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SUMMARY

SUMMARY
Nucleotide binding protein of the superclass of P-Ioop GTPases and related ATPases (Ploop NTPases) perfonn many essential functions in all kingdoms of life.
The Obg family ofGTPases constitutes a group of ancient proteins of the TRAFAC class.
Phylogenetic analysis of these GTPases revealed that they appear to assemble in four protein
clusters and define the distinct Obg/CgtA, Drg/Rbg, Nogl, and OlallYchF subfamilies.
While Obg, the founding member of this GTPase family, has been extensively
characterized in bacteria, Olal/YchF-like proteins are hardly investigated.
Biochemical characterization of the human protein OLAI uncovered that hOLAI binds
and hydrolyzes ATP more efficiently than GTP. Additionally, biochemical analysis of the
bacterial and yeast homologs of hOLA I revealed that ATPase activity is a general but
previously missed feature of the OlaI IY chF subfamily of Obg-related proteins. Interestingly,
Olal-like proteins revealed to behave very similarly to the Obg-like GTPases - just the
nucleotide specificity is different. Both subfamilies are characterized by moderate nucleotide
affinity with fast nucleotide dissociation and display only low intrinsic nucleotide hydrolysis
activity in vitro. To explain the altered nucleotide specificity of Olal-like proteins, we have
solved the crystal structure of hOLA I bound to the non-hydrolysable ATP analog AMPPCP.
Comparison with GTP bound Ras disclosed that the triphosphate moiety of both nucleotides
is similarly bound through a tight network of hydrogen bonds while the confonnation of
hOLAI's G4 loop appears to build an extended

~-sheet

confonnation, whereas it shows a

zigzag-like confonnation in Ras. Accordingly, interactions of the G4 motif with the base are
different in hOLAI and Ras-like GTPases and thus lead to the altered nucleotide specificity.
To elucidate the cellular function of hOLAI, both in vitro and in vivo approaches were
used. Interestingly, we found several potential interaction partners ofhOLAI including tRNA,
both ribosomal subunits, the tRNA synthetase complex and several proteins needed for
translation initiation. Furthermore, aminoacylated tRNA appears to strongly activate the
intrinsic hydrolysis activity of hOLA I and might play a crucial role in regulation of the
hOLAI ATPase activity. Even though the role ofhOLAI in the cell could not be examined in
detail, tRNA might exhibit a potential link between the different processes hOLAI might be
involved in and awaits further investigations.
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ZUSAMMENFASSUNG
In alIen zelluUiren Organismen werden viele essentielle Funktionen von Nukleotid
bindenden Proteinen (GTPasen und ATPasen) der P-Ioop Superklasse ausgeftihrt.
Eine Gruppe von evolutionar ursprunglichen GTPasen begrundet die Proteinfamilie Obg,
die der TRAFAC Klasse zugeordnet wird. Phylogenetische Untersuchungen haben gezeigt,
dass die Proteine dieser Familie vier verschiedene Proteinc1uster bilden und entsprechend vier
Subfamilien definieren, namlich Obg/CgtA, Drg/Rbg, Nogl und OlalfYchF.
Wahrend die biochemischen Eigenschaften von Obg, jenem Protein, welche die ganze
Proteinfamilie begrundet, in Bakterien umfangreich untersucht wurden, gibt es bisher kaum
Untersuchungen zu den OlallYchF ahnlichen Proteinen.
Die biochemische Charakterisierung von dem humanen Protein OLA I haben wider
Erwarten gezeigt, dass hOLAl viel effizienter ATP bindet und hydrolysiert als GTP. Die
Untersuchung der homologen Proteine aus Bakterien und Hefe haben zudem gezeigt, dass die
Spezifitat fUr ATP ein allgemeines Merkmal dieser Subfamilie ist. Beim Vergleich mit Obgahnlichen Proteinen stellte sich interessanterweise heraus, dass sich die beiden Subfamilien
trotz unterschiedlicher Nukleotidspezifitat in ihren biochemischen Eigenschaften sehr ahnlich
sind. Beide weisen nur eine moderate Affinitat fUr das entsprechende Nukleotid auf, die durch
eine hohe Dissoziationsrate gekennzeichnet ist und zeigen in in vitro Experimenten eine tiefe
intrinsische ATPase Aktivitat.
Urn die geanderte Nukleotidspezifitat von Olal-ahnlichen Proteinen genauer zu
verstehen, wurde die Kristallstruktur von hOLA 1 mit gebundenem AMPPCP, einem nicht
hydrolysierbaren ATP-ahnlichen MolekUl gelost. Beim Vergleich dieser Struktur mit GTP
gebundenem Ras hat sich herausgestellt, dass sich die beiden MolekUle in der Art und Weise
Wle

sie

den

Triphophatrest

des

Nukleotides

durch

ein

enges

Netzwerk

von

WasserstoftbrUcken binden, kaum unterscheiden. Im Gegensatz dazu weisen sie markante
Unterschiede in der Konformation der G4 Schlaufe aus. Wabrend das G4 Motiv von hOLAI
eine erweiterte I3-Faltblatt Konformation annimmt, ahnelt die G4 Konformation von Ras mehr
einem Zickzackkurs. Entsprechend unterscheiden sich die beiden MolekUle bezuglich der
Interaktionen, die sie mit dem gebundenen Nukleotid eingehen konnen, was zu der
entsprechenden SpezifiUitsanderung fiihrt.
Urn die zellulare Funktion von hOLA 1 zu untersuchen, wurden in vitro und in vivo
Ansatze verfolgt und verschiedene potentielle Interaktionspartner von hOLA I konnten
identifiziert werden. Zu diesen gehoren tRNA, beide ribosomalen Untereinheiten, der tRNASynthetase-Komplex und verschiedene Proteine, die zur Initiation der Proteintranslation
benOtigt werden. Aminoacylierte tRNA scheint zudem die intrisische ATPase Aktivitat von
hOLAl zu stimulieren und konnte demzufolge eine wichtige Rolle in der Regulation
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SUMMARY
derselben spielen. Wenn auch die Funktion von hOLAI nicht im Detail gekHirt werden
konnte, so scheint es doch so, dass die tRNA einen potenziellen Link zwischen den
verschieden Prozessen, in denen hOLAI moglicherweise involviert ist, darstellen konnte.
Weitere Untersuchungen sind aber notig, urn das genauer zu untersuchen.
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INTRODUCTION

1 INTRODUCTION
Proteins that bind and hydrolyze nucleotide triphosphates are crucial for almost all
cellular processes. In order to respond to extra- and intracellular stimuli, the development of
nucleotide triphosphate binding proteins became a key strategy of the cell. Regulated
hydrolysis of triphosphate nucleotides accords directionality to inherently equilibrated
processes and allows to accomplish otherwise energetically unfavored reactions. Therefore,
this strategy was successfully adapted to all essential processes of life, involving nucleotide
binding proteins in cellular activities as diverse as signal transduction, vesicle trafficking,
protein folding, cell metabolism, transcription and translation, chromatin remodelling and
replication or cell motility and cytoskeleton (re)organization.
Nucleotide binding proteins are classified according to their functional and structural
differences. The most common folds of nucleotide binding proteins found in all kingdoms of
life are the following: (i) the dinucleotide-binding (Rossmann) fold, (ii) the related
tubulin/FtsZ fold, (iii) the mononucleotide-binding fold (P-loop NTPase), (iv) the protein
kinase fold, (v) the HSP90 fold, and (vi) the HSP70/RNAse H fold [1].
Within these protein folds, P-loop NTPases constitutes the largest group comprising 1018% of all gene products in most cellular organisms [2].
Structurally, P-loop NTPases are a/l3-proteins that contain a/j3-units with the l3-strands
forming a central, mostly parallell3-sheet surrounded by a-helices on both sides.
Beyond the structural architecture, P-loop NTPases share a common N-terrninal sequence
motif consisting of a glycine-rich sequence followed by a conserved lysine and a serine or
threonine [3-5]. This characteristic sequence was originally called motif A by Walker and coworkers and later referred to as P-loop [3], for its role in phosphate binding.
Structural analysis revealed that the P-loop wraps around the j3-phosphate and mediates
triphosphate nucleotide binding due to charge neutralization. This highly conserved loop
sequence is the only region of homology common to all members of this ATP/GTP binding
protein superclass. However, the P-loop often shows distinct features within protein families,
and thus refined versions of the general consensus sequence can be constructed for them. The
ATP-synthetase j3-subunits for example show a conserved GGAGVGKTV motif, whereas the
signature for the myosin P-loop is GESGAGKT [3].
Within the superclass of P-loop nucleotide binding proteins, seven major monophyletic
lineages can be defined on the basis of distinct sequence and structural features [1 ]
(Table 1.1).
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Monophyletic lineage
ii
jij

RecA and F1/FO-related ATPases
Nucleic acid-dependent ATPases
AAA+ ATPases

iv
v

MJ/MH/AP/NACHT NTPases
Nucleotide kinases

vi

GTPases (G proteins)

Table 1.1 Classification of P-Ioop NTPases

While most P-loop NTPases utilize ATP as an energy source to provide its function, the
superclass of GTPases displays an exception, binding GTP rather than ATP. Whereas
ATPases normally are needed to drive energetically unfavourable processes due to ATP
hydrolysis, the G protein superclass exhibits in most cases more regulatory functions and
contains clocks (heterotrimeric G protein a-subunit), switchers or adapters (Ras and its
homologs) and sensors (translation elongation factors Tu and G) [6].

1.1

The GTPase fold
The major class of GTPases consists of many families and superfamilies, sharing

common sequence motifs and a common core structure, referred to as G fold. Although the G
domain is structurally invariant and differs only slightly between protein families, the protein
sequence of this domain is extremely divers. Only five sequence elements, which mediate
binding of the guanine nucleotide and effector proteins are highly conserved throughout the
whole class of GTPases.
The classical GTPase fold, exemplified by the structure of Ras and EF-Tu [7-10], is
composed of a 200 residue domain containing a central six-stranded j3-sheet (131-136)
surrounded by five a-helices (aI-aS). With few exceptions (e.g. SRP and SRP receptor,
which have a similar but not identical topology), the central j3-sheet shows a 231456 topology
[9-13] (Figure 1.1). The central j3-sheet is mostly parallel organized. Only the j32-strand that
is located at the very edge of the sheet rWIS anitparallel. The five helices that surround the 13core are located at both sides of the j3-sheet.
Unlike most other proteins, the highest conserved sequence elements of the GTPase fold
are five polypeptide loops. The residues of these loops form the guanine binding/recognition
site and are involved in nucleotide hydrolysis. These loop regions are designated G 1 through
G5 and define the G protein superfamily.
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Figure 1.1: Topology of the classical G domain, exemplified by the protein Ras.
I~-strands

and their directionality are indicated by arrows, helices by cylinders. The numbering of

secondary structural elements accords to their primary sequence appearance. The six strands of the
f)-sheet are connected via loops or loop-helix-loop turns and build a 231456 topology. The five highly
conserved polypeptide loops, G1 to G5, defining the G domain are indicated.

1.2

Nucleotide binding/recognition
While the G 1, 02, and 03 loops bind to the phosphate groups of the phosphonucleotide

and complex an Ml+ ion, which is needed for nucleotide binding, the G4 and G5 motif allow
the OTPase to discriminate against other nucleotides (Figure 1.2).
The 01 and 03 loops arc sequentially similar to the Walker A and Walker B boxes found
in other nucleotide binding proteins not homologous to small 0 proteins, such as sugar
kinases, ABe transporters or ATP synthetases [3, 5].
The G2 and 03 loops show a strong conformational change upon nucleotide hydrolysis.
Therefore, they are often referred to as switch I and switch H. The Mg2-t- and y-phosphate
binding is governed by these two most flexible elements of the 0 domain [11, 14]. Lost
coordination contacts of the Mg 2 + ion to the 02 and G3 loops upon hydrolysis and
conformational switch are replaced by an interaction with two water molecules [15].
Most GTPases bind guanine nucleotides with very high affinity, having dissociation
constants in the picomolar range. Hence, they always contain bound nucleotides in a 1:1
molar ratio and often are fairly instable in the absence of a nucleotide. The B-phosphate is
believed to be required for tight binding, although this has been shown formally only for Ras,
where OMP binds with a drastically reduced affinity [16].

~
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Figure 1.2: The guanine nucleotide binding site.
The guanine nucleotide binding site of Ras in the GMPPCP-Mg 2+ complex (PDS 5p21) is represented
as three dimensional illustration. The conserved loop sequences G1 to G5 are indicated in different
colors: G1, salmon; G2, yellow; G3, orange; G4, light blue; G5, cyan. The additional phenylalanine
found in Ras-Iike proteins is shown in mangenta, the Mg 2+ ion in red.

1.3

The G1 motif: GxxxxGKSIT
The GI motif connects the f3I-strand with the aI-helix. It is also referred to as P-loop or

Walker A and is involved in binding of the negatively charged phosphate groups. This is
accomplished by interaction with all three phosphate groups via the main chain and due to
coordination and positioning of the Mg2+ ion that stabilizes the negatively charged di~
/triphosphate nucleotide (Figure 1.3). The proper conformation needed for this stabilization is
obtained by the presence of several Gly residues that adopt torsion angles forbidden for other
amino acids [17].
Four amides of the GI backbone build a hydrogen-bonding network with the oxygen
atoms of the negatively charged

Ct~

and 13-phosphates. Together with the side chain of the

conserved Lys, which builds two additional hydrogen bonds to two oxygen atoms of the f3and "I-phosphate, respectively, the GI-Ioop creates a positively polarized environment
stabilizing the charged phosphate-groups. In addition, the hydroxyl group of the Ser/Thr
residue following the Lys coordinates the Mg 2+ ion, which further stabilizes the nucleotide
binding (Figure 1.3) [18, 19]. Mutation of this residue severely disrupts the protein - metal ion
- nucleotide interaction [20, 21]. The resulting weak affinity for guanine nucleotides leads to
relatively high affinity for guanine exchange factors.
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~
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'NI

N

H

000
11
11
11

NHO-P-O-P-o-p-o
I
I
I
0

HO

0

0

OH

Figure 1.3: The G1 motif stabilizes the negatively charged phosphate groups and coordinates
the Mg2+ ion.

