acts in the late step of ribosome large subunit
assembly and is highly specific to pseudouridines at positions 1911 and 1917
in Escherichia coli 23S rRNA.

3. Highly conserved SPOUT-family methyltransferase RImH (previously
YbeA) which is present in all kingdoms of life (Bacteria, Archaea, Euka-
ryota), is responsible for the methylation of pseudouridine at position 1915
in Escherichia coli 23S rRNA.

4. The deletion of RNA helicase DeaD in Escherichia coli causes major defects
in the assembly of large ribosomal subunits and accumulation of the 40S
particles. Free 50S and 40S particles contain incompletely processed and
modified 23S rRNA. Furthermore, 40S particles can mature into the 70S
ribosomes in vivo, although at much slower rate than in wt cells.

5. Free ribosome large subunits from RNA helicase DeaD-deficient cells are
only partially active in in vitro peptidyltransferase assay whereas 40S
particles are catalytically inactive.
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SUMMARY IN ESTONIAN

Ribosoomide kokkupakkimise faktorid
soolekepikeses Escherichia coli

Ribosoomide siintees ja kokkupakkimine on &drmiselt keeruline tegevus, kus
osaleb mitmeid ribosomaalseid ja mitte-ribosomaalseid faktoreid. Bakteriaalne
70S ribosoom koosneb kahest alamiihikust — suurest (50S) ja viiksest (30S)
alamiihikust, kus 50S alamiihik koosneb 23S ja 5S ribosomaalsest RNA-st
(vastavalt 2904 ja 120 nukleotiidi) ning 33-st ribosomaalsest valgust; 30S
alamiihik aga 16S ribosomaalsest RNA-st (1542 nukleotiidi) ja 21-st ribo-
somaalsest valgust.

Ribosoomide kokkupakkimine algab samaaegselt ribosomaalse RNA trans-
kriptsiooniga ning sisaldab endas nii ribosomaalse RNA kui ka ribosomaalsete
valkude protsessimist, modifitseerimist ning ruumilist voltumist; samuti nende
komponentide omavahelist assotsieerumist funktsionaalseteks ribosomaalseteks
alamiihikuteks. Escherichia coli ribosomaalses RNA-s on kokku teada 26
modifitseeritud nukleotiidi (neist 11 asuvad 16S ribosomaalses RNA-s ja 25
asuvad 23S ribosomaalses RNA-s), samuti on translatsioonijargselt modifit-
seeritud 11 ribosomaalset valku. Normaalsetes tingimustes toimub ribosoomide
kokkupakkimine mdne minuti jooksul, samas kui in vitro tingimustes nduab see
mitmeid pikki inkubatsioone ja tempearatuurimuutusi. See kdik viitab aga
faktile, et lisaks ribosomaalsetele faktoritele osalevad ribosoomide kokku-
pakkimises ka mitmed mitte-ribosomaalsed faktorid, mis on vajalikud
ribosoomide kokkupakkimise efektiivseks toimumiseks. Selliste mitte-riboso-
maalsete faktorite hulka kuuluvad niiteks RNA modifikatsioonienstiimid, RNA
helikaasid, kuumaehmatusvastuse valgud (heat-shock proteins), ribosoom-
soltuvad GTPaasid ning RNA abipakkijad (RNA chaperones). Paristuumsetes
organismides on praeguseks hetkeks teada rohkem kui 200 mitte-ribosomaalse
faktori osalemine ribosoomide kokkupakkimises, bakterites on see number
enam kui kiimme korda viiksem. Kéesoleva t66 kirjanduse iilevaates on
kirjeldatud ribosomaalse RNA protsessimist ning hetkel teadaolevaid mitte-
ribosomaalseid faktoreid soolekepikeses Escherichia coli ning nende osalust
ribosoomide kokkupakkimises, eriline rohk on ribosomaalse RNA modifikat-
siooniensiilimidel ning RNA helikaasidel.