The conserved residues of the G1 loop stabilize the negatively charged phosphate groups and
coordinate the magnesium ion. The G1 loop builds hydrogen bonds to all three phosphate groups,
involving both side chain and main chain (mc) as hydrogen donor.

1.4

The G2 motif: xxTxx
Although several consensus motifs around the conserved Thr had been proposed, none of

them has been approved. Even though the Thr often appears in a similar sequence context, it
remains the only conserved amino acid of the G2 loop, which is located C-terminal of the a 1helix. The Thr side chain hydroxyl group is a direct ligand to the Mg 2+ ion in the GTP bound
state [22]. In addition, it binds the y-phosphate via its main chain and is a key residue that
triggers conformational change after GTP hydrolysis [23] (Figure lA). Mutation of this Thr to
Ala in Ras reduces nucleotide affinity and the GTPase can no longer be activated by its GAP
(GTPase !,!ctivating Ilrotein), probably as a result of the incorrect coordination of the
magnesium ion [20].

H':S°N
A I)

H
'N
I

H

Figure 1.4: The G2 motif coordinates the Mg2+

~

N

N

0
11

0
11

0
11

ion.

0

0

0

The conserved threonine of the G2 loop coordinates

NHO-P-O-P-o-p-o
I
I
I

the magnesium ion via its side chain hydroxyl group
HO

OH

and stabilizes the y-phosphate via the main chain.
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1.5

1

The G3 motif: DxxGQ/H/T
The G3 sequence corresponds to the Walker B box in classical nucleotide binding

proteins. It is located N-terminal of the a2-helix. Like the G2 motif, the G3 loop is involved
in Mg 2+ ion coordination and y-phosphate binding (Figure 1.5). The conserved Asp binds the
Mg2+ ion via a water molecule and the Gly main chain builds a hydrogen bond to the yphosphate [6, 17]. The latter is a crucial interaction for the conformational change after GTP
hydrolysis. A Gin residue that is essential for GTP hydrolysis often follows the consensus
DxxG sequence. In elongation factors the Gin is replaced by a conserved His, in Rap by a Thr
[24].

H ' : \ ON
N\":O

H

0
0
A
I ~
11
11
11
'N
N
NHO-P-O-P-o-p-o

Figure 1.5: The G3 DxxG motif.
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hydrogen

bond

to

the

y-phosphate.

1.6

The G4 motif: NlTKxD
Discrimination between nucleotide bases is mainly accomplished by the G4 motif that is

located between the f35-strand and the a4-helix [6]. The G4 loop builds a hydrophobic pocket
and provides specific ion interactions and hydrogen bonds to the nucleotide. A conserved Asp
residue specifically recognizes the base and builds two hydrogen bonds to the endocyclic NI
and the exocyclic N2 amino group, respectively (Figure 1.6). These interactions are key
elements for base discrimination [7, 8, 10, 18] and neither hydrogen bond can be built to an
adenine. Mutation of the Asp to Asn reduces the affinity for guanine nucleotides several
hundredfold [25], but shows a similar increase for xanthosine nucleotides [26], since binding
of the latter preserves the double hydrogen-bond system.
Guanine nucleotide binding is further supported by the conserved Asn, which builds
additional weak hydrogen bonds to the exocyclic 06 keto oxygen and the endocyclic N7
nitrogen. The Lys is situated above the purin ring and helps to position the base via
hydrophobic stacking. Its e-amino group forms a further hydrogen bond to the endoeyclie
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oxygen atom ofthe ribose [17] (Figure 1.6). Moreover, both the Asn and the Lys residue link
various subregions of the nucleotide binding pocket and help to keep the loops involved in
nucleotide binding in a well-defined position.
Many residues in the 04 motif have been mutated in Ras-related proteins. The effect of
all mutations is invariably to increase the dissociation rate of nucleotides and leads to
permanent activity due to the fast exchange reaction [24].

Thr

ro,

H

o~

H,A!xN
N

H

'NI

N

I

~

'\

0
11

Valmc

0
11

I

0
I1

NHO-P-O-P-o-p-o
1
1
I

° ° °

H
HO

OH

Figure 1.6: Nucleotide discrimination by the G4 motif.

Guanine bases build specific hydrogen bonds to the highly conserved aspartate of the G4 motif.
Hydrophobic stacking with the lysine perfectly positions the base. Additionally, the asparagine residue
links several subregions of the G domain.

1.7

The G5 motif S/CAKILIT
With the exception of Ala, the 05 motif is not totally conserved, even though the Ras

superfamily shows high conservation of additional residues. The conserved Ala main chain
amide builds a strong hydrogen bond to the exocyclic keto group of the guanine base [7, 8,
10, 18] (Figure 1.7). This interaction buttresses ODP/OTP binding and helps to discriminate
against adenine nucleotides, which would not be accommodated for sterical reasons. Loss of
this interaction reduces the affinity for guanine nucleotides by two to three orders of
magnitude [6, 16, 25]. In the Ras superfamily the Lys/Leu following the conserved Ala is
involved in stabilizing the position of the Phe28 (sce below) via hydrophobic interactions
(Figure 1.8). Furthermore, the Ser/Cys residue forms a hydrogen bond with the Asp of the 04
motif and helps to position this critical residue for specific nucleotide binding (Figure 1.7).
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Figure 1.7: The G5 sequence motif supports nucleotide discrimination.
An additional hydrogen bond to the exocyclic keto group can be built by the main chain of the
conserved alanine in the G5 sequence motif. In Ras-like proteins, the serine following the alanine
residue builds an additional hydrogen bond to the G4 aspartate.

1.8

Additional guanine nucleotide stabilizing elements: The FN motif
G proteins show much variation in the way they stabilize the purine ring on the side

opposite to G4. Ras-related small GTPases contain an additional conserved Phe/Tyr near the
G2 motif that is positioned perpendicular to the guanine base [9, 10, 18]. Together with the
Lys of the G4 loop, this residue creates strong hydrophobic interactions between the protein
and the base (Figure 1.8). Mutation of the Phe to Leu in Ras revealed a drastic weakening of
the nucleotide binding due to an increased dissociation rate [27, 28]. In Giul, Thr327 , which is
located in the B6-a5 loop, helps to stabilize the guanine base [6].

Figure 1.8: Additional base stabilization in Ras-Iike
proteins.
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Most G proteins additionally complex the hydroxyl groups of the ribose ring, usually
involving hydrogen bonds with main chain carbonyl or side chain carboxylate groups in
residues near the G2 region. Besides these interactions, the ribose hydroxyl groups remain
otherwise solvent accessible [6]. Consequently, fluorescent probes, such as 2'/3'-O-(Nmethylanthraniloyl)-GTP (mant-GTP) show affinities and hydrolysis rates similar to GTP
itself, indicating that modification of the ribose ring at this position causes little perturbation
of the three dimensional structure of the protein [29, 30].

1.9

Nucleotide discrimination

G proteins strongly favour GTP binding and discriminate against ATP binding. GTP
often binds to G proteins six to seven orders of magnitude better than ATP [16, 17, 31]. The
relative lack of affinity for adenine nucleotides is accomplished by the lack of favourable
hydrogen bonds between the Asp and Asn residues in the G4 NKxD motif and the adenine
ring. GTP binding is further preferred by an extra hydrogen bond of the exocyclic ketogroup
to the G5 main chain that cannot be built by adenine nucleotides. Additionally, ATP binding
is also unfavored due to sterical rejection of two hydrogen bond donors, namely the exocyclic
amino group at position 6 of the adenine base and the amido group of Asn 116 in the Ras G4
motif [32, 33]. Mutation of any residue involved in nucleotide discrimination drastically
decreases the affinity for guanine nucleotides or switches the specificity with serious
physiological consequences [26, 32, 34].
Interestingly, several ATP binding proteins have been classified to the TRAFAC and
SIMIBI classes of GTPases [1]. This change of specificity could have arisen due to a
secondary switch to ATPase activity that has occurred on several independent occasions
during evolution [1]. The Myosin-kinesin superfamily, for example, is evolutionary classified
to the TRAFAC class of GTPases and binds ATP rather than GTP. Consistent with the loss of
specificity towards GTP, kinesin and myosin share a deletion of ~-strands 5 and 6, resulting in
the loss of the NKxD motif [1].
In the Mrp/MinD family only the Asn residue of the NKxD motif is conserved. The Asp
residue providing specificity for guanine binding is almost always missing and, indeed, none
of these proteins has been shown to have GTP specificity [1].
In contrast to GTPases, ATP binding P-loop NTPases do not show a conserved base
recognition motif. With the exception of the conserved P-Ioop, nucleotide binding and
stabilization show high variability within ATP binding proteins. In some cases, specific
hydrogen bonds are built to main chain carboxyl groups [35]. In other cases, the base builds
hydrogen bonds to conserved residues within a specific protein family. Generally, ATPases
show worse base discrimination than GTPases. Often, adenosine nucleotides bind only two
- 15 -
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orders of magnitudes better than guanine nucleotides. This reduced specificity of ATPases is
caused by the fewer possibilities for specific interactions with the adenine base. However,
better base discrimination is not necessarily needed, taking in account that the cellular
concentration of ATP is ten times higher than the GTP concentration.

1.10 GTP Hydrolysis
In contrast to ATPases, GTP binding proteins exhibit rather low intrinsic hydrolytic
activity with rate constants in the order of 0.002 - 10 min- I (Table 1.2). Often, they do not
show any steady-state turnover of GTP since GDP stays tightly bound with a keff rate smaller
thm 10-4

S-I.

Therefore, regulatory proteins are needed to control GTP hydrolysis and GDP

release. Whereas GTPase activating proteins (GAPs) strongly accelerate GTP hydrolysis,
guanine exchmge factors (GEFs) increase the dissociation rate of tightly bound nucleotides.

Protein
Ras

Kd (GTP)
10nM

Stimulation
by GAP

kcat

ReI.

0.03 min-

1

> 50'000 x

[36,37]

1

100'000 x

[38,39]

EF-Tu

0.61JM

0.02 min-

EF-G

94IJM

0.07 min-1

10'000 x

Km: 6IJM

<0.03 min-

1

> 60'000 x

[41,42]

0.093 min-

1

80x

[43,44]

1.61JM

0.012 min-1

600 x

[44,45]

0.71JM

1

>10 x

[46,47]

IF2
Ffh
FtsY
Bms1

5IJM

<0.02 min-

[40]

Table 1.2: GTP affinity and intrinsic hydrolysis rate of different G proteins

The GTP hydrolysis mechanism has been intensively studied for Ras and many other
GTPases. The hydrolysis reaction proceeds according to the SN2 mechmism. Thus, the
leaving y-phosphate group is directly transferred to an attacking water molecule with
inversion of the phosphate configuration (Figure 1.9).
Mutation of the conserved Gln61 in Ras leads to ten fold reduction of hydrolysis rate md
thus to oncogenity of the Ras protein [48, 49]. The corresponding mutation in Gsa and Gial
also abolished GTPase activity. Therefore, it was suggested, that this residue acts as a general
base that activates the water molecule for its nucleophilic attack. However, Prive and
coworkers noted that GIn, having a pKb of 15, is most likely too weak a base to abstract a
proton from a water molecule [12]. Free-energy perturbation calculations also indicated that
Gln 61 is unlikely to serve as a general base [50]. These theoretical calculations were
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confirmed by the substitution of Gln 61 with nitroglutamate, an unnatural amino acid that is
isoelectric and isosteric to Gin. No effect on GTPase activity of Ras was observed even
though nitroglutamate is an even poorer hydrogen acceptor than Gin with a pK b greater then
17 [51]. Therefore, Gln61 was proposed to directly stabilize the pentavalent transition state
[12]. This hypothesis is supported by the structures of both, Giul and Gtu, complexed to
GDP-aluminiumfluoride, an intermediate state analog.
Alternative candidates for the general base have been ruled out by mutagenesis studies in
Ras [51]. Interestingly, pH-activity profile provided evidence that the y-phosphatc itself might
act as the general base [52].

switch If

G203~..i·

A

i.·
. ' .,..,.•..•

P-loop

K46

j?

~ <
...

~
.,;f

H.O

Q204

"

D

Q204

Figure 1.9: Mechanism of GTP hydrolysis, according to Berghuis et al. [61] (taken from [17])
(A) The Giu 1 ·GTPyS·Mg 2+ complex (POB 19ia). A water molecule laying

3.sA from

the y-phosphate is

positioned for a nucleophilic attack. (B) The Gia,-GOP-AIF4- _Mg 2 + complex intermediate analog is
pentacoordinated. The conserved Arg 178 in Gia, forms a hydrogen bond to the pentacoordinated
reaction intermediate and an additional one to the oxygen bridging the j) and y-phosphates (POB 1gfi).
(C) Gia 1-GOP-P j (POB 1git). After GTP hydrolysis, Gln 204 (SWitch 11) is no longer stabilized and moves

away, resulting in disruption of the Mg 2+ coordination sphere. Furthermore, Thr 181 (SWitch I) forms a
hydrogen bond to the leaving Pi group and reorients after hydrolysis. This causes a conformational
change in the switch regions. (0) Gkx,-GOP complex (POB 1gg2). Both switch I and switch 11 have
newly oriented after GTP hydrolysis due to the loss of the Mg 2 + ligand.
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Heterotrimeric G proteins show much higher intrinsic hydrolysis activity than Ras-like
small GTPases. A conserved Arg in the G2 loop, that lack the Ras-like proteins, is proposed
to further stabilize the developing negative charge on the pentavalent phosphate leaving group
and thereby facilitating its release [53, 54]. It is for this reason that cholera toxin catalyzed
ADP ribosylation of Arg 174 in Gta [55] or of the equivalent Arg201 in Gsa [56] abolishes
GTPase activity[57], as do mutations ofthese residues [54, 58].
The lack of the catalytic Arg residue in small G protein families is mainly responsible for
their lower GTPase activity. The crucial Arg residue can be delivered in trans by GAPs
making hydrolysis much more efficient [59].
The catalytic mechanism of GTP hydrolysis of EF-Tu displays some interesting
regulatory features. In place of the Ras Gln61 , EF-Tu possesses a His that is essential for GTP
hydrolysis [60]. In the GMPPNP complex ofEF-Tu, His85 of the G3 loop and the presumptive
water nucleophile, together with ASp86 are arrayed in a configuration reminiscent of the
catalytic triad in serine proteases [7, 8]. In the GTP-bound state, His 85 would have to rotate in
order to abstract a proton from the nucleophilic water molecule. However, a hydrophobic gate
between the Gland G2 segment blocks this rotation [7]. Presumably, productive interaction
of the EF-Tu - GTP - Mg 2+ - AA-tRNA complex with the ribosome is required to induce a
conformational change that opens this gate. Therefore, this highly conserved His residue
displays an important function in regulation of nucleotide hydrolysis, where hydrolysis is only
allowed upon correct complex formation.

1.11 Regulation of G proteins by effector proteins
Although G proteins are poor catalysts, they can form stable complexes with both
substrate (GTP) and product (GDP). The GTP and GDP-bound forms define the active and
inactive state of the molecule, respectively (Figure 1.10). The binding and hydrolysis of
guanine nucleotides causes significant conformational changes within the switch I and switch
II region ofthe proteins. GTP binding energy is needed to stabilize the two switch regions and
leads to a conformation that permits its association with effector proteins and downstream
targets. This energy is dissipated upon GTP hydrolysis. Both regions, switch I and switch n,
are no longer stabilized and undergo conformational change, due to loss of interaction with
the y-phosphate.
Effector proteins often control the nucleotide binding state of G proteins. GTPase
activating proteins (GAPs) lead to accelerated GTP hydrolysis and convert the GTPase to the
inactive form. GDP dissociation and GTP binding retrieve the active state. This process can
be accelerated by guanine exchange factors (GEFs) (Figure 1.10).

- 18 -

1

INTRODUCTION

In general, GTPases, which function as timing devices (Ras, EF-Tu) have GEFs and
GAPs to control time of action. In contrast, GTPases whose function is to render a reversible
step irreversible (EF-G, RF3, Bmsl) and thereby confer directionality to inherently
equilibrated processes do not have GAPs and GEFs [46].

Figure 1.10: GTPase cycle.
GTPases occur in two states: the GTP bound form
(active) and the GDP bound form (inactive). Low
intrinsic GTPase activity is strongly increased upon
GAP binding, resulting in inactivation of the G protein.
GEFs catalyze the exchange of GTP for GDP, leading
to the activated state of the GTPase.
proteins, this process is inhibited

For some G
by guanine

nucleotide dissociation inhibitors (GDls), which keep
the GTPase in the inactive form.

1.12 GTPase activating proteins (GAPs)
GAP proteins accelerate the rate of GTP hydrolysis by four to eight orders of magnitude
[17]. GAPs bind to the switch I and switch 11 regions of GTPases. This interaction forces a
conformational change that rigidifies the G domain and entropically stabilizes the y-phosphate
pentacovalent intermediate state of the hydrolytic reaction [62, 63]. Hydrolysis activation can
be achieved by providing a catalytic Arg residue [64, 65] that is missing in Ras-like small G
proteins. This Arg that is provided in trans corresponds to the conserved Arg201 found in Gsa
[66]. Mechanistically, this Arg helps to align a water molecule for the nucleophilic attack and
further stabilizes the transition state of the SN2 reaction [59]. Mutation of this single Arg
residue in the RasGAP FNI is sufficient to abolish its GAP activity [67]. Binding of GAP
also stabilizes the residues responsible for Mg2+ coordination and thus additionally rigidifies
the interaction of small G protein and GTP [64].
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1.13 Guanine nucleotide exchange factors (GEFs)
In addition to inefficient catalysis, small G proteins are often not capable of efficient
GDP dissociation. The intrinsic nucleotide dissociation rate of most small GTP-binding
proteins is typically in the order of 10-4 - 10-5 S-l [24]. GEF proteins increase the dissociation
rate dramatically, often as a response to an extracellular signal or as a result of a changed
microenvironment within the cell.
Promoting the formation of the GTP-bound state by GEFs is accomplished by disruption
of the GDP binding site and stabilization of the nucleotide free from of the G protein [17].
Generally, the interaction between GEFs and small G proteins leads to disruption of the
interaction between the P-loop and the ~-phosphate group [17]. Therefore, the nucleotidebinding pocket changes from a tight to a loose binding conformation and results in a fast
release of the nucleotide from the ternary complex [24]. The otherwise unstable nucleotidefree form of the G protein is further stabilized by the GEF protein, keeping the G domain
solvent exposed. By binding GTP, the dominant guanine nucleotide in the cell, the exchange
factor is released and the active form of the G protein is generated. This step is rate limiting in
the nucleotide exchange reaction [68, 69].
In principle, the guanine nucleotide exchange reaction can proceed in either direction
since all reaction steps are fast in both directions [70-72]. Solely the relative nucleotide
affinities of the GTP-binding proteins, the concentrations ratio of GDP and GTP in the cell
and the presence of components that sequester either the GDP or the GTP-bound state of the
protein determine the outcome of the reaction [24].
Kinetically, the up to 105-fold increase in nucleotide dissociation rate by GEFs is mainly
accomplished by a similar 105_fold decrease in the affinity of GDP in the trimeric complex
[70-72].

1.14 Guanine nucleotide dissociation inhibitors (GOls)
GDI proteins bind to various GTPases that are post-translationally modified by addition
of a geranylgeranyl moiety [17]. GDls affect dissociation of GDP and therefore maintain the
GTPases in their inactive state [73, 74]. However, GDIs not only inhibit GDP dissociation,
they are also able to extract these membrane bound GTPases and create a cytosolic pool.
Recent findings suggest that the role of GDIs in partitionating G proteins between the
membrane and the cytosole are physiologically more important than the inhibition of
nucleotide dissociation itself and might display the main function of these effector proteins
[17].
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1.15 Universally conserved GTPases
The GTPase superfamily consists of many (sub)families of GTPases that share a high
degree of structural and functional identity [75, 76]. The most prominent is the extended Raslike family of small GTPases, which is composed of five subfamilies that are Ras,
Rho/Rac!Cdc42, Rab, Arf/Sar1 and Ran [1, 77, 78]. Bacterial GTPases appear to be more
limited than eukaryotic GTPases in both number and function [79]. Apart from those involved
in translation, only few bacterial GTPases have been identified, and even less are known in
archaea. Bacteria with large genomes contain 20-30 molecular switch GTPases, whereas
bacteria with small genomes contain as few as 11 [80]. These 11 GTPases are universally
conserved in bacteria and eukaryotes [81]. Seven of them are also found in archaea
(Figure 1.11).
The universally conserved GTPases can be assigned to four mam ancestral groups:
elongation factors (EF-G, EF-Tu, IF2 and LepA), protein secretion factors (FtsY and Ffh),
Era-related GTPases (Era, EngA and ThdF/TrmE) and Obg-related proteins (Obg and YchF)
[I, 81, 82]. Genetic studies in bacteria revealed that with the exception of lepA all universally
conserved GTPases are essential or extremely important for cell survival [82].
Eukarya

Septins
Rho family

Ras/Rab family

Heterotrimeric G-proteins

Bacteria

Archaea

Figure 1.11: Distribution of highly conserved GTPases in eukaryotes, bacteria, and archaea.
Four groups of highly conserved GTPases are found throughout all kingdoms of life: the elongation
factor group (blue), the group of Era-like GTPases (purple), FtsY/Ffh-like proteins (green) and proteins
of the HfIX- and Obg-family of GTPases (red). In contrast, several GTPase families are only found in
eukaryotes (septins, Rho, Ras/Rab, heterotrimeric G proteins). Proteins in italic occur only in 25·75%
of completely sequenced organisms.
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In contrast to eukaryotic cells, there is a notable absence of GTPases involved in
membrane signalling in bacteria and archaea. There is no analog of the a-subunit of
heterotrimeric G proteins, which is essential in transmitting signals from membrane receptors
[83]. Also the Ras-like family of GTPases seems to be absent in bacteria and archaea [82]. An
exception to this is MgIA, a small GTPase found in Myxococcus xanthus and Caulobacter
crescentus [84, 85]. However, MgIA is absent in most bacterial lineages and it has been

speculated, that it was acquired from eukaryotes by lateral transfer [1].
Even though bacterial GTPases compose essential cellular roles, only the function of
translation factors and protein secretion factors are well defined so far. Some universally
conserved bacterial GTPases such as YihA, YchF and EngA have been the subject of very
few studies.

1.16 The Obg family of GTPases
The Obg family consists of five well-delimited, ancient subfamilies, namely Obg/CgtA,
YchF/YyaF, DrglRbg, Nogl and Ygr210 and is defined by several conserved sequence motifs
[1].
N-terminal of the antiparallel strand of the G domain, a conserved Phe is common to all
Obg family members. Furthermore, the switch I domain shows a conserved YxFTTxxxxxG
sequence. A slight variation is found in the YchF/YyaF subfamily where the first Thr is
substituted by a Cys. With the exception of Nog1, the switch 11 region in Obg-like proteins is
followed by a Gly-rich GAxxGxGxGxxxl sequence, where I is one of the aliphatic residues I,
L, V. Interestingly, this motif builds an additional helix, which is not found in the Ras G
domain [10, 86, 87] and might play a role in nucleotide-dependent protein or RNA binding.
Several Obg family members possess a C-terminal putative RNA-binding domain with
unknown function, found in Ihr-tRNA synthetase (TRS), Obg GTPases and ,S.poT proteins,
thus called TGS domain [I, 88].
Functionally, the Obg-like GTPases are poorly characterized. The best studied member is
Obg/CgtA, which is one of the eleven universally conserved GTPases [82]. Biochemical
characterization in bacteria indicates a role of Obg in stress response and ribosome assembly
(see below). Furthermore, Obg is essential for cell growth in bacteria [82], but not in
eukaryotes.
In contrast to the well-characterized Obg, YyaFNchF has been hardly investigated.
However, the high degree of conservation throughout all organisms implicates a central
cellular function for YyaF/YchF. Interestingly, Saccharomyces cereviesiae, encodes a second,
closely homologous protein (47% identity, 66% similarity), named Ylf2p, which is targeted to
mitochondira.
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The Drg/Rbg and Nogl subfamilies are ubiquitous in archaea and eukaryotes, but cannot
be found in bacteria [1]. The Drg/Rbg subfamily contains a second highly homologous
protein in eukaryotes (Drgl/Rbgl and Drg2/Rbg2) that most probably resulted from gene
duplication. These two related proteins show cytoplamatic localization and have been found
to be associated with translating ribosomes in S.cerevisiae (P.Wout and J.R. Maddock,
unpubl. Data in [89]). In yeast, Rbgl p interacts with the stress response protein Gcnl p
through a bridging protein, Gir2p, on translating ribosomes [90].
Nogl is a nucleolar protein that is essential for cell viability in S. cerevisae [91] and
appears to play an important role in early 60S maturations steps [92]. Disruption of Nog1
function leads to dramatic decrease in the levels of free 60S and the appearance of an atypical
rRNA intermediate in which the internally transcribed sequence 2 (ITS2) is not cleaved [93]
(see 1.20 Transcription of ribosomal genes and pre-rRNA processing). Similar effects were
observed by disrupting the GTP binding domain of Nog1 [93].
Ygr2l 0 is so far totally uncharacterized but shows high sequence homology to
YyaF/YchF (37% identity, 52% similarity). Interestingly, Ygr210 can only be found in

archaea and fungi, but is not represented in higher eukaryotes. The fungal Ygr2l 0 proteins
form a tight cluster with their archaeal orthologs, which suggests the possibility of horizontal
gene transfer from archaea to fungi; alternatively, this subfamily might have been lost in other
eukaryotic linages [1].