Ribosomaalse RNA modifikatsioonid on siinteesitud koht-spetsiifiliste
ensilitimide poolt, kusjuures enamasti vastab iihele modifikatsioonile iiks kindel
ensiilim. Koikidest senini avastatud ning iseloomustatud rRNA modifikatsiooni-
ensiilimidest tekitab vaid kahe ensiilimi puudumine olulisi héireid rakkude
elutegevuses ja ribosoomide kokkupakkimises — nendeks on pseudouridiini
stintaas RluD (kataliilisib kolme uridiini isomerisatsiooni pseudouridiinideks
23S rRNA positsioonides 1911, 1915 ja 1917) ning metiililtransferaas RImE
(kataliiiisib 2’-O-metiiiiluridiini siinteesi 23S rRNA positsioonis 2552). RNA
helikaasidest on praeguseks hetkeks nédidatud nelja valgu otsene véi kaudne
osalemine ribosoomide kokkupakkimises — nendeks on helikaasid DeaD, SrmB,
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DbpA ja RhlE. RNA helikaaside DeaD ja SrmB puudumine tekitab mitmeid
hiireid rakkude elutegevuses ja ribosoomide kokkupakkimises, seda eriti mada-
latel temperatuuridel. DbpA valgu puudumine rakkude elutegevuses hiireid ei
pohjusta, RNA helikaasi RhIE puudumine tekitab hiireid aga vaid juhul, kui
samaaegselt puudub ka RNA helikaas DeaD v6i SrmB. Huvitaval kombel on
mitmeid teatud mitte-ribosomaalsete faktorite puudumisest tingitud defekte
ribosoomide kokkupakkimises vdimalik parandada teiste valkude iile-ekspres-
siooniga, kusjuures iile-ekspresseeritavaks valguks ei pea ilmtingimata olema
puuduvale valgule sarnase funktsionaalsusega valk. Siiani on arvatud, et ribo-
soomide kokkupakkimine toimub modda kindlaid radu, mis Idppevad translat-
siooniks valmisolevate ribosoomidega. Et aga viimasel ajal on tuvastatud
mitmete sarnaste, kuid samas siiski erinevate ribosoomi eellaspartiklite esine-
mist ribosoomide kokkupakkimise suhtes defektsetes bakteritiivedes, siis tekkis
digustatud kiisimus — kas sellised partiklid on ikka tegelikud eellaspartiklid voi
on tegu mitte-funktsionaalsete tupikpartiklitega? Lisaks iilaltoodule on ribo-
somaalses RNA-s esinevate modifitseeritud nukleotiidide avastamisest alates
toimunud elav diskussioon nende ja nende siinteesi eest vastutavate ensiilimide
osalusest ja olulisusest ribosoomide kokkupakkimises. Sellest tulenevalt said
piistitatud jiargnevad eesmérgid:

1. Iseloomustada pseudouridiini siintaasi RluD osalust ribosoomide kokku-
pakkimises soolekepikeses Escherichia coli ning kirjeldada ribosoomide
kokkupakkimise defekte RluD valgu suhtes defektsetes rakkudes.

2. Iseloomustada detailselt Escherichia coli pseudouridiini siintaasi RluD sub-
straadi spetsiifikat.

3. Tuvastada ja iseloomustada Escherichia coli pseudouridiini metiiiiltrans-
feraas, mis Kkataliilisib 23S ribosomaalse RNA positsioonis 1915 asuva
pseudouridiini metiileerimist.

4. Iseloomustada Escherichia coli RNA helikaaside DeaD ja DbpA rolli ribo-
soomide kokkupakkimises, kirjeldada ribosoomide kokkupakkimise defekte
DeaD wvalgu suhtes defektsetes rakkudes ning analiiiisida ribosomaalse
eellaspartiklite kiipsemist ja funktsionaalseid omadusi DeaD valgu suhtes
defektsetes rakkudes.

Kéesolevas dissertatsioonis esitatud tulemuste pdhjal voib jareldada, et:

1. Pseudouridiini siintaasi RluD puudumine Escherichia coli rakkudes pohjus-
tab olulisi héireid nii ribosoomi véikese kui ka suure alamiihiku kokkupak-
kimises, mis kajastub vihenenud 70S ribosoomide koguses ja ebanormaal-
sete 39S ning 27S ribosomaalsete partiklite kuhjumises. Tekkinud 39S ribo-
somaalsed partiklid sisaldavad mittetéielikult protsessitud 23S ribosomaalset
RNA-d, samuti esineb nendes partiklites markimisvéérses koguses RNA
helikaasi DeaD.

2. Pseudouridiini siintaas RluD osaleb ribosoomide kokkupakkimise viimases
etapis ning on iilimalt spetsiifiline Escherichia coli 23S ribosomaalse RNA
positsioonides 1911 ja 1917 asuvate pseudouridiinide suhtes.
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3. Korgelt konserveerunud SPOUT-perekonna metiiiiltransferaas RImH

(YbeA), mis on esindatud koigis kolmes loomariigis (bakterid, {irgid ning
paristuumsed), kataliilisib Escherichia coli 23S ribosomaalse RNA posit-
sioonis 1915 asuva pseudouridiini metiileerimist.

. RNA helikaasi DeaD puudumine Escherichia coli rakkudes pShjustab olulisi
hiireid ribosoomi suure alamiihiku kokkupakkimises ja 40S ribosomaalsete
partiklite teket. Tekkinud vabad 50S ja 40S ribosomaalsed partiklid sisalda-
vad mittetdielikult protsessitud ning modifitseeritud 23S ribosomaalset
RNA-d. Lisaks on 40S partiklid véimelised kiipsema 70S ribosoomideks in
vivo, kuid see toimub oluliselt madalama kiirusega kui metsik-tiitipi rakku-
des.

. RNA helikaasi Dead suhtes defektsest Escherichia coli tiivest eraldatud va-
bad ribosoomi 50S alamiihikud on in vitro peptidiililtransferaasi katses ainult
osaliselt aktiivsed, 40S partiklitel kataliiiitiline aktiivsus puudub.
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