1.17 The Obg-subfamily
The Obg/CgtA protein is the best-characterized member of the Obg family of GTPases. It
was first discovered and biochemically characterized in Bacillus subtilis [94, 95]. The newly
discovered ORF was named "SpoOR-associated GTP-binding protein" since the obg gene was
found to be cotranscribed with the spoOB gene [94], functionally implicating the putative
GTPase Obg in the SpoOA phosphorelay system that regulates the onset of sporulation
through SpoOA transcription factor activation [96].
G proteins typically have very high affinities for nucleotides, low dissociation rates and
low intrinsic hydrolysis activity [6, 17]. However, Obg/CgtA displays some exceptional
properties. Whereas the well-studied eukaryotic G proteins bind guanine nucleotides with
high affinity in the nanomolar range, Obg/CgtA proteins exhibit only moderate affinity for
guanine nucleotides in the micromolar range [95, 97, 98]. Accordingly, Obg/CgtA displays
much faster nucleotide exchange rates, which lay rather in the range of seconds than hours
[97]. In contrast to nucleotide affinity and dissociation rate, the intrinsic hydrolysis activity of
Obg/CgtA and Ras-like proteins is comparable [95] (Table 1.3).
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Cc CgtA GTP

1.2 tJM

1.57 S·1

Cc CgtA GDP
Ss Obg GTP

0.5 tJM
Km: 5.4 tJM

1.45 S·1

Ss Obg GDP

0.03 min-1
0.006 min-

1.3 tJM

1

1

[97]
[97]
[95]
[95]

Table 1.3: GTPase properties of Obg from C. crescentus(Cc) and B. subtilis(Bs)

Due to the fast nucleotide exchange rate of Obg/CgtA, nucleotide occupancy mainly
depends on the intracellular pool of guanine nucleotides [95, 99, 100]. Therefore, Lin and
coworkers speculated that Obg/CgtA might act as a sensor for cellular GTP-Ievels that would
be turned on (GTP-bound) under growth conditions and turned off (GDP-bound) under
starvation conditions. This hypothesis is supported by the findings, that overexpression of
Obg/CgtA, which leads to high levels of Obg-GTP, prevents spore development in
Streptomyces griseus and Streptomyces coelicolor [99, 100]. However, in S. coelicolor spore
development was restored by increased levels ofObg-GDP, and thereby decreased GTP/GDP
ratio [lOO]. These finding suggest that Obg-GDP level is critical for spore development.
Accordingly, the S. coelicolor obgp168V mutant, which is predicted to be predominantly in the
GTP-bound state, inhibits sporulation [100]. Furthermore, depletion of Obg/CgtA in B.
subtilis results in a sporulation defect, too [10 I].
Curiously, the B. subtilis Obg/CgtA protein cocrystallized with the SpoT/RelA product
ppGpp [87], raising the possibility that this nucleotide might play a role in the control of the
Obg/CgtA protein. Consistent with this possibility, the Escherichia coli Obg/CgtA protein
interacts with the GDP/GTP 3'-diphosphate synthetaselhydrolase SpoT [102] that regulates
cellular (p)ppGpp concentration. Accumulation of (p)ppGpp induces stringent response,
resulting in the repression of stable RNA species, such as rRNA and tRNA and
overexpression of genes involved in amino acid biosynthesis [103]. In addition, B. subtilis
Obg/CgtA interacts with RsbW, TsbT and BsbX, three proteins involved in the activation of
a ribosome-associated stress response factor [104, 105].
Interestingly, both SpoT and Obg/CgtA have been shown to associate and to co-

as,

fractionate with ribosomes [102]. This interaction might be mediated by the TGS domain, a
putative RNA binding domain, common to both proteins.
Recent work provided accumulating evidence, that in addition to its role in stress
response, the bacterial Obg/CgtA protein, like the eukaryotic Nogl protein, possibly plays a
role in assembly and/or stability of the large ribosomal subunit.
Obg/CgtA assembles with 50S ribosomal subunit and binds to the ribosomal protein LB,

as detected by affinity blot assay [105]. In E. coli, overexpression of CgtAE suppresses the
ribosome assembly defect of a J1rrmJ mutant [106]. RrmJ is a methyltransferase that modifies
the 23S rRNA [107] rather late in the maturation process of the 50S subunit. Rescue of the
j},rrmJ phenotype by CgtAE is consistent with a role in ribosome assembly of the latter.
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Moreover, in C. crescentus, long-term depletion of CgtAc results in a diminution of
translating ribosomes [108], indicating a role in late assembly of 50S. Furthermore, it has
recently been shown that mutations of the obgE gene cause defects in processing of the 16S
rRNA [109]. The terminal processing of the 168 rRNA occurs after assembly of 308 and 508
subunits, and 50S assembly mutants have been shown to result in the accumulation of
unprocessed 168 rRNA [110, 111].
In S.cerevisiae, the homologous protein Mtg2p was shown to be essential for
mitochondrial ribosome function [89]. Expression of the temperature-sensitive allele mtg2-1
leads to lowered levels of mitochondrial ribosomal subunits and defects in mitochondrial
translation. Additionally, Mtg2p depletion results in loss of mitochondrial DNA.
Significantly, elevated levels of Mtg2p partially suppressed loss of mitochondrial DNA in a
21S rRNA methyltransferase mutant mrm2.

1.18 YchF subfamily
YchF was maintained across expansive phylogenetic ranges and was described to be one
of eleven universally conserved GTPases [82]. The YchF subfamily is characterized by
remarkably high sequence conservation (E. coli to H.sapiens: 45% identity, 62% similarity).
This exceptionally high level of amino acid conservation typical for ribosomal proteins
suggests a key role for YchF in the cell [86]. Nevertheless, the YchF subfamily is poorly
characterized so far and its cellular function remains unknown.
The bacterial protein encoded by the gene ychF was first discovered in E. coli where ychF
is cotranscribed with pth, a gene encoding peptidyl-tRNA hydrolase [112]. This protein
cleaves peptidyl-tRNA that has been abortively released during translation and ensures its
recycling [113]. Interestingly, the bicistronic operon structure found in E.coli is conserved in
about 50% of the sequenced bacteria genomes, indicating that the two proteins might be
functionally related [1, 82].
Current work in Brucella melitensis discussed a potential role of the YchF homolog
DugA in 2,3-dihydroxy-benzoic acid (DHBA) and iron utilization. The putative GTPase
DugA could have a regulatory function on either the Ton complex or on DstC, a permease
homologous to an iron (Ill) ABC transporter [114]. Both complexes are involved in iron
uptake through the outer and inner membranes, respectively.
High throughput data from proteomic studies in yeast revealed additional potential
interactions of the yeast YchF homolog Ybr025c with proteins involved in DNA repair,
transcription, splicing, translation or ribosomal biogenesis (Table 1.4) [115, 116].
Furthermore, Ito and coworkers described a two-hybrid interaction of Ybr025c with Rio2p
[117].
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Interactor

Function

Assay

Reference

Msh2p

DNA repair

Affinity capture MS

[115]

Prp6p

Splicing

Affinity capture MS

[116]

Rio2p

Ribosomal biogenesis

Two-hybrid

[117]

Sen15p

tRNA Synthesis

Affinity capture MS

[116]

Taf5p

Transcription

Affinity capture MS

[116]

Tef4p

Translation

Affinity capture MS

[115]

Top2p

DNA repair

Affinity capture MS

[115]

Utp5p

Ribosomal biogenesis

Affinity capture MS

[116]

1

Table 1.4: Interactors of Ybr025c found in Saccharamyces cerevisiae

Rio2p is a kinase that is needed for 20S to 18S processing in yeast suggesting a
regulatory function of the putative GTPase Ybr025c in late 40S maturation steps. This idea is
supported by genome wide expression analysis in yeast, where Ybr025c expression is
strongly decreased upon rapamycin treatment, comparable to the expression of many factors
involved in ribosomal biogenesis (ESF2, RRP7, UTP13, RPF2, NOG2, DBP3, UTPI4) [118].
Moreover, Ybr025c expression is strongly repressed during protein unfold response (DTT
treatment) or upon histone depletion similarly to many ribosomal proteins of both subunits
[119, 120], indicating a functional link ofYbr025c to ribosome synthesis. Interestingly, the so
far characterized Obg family members Obg and Nogl are also implicated in ribosomal
biogenesis (see above).
During this work, the crystal structure of Schizosaccharomyces pombe and Haemophilus
injluenzae YchF have been solved [86, 121]. Like Obg, YchF is composed of three distinct

domains, which are arranged such that a peripheral coiled-coil domain and a C-terminal
putative RNA binding domain, the TGS domain, flank the G domain (Figure 1.12A). Both
flanking regions are structurally linked to the central G domain. The coiled-coil structure is
built by two long a helices and topologically correlates to the a3-helix found in the Ras G
fold (Figure 1.12B and C). The TGS domain is structurally linked to the GTPase domain via
an additional a-helix and l3-sheet between the j3-strands 132 and 133 of the classical P-fold.
This additional alj3 unit folds together with the C-terminus of the protein in a distinct protein
domain.
Interestingly, several regions of the protein display biophysical characteristics of RNA
binding domains. The putative RNA binding domain TGS shows a topology typical for the
ubiquitin-like superfamily of a+j3 proteins (SCOP) [122]. It is found in several members of
the Obg-family, in guanosine-3',5'-bis(diphosphate) hydrolase SpoT and, most notably in the
threonyl tRNA synthetase (TRS). The similarity ofthe latter to YchF TGS is striking: the root
mean square deviation of 62 common Ca atoms is only 2A [86]. However, the TGS domain
of TRS is not involved in ThrtRNA binding and its function remains unknown.
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A

Figure 1.12: Polypeptide fold and topology of YchF (PDB 1jal)

(A) YchF folds in three distinct domains. The central G domain (blue) is flanked by a coiled-coil domain
(orange) and the C-terminal TGS domain (green).

(1,

helices are numbered according to the primary

structure. (8) The classical G fold topology of Ras and the similar secondary structure topology of
YchF (C). The u3-helix of Ras is displaced by a large coiled-coil domain in YchF. An additional
helix-~~-strand turn

between the l3-strands

f~2

and

1~4

(1,-

structurally links the G domain with the C-terminal

TGS domain in YchF. Secondary structure elements of the G domain are indicated in blue, the coiledcoil domain is represented in orange, and secondary structure elements that fold with the TGS domain
are represented in green.

The long coiled-coil domain of YchF shows high structural homology to the one found in
DksA, GreA/B and seryl-tRNA synthetase (SRS). DksA is a crucial component of ppGpp
dependent transcription regulation and was found to enhance significantly the inhibitory
effect of ppGpp on rRNA and tRNA transcription [123]. The transcription elongation factors
GreA/B reactivate arrested transcription complexes that have been arisen by backtracking of
the RNA polymerase (RNAP) catalytic centre, extruding the single stranded 3' -RNA portion
into the RNAP secondary channel. Reactivation of the arrested complex is obtained by
endonucleolytic cleavage of the 3'-end of the RNA transcript by RNAP. This reaction is
dramatically enhanced by GreA and GreB [124, 125]. Both DksA and GreA/B insert their
coiled-coil finger into the RNAP secondary channel and contact the 3'-cnd of the RNA
transcript with the tip of this domain near the active centre of the enzyme [126-129].
In contrast to DksA and GreA/B, most of the SRS coiled-coil arm is in contact with the
interacting tRNA. The sCftRNA bends around the coiled-coil, which allows extensive contact
of the tRNA with the coiled-coil domain. This interaction rigidifies the otherwise flexible
synthetase arm [130, 131].
The coiled-coil domain of YchF might be involved in RNA binding similar to either of
these proteins. Interestingly, the two described potential RNA binding regions of YchF build
a large cleft, which Teplyakov and coworkers proposed to bind double stranded nucleic acid.
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The clustering of positively charged residues at the inner surface ofthis cavity and a diameter
of 20A, which is about the size of a nucleic acid duplex, support this assumption.
Furthermore, the Gly-rich GAxxGxGxGxxxh motif found in the switch II region, typical
for the Obg family shows similarity to the G patch domain hhxxxGaxxGxGhGxxxxG (h
stands for a bulky hydrophobic residue I, L, V; a stands for aromatic residue F, Y, W; x is for
any residue) found in several single stranded RNA binding proteins [132], indicating a
potential role in nucleotide dependent RNA binding.
According to the most recent classification of P-loop NTPases, YchF belongs to the
TRAFAC class that includes translation factors (hence the name of the class), Ras related
GTPase, the TrmE superfamily, myosin and kinesin-related proteins, and the Obg superfamily
[1].
A peculiar feature of YchF is the lack of the conserved Lys in the G4 motif and the
replacement of the Asp with a Glu. This is a unique exception among TRAFAC GTPases,
which, in the absence of experimental data, raises questions regarding the nucleotide
specificity ofYchF. Nevertheless, in vitro data denote that YchF binds GTP despite its noncanonical G4 motif [86].
Together, these observation strongly suggest, that YchF function is somehow linked to
RNA binding, supporting the hypothesis that universally conserved GTPases are functionally
linked to RNA molecules [82]. We therefore hypothesized, that YchF, like Nogl and Obg,
might display a function in ribosomal biogenesis. This idea is supported by the two-hybrid
interaction of Ybr025c and Ri02p and affinity purification of Ybr025c in a complex with
Utp5p. Moreover, gene expression of Ybr025c is regulated comparable to the expression of
genes encoding for ribosomal proteins or trans-acting assembly factors involved in ribosome
synthesis. Therefore, YchF could display a regulatory function in 408 synthesis or might play
a role in quality control of late 40S maturation steps.

1.19 Ribosomal biogenesis
Ribosomes are large ribonucleoprotein particles consisting of four distinct rRNA
molecules (5S, 5.8S, 18S, 25S in yeast) and about 80 ribosomal proteins (r-proteins).
Synthesis of ribosomes is a remarkably complex process that constitutes one of the major
cellular activities. Ribosomal biogenesis primarily takes place in the nucleolus [133, 134], a
specialized nuclear compartment, where the rDNA is transcribed and the precursor rRNA
(pre-rRNA) is subjected to many modification and processing steps. Later maturation steps
occur in the nucleoplasm and the cytoplasm before the ribosomal subunits are released to
finally act in protein translation.
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Maturation of pre-rRNAs is intimately linked to their assembly with ribosomal proteins
(r-proteins) [135] and depends on various eis-acting elements [136, 137]. In addition,
numerous trans-acting factors that transiently associate with the pre-ribosomes are required
for ribosome assembly [138-141]. Among these factors are processing and modifying
enzymes (endo- and exonucleases, pseudouridine synthases and methyltransferases), RNA
helicases and chaperones, GTPases and AAA-ATPases, or small nucleolar RNPs (snoRNPs)
(reviewed in [135, 142-145]). So far, investigation of eukaryotic ribosomal biogenesis was
mainly done in S.cerevisiae and more than 170 non-ribosomal factors that play a role in
ribosomal synthesis have been identified by genetic or proteomic approaches (reviewed in
[135, 142-144]).

1.20 Transcription of ribosomal genes and pre-rRNA processing
Eukaryotic cells contain hundreds of ribosomal genes that are tandemly repeated in a
head-to-tail manner. In yeast, these rDNA units are 9.1 kb long and encode all four rRNAs
(5S, 18S, 5.8S and 25S). While 18S, 5.8S and 25S are transcribed as a large single precursor
molecule by RNA polymerase I (RNA pol I), 5S is independently transcribed by RNA pol III
[146] (Figure 1.13). The three cotranscribed rRNAs of the large 35S pre-rRNA are separated
by two internal transcribed spacer sequences (ITS 1 and ITS2) and flanked by external
transcribed spacer sequences (5'-ETS and 3'-ETS).
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-rDNA repeat (9.1 kb) - ~ -

-
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e",
Tr
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Figure 1.13: Structure of an rDNA repeat unit in S.cerevisiae (taken from [135]).
188,5.88 and 258 are cotranscribed by RNA poll. The 58 rDNA is separately transcribed by RNA pal
Ill. The mature rRNA sequences are separated by internal transcribed sequences (IT81 and IT82) and
flanked by external transcribed sequences (ET81 and ET82). Black boxes represent mature rRNAs,
white bars indicate the transcribed spacers, and non-transcribed spacers (NT8) are represented by
lines. pr, promotor; tr, terminator; eh, enhancer.
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The primary RNA pol I transcript is cotranscriptionally cleaved at its 3'-end, yielding in
the 35S pre-rRNA, which is the longest detectable precursor rRNA [147-149]. The 35S prerRNA then undergoes various modification and processing steps, requiring many trans-acting
factors [140, 150, 151]. The large RNP complex that is formed on the 35S pre-rRNA contains
both ribosomal and non-ribosomal proteins and is rapidly converted into precursors of the 40S
and 60S ribosomal subunits. While further processing of the pre-40S particle is mainly done
in the cytoplasm, maturation of the pre-60S particle occurs primarily in the nucleus.
The primary pre-5S rRNA shows a 7 to 13 nucleotide extension at the 3'-end [152],
which is very quickly removed [153]. Subsequent association with the 5S rRNA-binding
protein Rpl5p seems to protect the 5S rRNA from further degradation by other nucleases and
is required for efficient integration of the 5S rRNA into the ribosomal structure [154, 155].

1.21 rRNA modification
Many specific nucleotides within the rRNA undergo covalent modifications. These
modifications mostly occur cotranscriptionally and include isomerization of uridine to
pseudouridine (1V) by base rotation (45 modified nucleotides in S.cerevisiae), methylation of
the 2'-hydroxyl group (55 nucleotides in S.cerevisiae), and base methylation (10 nuc1eotides
in S.cerevisiae) [156-159]. The number of pseudouridinylations and ribose methylations
increases to about 100 rRNA sites each in human [160], whereas only ten pseudouridines and
four ribose-methylated nucleotides are found in E.coli. The number of base methylations is
comparable in all three species [161].
The function of nucleotide modifications is not totally understood but they tend to be
concentrated on functional rRNA regions and might fine-tune ribosome activity [162-166].
Furthermore, none of the individual modifications seems to be essential, but globally they are
thought to increase conformational stability of the rRNA [143, 166].
In contrast to bacteria, where each nucleotide modification is accomplished by a single
specific enzyme, rRNA modification in eukaryotes is mostly directed by small nuc1eolar
RNAs (snoRNAs) (reviewed in [167]). snoRNA guiding affords the advantage that
modification of the rRNA can be accomplished before completion of the rRNA transcript,
thus facilitating the folding ofthe nascent pre-rRNA chain [143].
The 1.IJ guide snoRNAs contain a bi-partite, consensus 5'-duplex-hinge-duplex-tail-3'
secondary structure and two small sequence elements referred to as box H and box ACA,
which are located at the hinge and 3'-tail region, respectively [145] (Figure 1.14A). They
belong to a large family ofR/ACA snoRNAs. Substrate targeting involves base pairing of the
rRNA with two short guide sequences in a loop portion of the duplex structure, placing the
uridine to be isomerized into a pocket between the flanking paired regions so that
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Figure 1.14: Secondary structure of Box CID and Box H/ACA sno RNAs (taken from [147]).
(A) Box H/ACA snoRNAs guide RNA pseudouridylation. H/ACA snoRNas contain a consensus 5'duplex-hinge-duplex-tail-3' secondary structure. The two small sequence elements referred to as box
H and box ACA are located at the hinge region and the 3'-tail, respectively. RNA pseudouridylation is
guided by the 5' and/or 3' hairpin of the box H/ACA snoRNA where an internal loop, called the
pseudouridylation pocket, forms a short (3-10 bp) duplex with the nucleotides flanking the unpaired
substrate uridine that is located 15 nucleotides from the H or ACA box [147]. (B) 2'-Q..methylation is
guided by box CID snoRNAs. Box C and D and a short 5', 3' terminal stem constitue a well-defined
secondary structure motif, which is specifically recognized by the 15.5 kDa snoRNA protein [147]. Box
C' and D' represent an imperfect copy of the C and D boxes. Substrate RNA forms a 10-21 base pair
long helix in which the target residue is positioned exactly five nucleotides upstream of the D or D' box
[147]. Red, snoRNA core motifs that are essential and sufficient for the correct processing; green,
substrate rRNA; nucleotides destined for pseudouridylation ('tjJ) and 2'-O-methylation (circled m) are
indicated.

pseudouridinylation occurs at a fixed distance of 14 nucleotides from box H or ACA [168,
169] (Figure 1.14A). HIACA snoRNPs contain four common core proteins, namely
(yeast/human): Cbf5p/dyskerin, GarlplhGarl, Nhp2p/hNhp2 and Nopl0p/hNoplO [170,
171]. The nucleolar protein Cbf5p might be the tjJ-synthase [172], and its depletion blocks 1.lJ
formation in pre-rRNAs and inhibits pre-rRNA processing at sites At and A2 [173] (compare
to Figure 1.15).
In analogy to pseudouridinylation, ribose methylation is carried out by specific snoRNPs,
which contain snoRNAs of the CID-box family [135, 174, 175]. These small nucleolar RNAs
are defined by one or two sets of two short, conserved sequence elements referred to as box C
and box D (box C and box D' for the second set). Boxes CID are located near the 5'- and 3'ends of the RNA and boxes CID' are situated internally [145]. rRNA modification is guided
by 10-20 nucleotides that are complementary to the targeting sequence and substrate
methylation of the 2 '-O-ribose occurs 5 nucIeotides upstream of box D or D' [176]
(Figure 1.14B). Like the H/ACA snoRNPs, methylating snoRNPs contain four common core
proteins. These proteins have been identified as (yeastlhuman): Snu13pI15.5 kDa,
Nop56plhNop56, Nop58p/hNop58 and Noplp/fibrillarin [145,177-180]. Noplp/fibrillarin is
generally thought to be the 2'-O-methyltransferase [145]. In support of this contention, point
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mutation in methylase-like elements of Nopip lead to a global block of ribose methylation in
yeast [181]. However, alternative candidate proteins such as Nop2p, Ncllp or 8pblp have
been suggested to act as methylating enzyme [182-184].
In addition to the function of CID-box snoRNAs in guiding ribose methylation, two CIDbox snoRNAs, U3 and U14, display a function in pre-rRNA processing. While U3 snoRNA
seems to be exclusively required for pre-rRNA cleavage at sites Ao to A2, U14 snoRNA acts
both in pre-rRNA processing at sites AI and A2 (Figure 1.15) and in a ribose methylation
reaction of the 188 rRNA [175,185].

1.22 The rRNA processing pathway in S.cerevisiae
Many cleavage and trimming steps are needed to generate the mature ribosomal RNAs.
Analogous steps have been identified in many organisms with substantial similarity in the
processing pathways. In general, about 10 cleavage steps are commonly described
(Figure 1.15).
In budding yeast, pre-rRNA processing is initiated by a cleavage 15 to 45 nucleotides
downstream of the 3'-end of the mature 258 rRNA, followed by shortening of the rRNA up to
position +7 relative to the 3'-terminus of the 358 pre-rRNA [149], leading to the first
detectable intermediate. The double-strand specific endo-RNAse Rntlp, which is homologous
to bacterial RNAse Ill, was found to be the processing enzyme [186, 187]. Most probably, the
so-far unidentified gene product of the ORF RNA82 is also required for 3'-ETS processing
[149] (Figure 1.15).
The 358 pre-rRNA is successively cleaved in the 5'-ET8 at site Ao, at site AI at the 5'end of the mature 188, and at site A2 within ITSl, generating the 33S pre-rRNA, the 328 prerRNA, and the 20S and 278 pre-rRNAs, respectively [143]. Cleavage at Ao is dependent on
U3 snoRNP [188, 189], and Rpn 1p was discussed to be involved in this processing step [186].
The nucleases involved in the latter two cleavage steps are so far unidentified. However,
!1rpnl strains show delayed processing at sites AI and A2 [187], which most likely displays a
secondary effect since Rpnl p is also involved in processing of some snRNAs and snoRNAs

[190-192] (Figure 1.15).
Further cleavage of the 208 pre-rRNA occurs in the cytoplasm after export of the pre-408
particle. Cleavage at site D by a so-far uncharacterized nuclease creates the mature 3'-end of
the 188 rRNA.
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Figure 1.15: Processing pathways of the pre-rRNA in S.cerevisiae (taken from [135]).
After 3'-end processing of the primary RNA pol I transcript, the yielded 358 pre-rRNA is further
processed at sites

Ao,

A1 , and A2 , leading to the separation of the rRNAs from the small and the large

ribosomal subunits. The last nucleolytic cleavage of the 208 pre-rRNA of the small subunit at site D is
accomplished in the cytoplasm. The separated 278~ pre-rRNA can follow two alternative processing
pathways. The major pathway leads to cleavage at site

~

followed by 5'---+3' trimming to 8 1$.

Alternatively, precursor molecules can directly be processed at site 8 1L • The 3'-end of the mature 258
rRNA is generated by processing at site 8 2 .
The IT82 processing seems to be identical for both pathways. 78 and 258 rRNA are generated by
cleaveages at sites Cl and C2 , followed by 3'---+5' exonucleolytic digestion yielding in the generation of
the mature 5.88 rRNA. 58 rRNA synthesis requires only 3'-processing to generate the mature rRNA.
Factors involved in pre-rRNA processing and modification are indicated. Colors were assigned to
several classes of trans-acting factors; blue, exo- and endonucleases; red, putative ATP-dependent
RNA helicases; green, pre-rRNA modification enzymes; black, others.
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In contrast to 208 pre-rRNA, processing of the 27A z pre-rRNA continues in the nucleus.
The 27A z precursor can be matured to 5.8S and 258 by two alternative pathways
(Figure 1.15). About 85% of the 27 A z population is cleaved at the A3 site within the ITS2
region by RNase MRP [193-195]. RNase MRP is a unique snoRNP containing no
complementary sequences that allow base pairing with the substrate pre-rRNA [135].
Cleavage at A3 is followed by exonucleolytic digestion to site B 1S by the exonucleases Rat! p
and Xrnlp [196, 197], whereby the principal trimming activity is provided by Ratlp [144].
The remaining 15% of the 27Az population is directly cut at site B1L. The two alternative
processing pathways lead to 27B s and 27B L precursor molecules, which will be further
processed to 258 and 5.8S or 5.88L, respectively, by identical processing pathways
(Figure 1.15). The 3'-end of the 258 is first generated by an exonucleolytic digestion from
site Bo to B z by Rexlp. 5.88 and 258 precursors are then separated by cleavage at site C z
within the IT82, resulting in 78 and 268 pre-rRNAs. The mature 5.88 rRNA is generated by a
multistep reaction involving the exosome complex [198, 199], and the two 3'-5'
exonucleases, Rexlp and Rex2p [144]. The final 5'-end maturation of the 258 rRNA involves
the exonucleases Ratlp and Xrnlp.
As mentioned earlier, 58 rRNA maturation needs only 3'-end processing. Piper and
coworkers proposed that a single endonucleolytic cleavage by the gene product of RNA 82 is
required for 58 maturation [152]. However, more recent investigations in 8.cerevisiae rather
support a model where the pre-58 rRNA is trimmed by a 3'-5' exonucleolytic activity [154].

1.23 Ribosome assembly
During the past few years, ribosome assembly has been intensively studied in yeast. Pre~
ribosomal particles have been isolated by tandem affinity purification (TAP) of epitopetagged proteins and were subjected to mass spectrometry analysis [115, 200-206]. Eukaryotic
ribosomal assembly requires more than 180 non-ribosomal proteins, which transiently
associate with pre-ribosomal particles. However, the order of assembly and the functional role
of these trans-acting factors are only poorly understood.
90S precursor

In general, one can distinguish between three major types of ribosomal intermediates: the
early 908 precursor, which is subsequently processed into 668 and 438 pre-ribosomes, the
precursors of the mature 608 and 408 subunits, respectively [144] (Figure 1.16). The 908
particle contains the 35S pre-rRNA, ribosomal proteins, predominantly from the small
subunit, and additional ribosomal biogenesis factors. A main component of the 908 precursor
constitutes the D3 snoRNP, a large 2 MDa complex, which has been proposed to correspond
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to the "tenninal knob" at the 5'-end ofthe nascent pre-rRNA chain observed in Miller spreads
in electron microscopy [203, 207, 208]. In 2002 Dragon and coworkers purified V3 snoRNP
particles containing 17 additional proteins, named V-three 12roteins (Vtp1-17). Because of the
essential role of the Utp proteins in early pre-rRNA cleavage and 40S subunit assembly [209],
V3 snoRNP containing 90S precursors are often referred to as

~mall ~ubW1it

(SSV)

processomes [203].
Pre-40S assembly

90S particles develop into pre-60S and pre-40S subunits by A2 cleavage. During this
transition, most of the 90S-associated factors are removed. Some 40S assembly factors such
as Enplp, Dimlp, Hrr25p and Rrp12p remain on derived pre-40S particles, and a few transacting factors involved in 40S maturation (Noblp, Ri02p, Tsrlp) assemble later on more
advanced pre-40S particles [142] (Figure 1.16). Surprisingly, pre-40S particles are not
significantly detected in the nucleoplasm, and thus rapidly exported to the cytoplasm where
the last rRNA maturation and assembly steps take place.
Cleavage at site D converts the 20S pre-rRNA to the mature 18S rRNA. The nuclease
that is needed for this reaction remains to be identified. However, several trans-acting factors
that specifically affect this reaction have been described. One of them is Dim1p, a
dimethylase that modifies the 20S pre-rRNA in the cytoplasm prior to D cleavage [210].
Furthermore, Riolp and Ri02p, two kinases of a novel family of serine protein kinases, have
been demonstrated to be essential for 20S to 18S processing [211, 212]. RI011RRP10 was
originally found in a synthetic lethal screen with a mutant allele of GAR1, a gene required for
rRNA pseudouridinylation and 18S rRNA production [212]. Ri02p was identified based on
sequence homology with Rio 1p. Dim1p and both Rio kinases are assumed to associate with
the pre-40S particles in the nucleus and to accompany these to the cytoplasm (Figure 1.16).
Pre-60S assembly

Processing of the pre-60S particle involves many rRNA cleavage steps and more than 70
additional proteins are needed for pre-60S maturation. Surprisingly, the putative 90S complex
contains only few ribosomal proteins and assembly factors of the large subunit, and most of
them bind after A2 cleavage. Nevertheless, a few 90S factors, such as Noplp, Nopl4p,
Nop56p, Nop58p, Rrp5p or Rrp8p remain associated with the early pre-60S particle (Figure
1.16).
One of the earliest pre-60S complexes, and the first one to be analyzed, is the Noel pNoc2p complex, which is enriched in the nucleolus [213]. Noclp and Noc2p are both
associated with 90S and 66S pre-ribosomes. During maturation from 90S to 66S, Noel p
dissociates from Noc2p and is replaced by Noc3p, which may trigger release of the preribosome from the nucleolus to the nucleoplasm [144,213].
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Figure 1.16: Overview of tfans-acting factors involved in ribosomal biogenesis in S.cefevisiae
(previous page, taken from [144]).
The 90S pre-ribosomal (yellow) particle is suggested to contain the 35S rRNA and the U3 snoRNP.
After rRNA modification and an early pre-rRNA cleavage, pre-40S (green) and pre-60S particles (blue)
are processed independently. For both pathways distinct intermediates are indicated, which are
designated early (E), middle (M), and late (L) according to their appearance on the proposed
maturation pathway. Several factors involved in ribosomal processing that have been identified by
tandem-affinity purification of distinct precursor molecules are listed. Red, members of the
DEADIDEAH box families of putative RNA helicases; green, putative GTPases; purple, putative Sadenosyl-methionine dependent methyltransferases; light blue, processing enzymes that have not yet
been identified in purified complexes but are known to function in pre-rRNA processing; underlined,
components required for subunit export.

Comparison of RNA and protein content of well-defined pre-ribosomal complexes allows
placing these in a tentative pre-60S assembly pathway [206]. Some trans-acting factors such
as Noglp remain associated with all pre-60S processing complexes. Others, like Ssflp, are
associated with only a single, well-defined complex. Fatica and Tollervey distinguished
between four main pre-60S particles [144]. The pre-60S El assembles soon after synthesis of
the 27SA2 pre-rRNA. The related pre-60S Ez complex contains the 27SB and remains
associated during cleavage at site C2. Within the pre-60S M complex 5' -end trimming of the
25S rRNA is predicted. The final pre-60S L complex contains only three non-ribosomal
proteins.
Tschochner and Hurt defined distinct pre-60S particles according to their cellular
localization:

nucleolar

particles

(typical

markers

are

Nsa3p

and

Nop7p),

nucleolar/nucleoplasmic particles (Nuglp), nUcleoplasmic particles (Rixlp and Sdalp),
nucleoplasmic/cytoplasmic particles (Arxlp) and cytoplasmic particles (Kre35p) [142].
Although most proteins involved in ribosomal biogenesis could be mapped in the
tentative assembly pathway, the role of most of them remains poorly understood.

1.24 ATPases and GTPases involved in ribosomal maturation
Synthesis of ribosomes is a highly complex process, involving more than 180 accessory
proteins (Figure 1.16). Many steps in the maturation pathway of ribosomes require structural
rearrangement and thus need energetic input. Not surprisingly, many proteins hydrolyzing
either ATP or GTP are involved in ribosomal biogenesis.
The largest class of NTP hydrolyzing enzymes involved in this process consists of ATPdependent RNA helicases of the DEAD-box and related families. According to Kressler and
coworkers [135], they are required for three main functions. Firstly, RNA unwinding activity
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allows establishing and/or dissociation of snoRNA - pre-rRNA pairing, which mostly are
mutually exclusive with the final rRNA fold. Secondly, RNA helicases might support
nuclease activity by rendering their substrates accessible. Thirdly, RNA helicases could be
involved in recruiting and releasing trans-acting factors by rearranging specific
intramolecular rRNA or intermolecular rRNA-protein interactions.
AAA ATPases (ATPases ~ssociated with various cellular ~ctivities) display another
group of ATP-consuming proteins needed for ribosome synthesis. These proteins build
hexameric ring-like structures that change their conformation upon ATP hydrolysis. They
participate in protein folding or unfolding, protein complex dissociation, or act as molecular
motors [214]. Rix7p is such an AAA ATPase that was found to structurally rearrange late pre60S particles and provides export competence to these particles [215].
Besides ATP hydrolyzing proteins, GTPases have been implicated in ribosomal
biogenesis. This is not unexpected, since GTPases often act as molecular switches and control
a wide variety of cellular processes. GTPases might work in regulation and quality control of
ribosomal maturation. In such a process, the (pre-) ribosomes themselves could act as GAP
once they have reached a certain conformation. According to this idea, the role of Bms1p in
early maturation steps has been elucidated biophysically [46, 47]. The results of these studies
suggest that the potential rRNA endonuclease Rcllp [216] activates Bmslp by promoting
GDP/GTP exchange. Furthermore, binding of Rcllp to Bmslp increases affinity of the
Bmslp-GTP complex for U3 snoRNA, and hence leads to recruitment of the Bmslp-GTPRcll p complex to the 90S pre-ribosomal particle. Hydrolysis of GTP then leads to decreased
affinity of BmsIp to both Rcllp and U3 snoRNA. The authors therefore speculated that GTP
hydrolysis leads to release of Rcllp from the Bmslp complex onto the 90S pre-ribosomal
particle and facilitated dissociation of BmsIp from U3 snoRNA.

1.25 Nuclear export of ribosomal subunits
Nuclear export of both ribosomal subunits is dependent on the small GTPase Ran.
Moreover, the export receptor Xpolp/Crmlp was shown to be required for export of both
ribosomal subunits [217-221]. Xpolp/Crmlp is an export receptor of the importin I)-like
family and binds the nuclear export signal (NES) of cargo molecules in the presence of RanGTP [222]. After translocation through the nuclear pore complex (NPC), the intrinsic GTPase
activity of Ran is activated by the Ran-binding proteins RanBPl and RanBP2 and the RanGTPase activating protein RanGAP. Due to GTP hydrolysis, the affinity ofXpolp/Crmlp for
Ran is drastically reduced, and thus the cargo protein is released (reviewed in [223-228]).
For nuclear export of the large ribosomal subunit, an adaptor molecule, Nmd3p, was
identified to mediate Xpolp/Crmlp binding. Nmd3p is a shuttling protein that binds to pre- 38-

1 INTRODUCTION
60S particle and provides its C-terminal NES-sequence in trans. The role of Nmd3p in
nuclear export of 60S subunits was demonstrated in yeast using RpI25-GFP proteins as
reporter constructs for (pre-) 60S localization [220]. Expression of an Nmd3p mutant lacking
the C-terminal NES resulted in nuclear retention of the 60S subunit [229, 230]. Comparable
experiments in Xenopus laevis and HeLa cells yielded similar results [231, 232], indicating
that this mechanism is conserved from yeast to human.
Nuclear export ofpre-40S particles is much less understood. Although export of the small
ribosomal subunit was demonstrated to be dependent on Xpolp/Crmlp and Ran-GTP, no
analogous adapter protein to Nmd3p has been identified for pre-40S subunit export. It was
speculated, that unlike export of the large ribosomal subunit, pre-40S particle export might
involve multiple adapter proteins whose export function are partially redundant [233].
Recently, Ltvlp was proposed to be such an adapter molecule that provides a functional NES
in trans and thus export competency to the pre-40S particle [233].
Cells invest much energy in the synthesis of new ribosomes and strongly depend on their
functional integrity in protein synthesis. Therefore, it seems likely that newly made ribosomes
undergo some quality control. Nuclear export of the ribosomal subunits could display such a
mechanism, where essential export factors like Nmd3p only bind to correctly assembled
subunits and thereby prevent export of pre-mature subunits. Accordingly, Nmd3p is one of
the last proteins to bind to the 60S subunit in the nucleus [217]. Additional proteins such as
GTPases or AAA ATPases could also be involved in this process by rearranging the overall
conformation, or by unmasking the NES of the adaptor molecule upon fulfillment of
structural quality standards. After nuclear export of ribosomal subunits, release and recycling
of several shuttling factors, including the Xpol p/Crmlp adaptor protein Nmd3p, is needed.
Hedges and coworkers proposed that Nmd3p is released from the large subunits by the
GTPase Lsglp upon correct RpllOp loading into 60S [234]. This step is required for 60S
subunits to achieve translation competence and thus, Nmd3p recycling could display a final
proofreading step.

1.26 Ribosomal biogenesis in higher eukaryotes
Understanding ribosome synthesis in higher eukaryotes lags far behind yeast. However,
the majority of ribosomal assembly factors identified in yeast have clear homologs in human,
suggesting a similar assembly and maturation pathway of human ribosomes.
Human rRNA is transcribed as a 14 knt precursor molecule (47S pre-rRNA) [235, 236]
that is rapidly processed to the 45S pre-rRNA, which comprises the first detectable rRNA
species [237]. In contrast to yeast, where pre-rRNA processing is initiated by Rntl p cleavage
3' of the mature 28S rRNA, mammalian processing starts with a rapid cleavage in the 5'-ETS
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sequence. This first cleavage occurs at either of two distinct sites (+415 and +419 in human;
+650 and +656 in mouse) [238, 239] and is activated by a cleavage signal, residing
immediately 3' of the processing site, within a 200-nucleotide sequence that is conserved
between rodents and human [235, 239] (Figure 1.17). However, most small portions of the
conserved 200 nucleotides can be altered without significant processing inhibition. Only a
short segment between +655 and +666 is critical for pre-rRNA cleavage in mouse. Two
additional eis-acting elements within the 200-nucleotide sequence (+740 to +758 and +801 to
+819) markedly increase processing efficiency [238].
Like for Ao to A2 processing in yeast, the D3 snoRNP is involved in primary pre-rRNA
cleavage in mammalian cells [240, 241]. After 3'-end maturation ofthe 28S rRNA, pre-rRNA
processing can follow two alternative pathways [242], creating first a mature 5'-end of the
18S rRNA, followed by the separation of rRNA precursors of the two ribosomal subunits by
cleavage in the ITS I-region and vice versa (Figure 1.17).

Figure 1.17: Pre-rRNA processing in Hela cells (taken from [245]).

Mammalian rRNA maturation pathways are schematically illustrated. In contrast to yeast, mammalian
pre-rRNA processing starts with a rapid cleavage in the 5'-ETS of the primary transcript followed by 3'
processing, leading to the first detectable intermediate, the 45S pre-rRNA. Similar to yeast, two
alternative rRNA maturation pathways allow further processing of the 45S pre-rRNA intermediate,
resulting in the mature 18S, 5.8S and 28S rRNAs. Recently (and not represented in this schematics), a
novel pre-rRNA intermediate was detected. The 18S-E pre-rRNA is the last intermediate in the
maturation pathway of 18S rRNA and the final processing of 18S-E pre-rRNA occurs in the cytoplasm,
similar to the 20S to 18S processing in yeast.
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5'-end maturation of 18S rRNA occurs by an initial endonucleolytic cleavage near the
ETS-18S boundary, creating 2'-3'-cyclic phosphate and 5'-hydroxy termini [243]. The
resulting 5'-hydroxy end of the cleaved pre-rRNA product is required for further pre-rRNA
trimming by a so-far unidentified exonuclease [244]. Additionally, the trimming complex
needs the first 50 nucleotides of the 18S rRNA for substrate recognition. Several point
mutations totally abolish trimming to the mature 5'-end. Further maturation of the 18S, 5.8S
and 28S rRNA occurs in the nucleus before the pre-ribosomal particles are exported to the
cytoplasm.
Only recently, Rouquette and coworkers discovered that the 18S rRNA of the exported
pre-40S particle is not completely matured as long assumed, but still contains a short 3'extension [245]. The newly discovered extended 18S pre-rRNA (18S-E) implicates that last
processing steps of the 18S rRNA occurs in the cytoplasm, comparable to the yeast 20S to
18S processing. In this process hRi02 seems to play an important role [245].
5.8S and 28S maturation might involve Nop52, the putative human homologue of the
yeast ribosomal RNA processing protein Rrp 1p, which is involved in pre-rRNA processing of
27S to 25S and 5.8S [246]. Additionally, the human protein hPop1 and the RNase MRP most
probably contribute to the processing of the two rRNAs 5.8S and 28S [194]. Also B23 was
suggested to provide endoribonuclease activity [247]. However, like nucleolin, B23 is
discussed in many diverse cellular activities and its main function remains to be elucidated.
In mouse, Bop1, the homologue of Erb1p, was found to be involved in processing of
ITS1, ITS2 and 3'-ETS [248, 249] and deletion of Bop1 abolishes formation of new 60S
ribosomal subunits [248]. Moreover, dominant negative mutants of Bopl provoke a p53dependent cell cycle arrest [250]. More recently, Bop1 was found to interact with Pesl, the
mammalian homolog of Nop7p [251], and WDRI2, aWD40 repeat protein [252]. A
dominant-negative mutant of WDRI2 also blocks rRNA processing and induces a cell cycle
arrest [252]. Interestingly, a homologous complex found in yeast (Nop7p-Erb1p-Ytm1p) is
also involved in ribosomal biogenesis control and S-phase entry. Thus, this complex provides
an interesting link between ribosome synthesis and cell growth.
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RESULTS
hOLA1 belongs to the YchF subfamily of

Obg~like

GTPases

The Obg-family of GTPases displays a universally conserved group of GTP binding
proteins tractable to the last universal common ancestor (LUCA) and has been described to
consist of five well-delimited, ancient subfamilies, namely Obg, Drg, YchF/YyaF, Ygr210
and Nogl [I]. Obg-related proteins are defined by the presence of a conserved sequence motif
within the switch I region, namely a YxF[TC]TxxxxxG segment. Four Obg-related
subfamilies (Obg, Drg, YchF/YyaF, Ygr21O) share an additional glycine-rich motif
(consensus GAxxGxGxGxxx[IL VD in the switch II region.
To identify the so far uncharacterized human ortholog of YchF, we performed a
phylogenetic analysis of proteins with high sequence homology to S.cerevisiae Obg-related
proteins (Obg/YhrI68w, Drgl/Ya1036c, Drg2lYgrl73w, YchF/Ybr025c, Ygr210 and
NogllYp1093w). This analysis revealed that hOLAI (homo sapiens PTD004) constitutes the
human homologue of YchF (Figure 2.IA) and shares the distinguishing feature of the YchF
subfamily, a non-canonical G4 motif, different from the [NT]KxD consensus (Figure 2.IB),
with the highly conserved aspartate mutated to a glutamate and the consensus lysine altered.
These particular alterations of the G4 loop are found in the YchF subfamily throughout all
species (Figure 2.1 B).
Interestingly, phylogenetic analysis of Obg-related proteins revealed a second cluster of
so-far uncharacterized proteins in the Obg branch, constituted by the human protein
GTPBPIO/LOC85865 and homologous proteins, which are only found in higher eukaryotes

but not in fungi or bacteria. Direct sequence alignment with Obg-like GTPases revealed high
sequence homology between the two subpopulations of the Obg branch (Figure 2.2),
including both the G domain and the unique glycine-rich domain of Obg that folds in a sixhelix bundle. Therefore, GTPBPlO-likes, which build this newly discovered cluster of Obglike proteins were named Obg2 proteins, whereas Obg is further referred to as Obg1.
Additionally, a paralog of YchFlYbr025c, Ylf2p, was found in S.cerevisiae but not in
higher eukaryotes or bacteria. Like Ybr025c, Ylf2p is highly homologous to hOLAl
(Ybr025c, 54% identity, 69% similarity; Ylf2p, 40% identity, 61 % similarity), but in contrast
to its paralog, Ylf2p is predicted to be targeted to the mitochondria.
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Figure 2.1 : hOLA1 belongs to the Obg-family of GTPases.
(A) Unrooted phylogenetic tree of the Obg-family of GTPases. Tree topology was generated by
ClustalW and displayed using TreeView. Obg-like proteins assemble into four main branches (Obg,
Nog1, Drg, and 0Ia1IYchF). Interestingly, the so far uncharacterized human protein LOC85865 and its
homologues from Xenopus, Drosophila, and Caenorhabditis, further referred to as Obg2 proteins, form
a novel branch close to the Obg1 branch. Note that Ygr210 homologues are only found in fungi and
archaea and build a distinct subclass within the 0la1IYchF subfamily. In converse, 0la1 homologues
are not present in archaea. (8) Sequence alignment of conserved elements in the G domain of
selected 0la1 subfamily members in comparison with members of the Ygr210 and Obg subfamilies.
Conserved G1 to G5 motifs and the highly conserved glycine-rich domain following G3 are indicated.
Note that the Ola1IYchF SUbfamily displays an unusual non-canonical G4 motif. Residues that are
widely conserved are color-coded in blue for hydrophobic residues (A, M, I, L, V, F, W), cyan for
histidine and tyrosine, pink for acidic residues (D, E), red for basic residues (K, R), green for polar
residues (S, T, N, Q), orange for glycine, yellow for proline. The species name abbreviations are hs,

Homo sapiens; xl, Xenopus laevis; xt, Xenopus tropicalis; dm, Drosophila melanogaster, ce,
Caenorhabditis

elegans;

at,

Arabidopsis

thaliana;

sc,

Saccharomyces

cerevlslae;

sp,

Schizosaccharomyces pombe; ec, Escherichia coli; bs, Bacillus subtilis; hi, HaemophJJus influenzae;
ss, Sulfolobus solfataricus; af, Archaeoglobus fulgidus.
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Furthermore, the putative subfamily of Ygr21O-like proteins assembled closely to the
YchF subfamily, here called 01al/YchF-subfamily. While proteins of the OlallYchF
subfamily are only found in eukaryotes and bacteria, Ygr21O-like proteins are limited to
archaea and fungi, and it seems likely that the Ygr21 0 subfamily of Obg-related GTPases
displays the archaeal branch of the OlallYchF subfamily (Figure 2.IB). Direct alignment
confirmed high sequence homology between these two putative subfamilies of Obg-related
GTPases and includes a long sequence insertion between the 134 and j35-strand of the classical
G domain that builds the peripheral coiled-coil domain in YchF (Figure 2.3). Interestingly, the
two subfamilies display high sequence homology within the first long a-helix of the YchF
coiled-coil domain, while primary sequence homology of the other two a-helixes of the
coiled-coil domain is much lower in Ygr21O-like proteins. Also, the putative Ygr210
subfamily does not contain the OlallYchF specific alteration of the G4 motif and lacks the
conserved phenylalanine (F 127 in hOLAI, F l07 in YchF) that was proposed to be involved in
nueleotide binding via hydrophobic stacking [86]. Nevertheless, sequence homology of
archaeal homologs of Ygr21 0 to OlallYchF-like proteins is comparable to the resemblance of
archaeal and eukaryotic proteins of the Drg or Nog I subfamilies (Figure 2.1 A). Therefore, the
putative Ygr21 0 subfamily of Obg-related GTPases could indeed display the archaeal branch
of the Olal subfamily. Unlike Obg and Nogl, Olal would thus be represented in all kingdoms
of life as a universally conserved nucleotide binding protein.

hsObg1
xlObg1
ceObg1
atObg1
scObg1
spObg1
ecObg1
bsObg1
hsObg2
xlObg2
dmObg2
caObg2

10
20
30
40
50
60
70
11·406 ' ' ' ' ' ' , . , . : .. " . , ,MApARCFSARLRTI>FQGVC; .• HWALSTWAGLKPSRLLpORASpRLLSV(iRAOLA
11·406 '"''''''''''
" "" MMLAAQF L SR LRVLAEE LRRCOT A LSQHT L L LN STLGPAAEPKR L LSTGGHORA
11·358
"
"
'
'" .. MRISLQKCS- - -. - .•• - .....•...... " .. -'. -KT ACS>{'L S
/1·445
"
MRDRFTL YARGGEGGS@CSSVRRSRADRYGKPDG~NGGRGGDVI LECTHAVWDFSGl;0!"
1 1.499 MS I AWSSVF KRE LRlERF LPRVYSTKVPDNAPRAADNEQWLETLRP I THPEQKKSDHDVS YTRH I NV~LG
11·419 - - - - - - - - - - - - -. - - - - . " " - - . • • • • • . . ""."".""""""" . . . - ••. - - .. - - - -MLSLRTSISR
11·386
11.428

1 1·387
1 1·383
11·383
1 1·390

• - • , , •••••• , •• , , , •• , , • , , , • , , • , •••• , - , • ' •••• - - , • - - • - - - - ••••. , • , , , , , , • - •
- - - . - , - - • - - . - , - "" -." .""
' - , - - , , , - - - - , - - , - - , , , , .
""
""
"
"""
"." .. - . - .. - - . - - "
, , . , , .. , , " .. ' . Mv H
. - ' - - - - • ' , - - - • - - - - , - - - - - - - - - - ••• , , • , , •., .. , ... , , .. " . • • . " ' , - , - - - - - - - - - - - MvVV
... " - - - , . ' .. - " - - - - - , - - - - - - - - - - , , . , - " ,
, " " ., . ,
" - " - , , - - - , , - . - , - - "Mva

- - . , . -

- - .. - . . . . - - - - ...... " .. , . . . , " ,

80

hsObg1
<IObg1
caObg1
atObg1
scObg1
spObg1
ecObg1
bsObg1
hsObg2
xlObg2
dmObg2
ceObg2

90

KHOEgp~KK.' L LSEKKLKRY~

KHRS~AIKKPELSE~KLTRY .

KRPigSPKK·IKSEGEAT-S
HIVSMSVTLFVFSGNMSHEN
EVTSyNY LQRYN KHKH SOjliN
IOPC!iFIRASSYQTEATOF!K
.. ". -"""" .... "" .. " . . MK
CSCVLFRKYG-· .-- ----N
CCRVgLRKYG----- --·N
I FKFl.."LKSSKSTGRAHFRPT
LLREIISOVQKLIKDDLNVL

11)0

, . .. . . . ,
110

, .. - . - . - - - - - - - "MRLT L
120

130

YRI'~r\lL"'lCGINI$A~HS.$'eRKEF$@eDGN~@H~i.fgRVDQ

140

:
RIMR yv A~A(iIN
slj:lR KEY(i@f\O
§GH:!IJ;;K ADp .....• ~FRGYRKF!FGG.eD
GGH'
RASR·
YRIYRl:f0AGNGGN
LMugVf!1 STY IHLOEIEIPslvENES,:eK
EDPA·
RIVKCKSGAGGSGAVSFFRmAGRSIGPPDGGSGGAGGS
QAVAjli
RI OGGDGGOGclsl" I K!KFRPYGPPOGGNGGDGGS
AVKPG
UJVAGOGGNGevSFRR.KY I PKGGPD
G;~D~EADEN
YVK~~D~~N~~"'lA
YVPKGGPA
....•.... GGDV;VFEVOEG
FIRG13S~GM~leR
" , " .• - .• -\j~K(i90VWV~~ONRMTL
Y¥K(i@T~~M~geR
-" -" - - - ,(i@Nl3l;)OVCLL~KKI$VTL
A¥RGI$H@§N§¥PKV .. ---- ••. (i(30@G.CVY d?~.KEGl TL
LVNIKAGSGGSGwlR GV-. - -.' - - ·G.GNGGO I YFllAKf>SLAF

"eH

- 47-

STRUCTURAL AND BIOCHEMICAL ANALVSIS OF THE HUMAN OBG-L1KE ATPASE

150

hsObg1
xlObgl
ceObgl
atObgl
scObgl
spObgl
ecObgl
bsObgl
hsObg2
xlObg2
dmObg2
ceObg2

180

'

190

240

230

210

270

260

:::::::::::::::.

310

~80

320

350

~~~.· ~~.·~ ~~ :1.~~.f.F.·•. •.·. ~..•' .•~~~~~~p.p.•.·•.~~~i~::::::::::::::::::: :~.
. .•. •.•.•.i.• .• .·.• . ·•.•.•.•

.• ·. .• .•.•.•.•.•. . . .•. •. . .•. .•. .

.•.•. •.•.•.•.•. : : :

· . .. .•.••. . . •••.
RGGVGGRG· ... OF!I;VSNEVRKf!FKAEY··· - .•.. -. - . -. - - - . -.1$
" . . . . • " .•. " .• ". "
G.GEGffLGNVSATRY,?F<GSKFAKST I ROTNLRSMEDDAEFDDERSS; KA~
QF~L.AGLDLNOPMTK
L~ •.• 'IMHFi~TNl IRN~RFSKl? -. -. - - - - - - - - -- - - - --9
ISGAAEYSLEECDTT.
L@ •.•. VHIiLSENNRSgKFATK·-····-----·----·---9
· . • . . . . . . - ..•..••.. ;-.;-... ..•.• L@ •••. TRFKSSVNRTeROKTN ••• - - . - - - - - - - - - .• - ·-9
- _ . - - - - -. - - _ . - - -~~I~RG@R9@RG. - - ". SRIi~TPANPAPOLSEN- - - - - - -- - - - - - - - -. - --1$
• •• - ••..••. - .• - '!LMAO@@L @!?K l • - - • L TNF¥' • - - • - •• - .• - - - •• - •. - •..••.•••. " . p
- - -. - - - - - - - •. - -.
GGHGIiiI F -. - -KTDI;S' - .• -. -. -. -. - .• ". - • . . . . . . . ,. _ .. _f!
., ..... ,
GGCT .... TTNIiL.. . ...
"'--9
· ... - . . . . . • • • . . .
RSSESSY S •••• K I G~K •.•.. - •• - •• - - .• - - - - - - - - - - - - - - - - . G

G1

G2
420
• -. -: - . EGH
~Pf,Vfivl:K¥- - - - - - -RDY
"Pf'T(!V~~.F¥·--- - --EDF

hsObgl
xlObg'
ceObgl
alObg1
scObgl
spObgl
ecObg1
bsObg1
hsObg2
xIObg2
dmObg2
ceObg2

R~.~~~~.~~I~k···-,··DOF
. FGO

.~

vo· .. :ri:i ... :r ..·" .. MPDDH SS

vpstGv'vR:M··· ---

-ONE

VpIND$~M\(EI- - - - - - -DOG

FKQ IS· - •
LRS i T - - EFSVEOf?S

460
hsObgl
xlObgl
ceObgl
alObg1
scObgl
spObgl
ecObgl
bsObg1
hsObg2
xlObg2
dmObg2
ceObg2

200

•
.

SILGSTAVNLSVSSGSHRKKIQlYRHEMAESWlFKDKAKEYHENKDWFKDLHKKMEAYOHSlEOSELFND
l KK· - - - - - - - - - - " • - - • - - - - - - - - - - • - . . • . • . . . . . . . . . . Go IS FVSEATRHGKE. L. L YYRASSM

290

hsObgl
,IObg1
ceObg1
alObgl.
scObg1
spObg1
ecObgl
bsObgl
hsObg2
xlObg2
dmObg2
ceObg2

170

-EGGRVYAQLSCVGDE-"
-EEGKLlAILSKPGDE······K-ADGNTIFELNNENDM
-SEENSDV·~OETMSESDQIDTEOESLTRQLGMPKEADFEDDD·EEIDOIRYNVAELiCOGOR·-. - _.L(3SLAKII4" KTT~TAED~IA~AAROI3D~MR!"i.RDVLI:Q
VYlKWC LP!'iOK
EI3VEREMRKDNNA HR
SFNN L s~hiJSO IIKASN~TN~KGGNRHl3SCl3KSV liJY
. lit I RE I SAVR
L EVVVOMPGKTKPPK
L.NTL I D'Rf'EKSIiRAER<$IN~AsRDln@KRGKDVTIK
¥I DO~TGET
T KH~OR· ••..••.
LRTLMDi;;R~KKH!"KAIR~IHGMSKNOH~RNADD~V;IK
),lTDDITKOV.TEHGOR.. - . . . .
KOLKDRleRK .RIiYA~V~ANSKI SAPK~SKGKDVVEcl
S¥TD· ENGK IliGEli.NKENDR ... - ,
KN I KDK~:PI.K .R!"I G.GV~VNSSVRAlJKIiiLAGEVCO,¥E
I vl:TN. EHGVK/IGEli.DKEGDE - - - . - . - RKVVOG:PKDK R)/AASSff'DSSKASlFGRRGADORI)E.VQltYD . !QOKL:liA!1i:l;iDEH EAT - - - - - . - TD I KKR·LKNKMK!'RSENS.AATK I MC I GOHAKHOFfD.MG 1 E'l(VDREKNKUfiARC;SKPFHR - ..
~2()

hsObg1
xlObgl
ceObgl
alObgl
scObg'
spObgl
ecObgl
bsObgl
hsObg2
xtObg2
dmo"bg2
ceObg2

160

OVKSLSI·VLSR!QGFSGIDGGSKNCFGRSGAVLY1R
RVKSLS ·YTPL!KGSNGIRGRSDNCFGRNGOSIYIR
SSKDLS ·VHSIVRAONGIFGRSKSCHGKSADHKEVE

1

,

lOlA'
VOI.A
EOIA
S -MT
OV!';"J
FO/t)R

Ksl;v
RSFV

.... y

- 48-

470

480

'0.: .... : ... -~EeV\iT()¥DDBKY

SH ••.. - .. - - • - KE~V\fAQlJE'.li.RY
ST-· - - - . - • - -·GSli.IOQ~KlVIli.RV
ASGLDG·- .-CEGlT~OO~RP~V~
SN· • - ...•. - •.• KN~LNDLQ¥!HlE
R·
KA K IPfIIPQAIiQRhVVD
p' . "
1D9TDeIltENI'!RI.11 S
G'
. L EGRDp~DDI.LIINO
@FOL.S - • SH TOYR Tf%IiETill !2LTK
GFOlS -·A I TI)':CRSf%FETl,10LL I L
GFOLS· ,p.KHpHROq'LAN'¥Vf%:li.NK
QGEQ L KN E LDCf?F RNPliE S!AlitNR

490

2

G4
~oo

hsObg1
xlObg1
ceObg1
atObg1
scObg1
spObg1
ecObg1
bsObg1
hsObg2
xlObg2
dmObg2
ceObg2

~OK~kGD

°

",EEG!iSO
kEK .*KT
~EKN'LIN
~_SQDLAA

~NLR~TE

I!'lKEEBQT

IK~E;~LD

I!'lDI'ISLLE
INQKkAR
570

hsObg1
xlObg1
ceObg1
atObg1
SCObg1
spObg1
ecObg1
bsObg1
hsObg2
xlObg2
dmObg2
ceObg2

G5
510
520
530
540
'!50
, .. 'IAQAN~SQ~RDH12G-- : - - - - - - - - - : .... : . ·OE
•• -VAOETpoR~RIEID" - - _•..•..••.. - - - - -$K
K -SPEEE~HHPSSL~~N' ••• - • -. - - -.L
V
. - -GAEERkKEkKRR~XG- - - - - - - - - - - - . . . ..
AEKSESFAKYLQVIKtlSKS- _ •••.•..... _. - . EVVD
AE -ID L L LIiKAi!jv~R,rKG •••.•..••..... - - - - VA
KVIAEEK~KAtAIA~i~E .•... _ •. - - - - . - - -. -OK
. -IAAENLEAFKaKkTDD - - - - - - - - - _ ••.•.•• ·Yi'!
AOIKFHqMSQLINeKDF - - LH LFEKNM I RERTVEFOH\
AD;K Ll1EkL KOLIiiNRTGN - - LHSLRDELVpERQ I EFKHJ
l1AH~1 FTK'i!KP;kVSDkASS- - LEQCpEELRPKQVLNFDSJ
DENIK-TNfSSDAKS&OSOKWIDMVi'!EEMRIKIPMRFEHI

'\I!EKG;~SA
IOKDLL

5a()

590

600

610

620

560
T§.IN
TSBN
ORICS

LE!e

REKT
Kol~
SGLG
TRl$G
Tt?Ik,;
TlSliS
SSK
R-SGK
630

::: :::::::::::::::~~~~~~~~~~~~r~~00: :: ~ :::: :::::::::::

'~I::: ~

Lvi··· •...•••••• - .•..•.. -GNGEPSERLKLEN I eVD _. - - .• _

- .

~EG.liVRiS/;I1TQLt;Q

_
- -. - - - - - - - .ORLU.,I. - - - - - -_ . • . • . • . . . . . -_
-. - - - - -CWDyMT. - - .. - - . -. - - - - - - - - - - . - F I I ENfWYOAEEAKQ~.E· .. KVEFMINDDYHR
L F EMANOp.i::NTf?EFf?L YDEEE L TONRVMYTMENEEIf?FN I TRDPDGVF \j LSSO SL ER L F KMTD F SR
KNC1;KSBi~- _. - _ •. - - - . . . . . • • . . . . - EOANQENDALHKKOLLNLWI SDTMSSTEPPSKHAV
~EIGe%I'KTII···· _ . . . • . • • • . . . . • • . . ·EOAD¥'QIQELAOERLQSLHK·· - ·ET!?RTVKRNFQ
tT
KSOkI'RTLV"""""""", _ •.. -RLAFKQFLADEDO- - _. - - - _ .• ·VKEKLRQRvGv
I
TNVhILMRH ..•.. - " .... - . . . . . • . . -HLHM,KDVODNPE - - - - - - - ... ·NTKHVKKRFL-

)ilK
HR
lE

~50

hsObg1
xlObg1
ceObg1
atObg1
scObg1
spObg1
ecObg1
bsObg1
hsObg2
xlObg2
dmObg2
ceObg2

RESULTS

~60

670

"QOLEE I AEED ".". ··DEDWDE ·DOEE~ •.•. ·VEF I YKR·DESVKRFARQMRGMGVDEALRERGAKDGD I I RLI.EFEFEF ID
TT SKMD I I - . . . - - - • - . - - . . . . - - - - - - - - - - - . - - - - - T SI'IRH KHH .• - - . - - - ••.. - • - • - - .• - .• - - - " .. " . - " •
VGl!IiK IT· - . - ... - • - - •• - - •• - . - - - " • " " - . - - . - .. - •

Figure 2.2: Sequence alignment of Obg1 and Obg2 proteins
Full-length sequence alignment of Obg1 and Obg2-like proteins from selected species were generated
by ClustalW and displayed with JalView. The GTP binding specific sequence motifs G1 to G5 are
indicated. Residues that are widely conserved are color-coded in blue for hydrophobic residues (A, M,
I, L, V, F, W), cyan for histidine and tyrosine, pink for acidic residues (0, E), red for basic residues (K,
R), green for polar residues (S, T, N, Q), orange for glycine, yellow for proline. Species names are
abbreviated as follows: hs, Homo sapiens; xl, Xenopus laevis; ce, Caenorhabditis elegans; at,

Arabidopsis thaliana;

sc,

Saccharomyces cerevisiae;

Escherichia coli; bs, Bacillus subtilis
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Figure 2.3: The putative Vgr210 subfamily of Obg-related GTPases shows high homology to
the 0la1 subfamily
Protein sequence alignment of 0la1 and Ybr025c-like proteins from selected species were generated
by ClustalW and displayed with JalView. The conserved G1 to G5 sequence motifs are indicated.
Note the high sequence homology of the two putative GTPase subfamilies. Both, 0la1 and Ygr210-like
proteins contain a long sequence insertion between the ~4 and ~5-strand of the classical G domain
(position 160-260), but only 0la1-like proteins show the distinguishing alteration of the G4 motif.
Generally, the two protein-cluster of the 0la1 branch show lower sequence homology in the C-terminal
TGS domain compared to the rest of the protein. Residues that are widely conserved are color-coded
in blue for hydrophobic residues (A, M, I, L, V, F, W), cyan for histidine and tyrosine, pink for acidic
residues (0, E), red for basic residues (K, R), green for polar residues (S, T, N, Q), orange for glycine,
yellow for proline. Species names are abbreviated as follows: hs, Homo sapiens; dm, Drosophila

melanogaster; ce, Caenorhabditis elegans; at, Arabidopsis thaliana; sc, Saccharomyces cerevisiae;
sp, Schizosaccharomyces pombe; ec, Escherichia coli; hi, Haemophilus influenzae; ss, Sulfolobus

sulfaticus; af Archaeoglobus fulgidus.

2.2

zz-hOLA1 recruits both ribosomal subunits from HeLa extract
All Obg-related proteins analyzed to date have been found to bind to pre-ribosomal

particles and/or mature ribosomal subunits and are involved in either ribosomal biogenesis
(Nogl, Obg; [92, 93, 108, 109]) or ribosomal function (Drgl, Drg2; P.Wout and J.R.
Maddock, unpubl. Data in [89]). Interestingly, expression analysis in yeast revealed that
YBR025c (OLA I) gene regulation is closely linked to the regulation of ribosomal proteins or

proteins involved in ribosome synthesis, indicating a functional connection to ribosome
synthesis or function [118-120, 253-255]. A two-hybrid interaction ofYbr025c (further called
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1

Olalp) with S.cerevisiae Rio2p [117], a kinase involved in late 408 maturation steps, further
supports the idea that Olal is functionally linked to the ribosome.
To analyze whether hOLAI can bind to 408 or 60S ribosomal subunits, low-spin HeLa
cell lysate (5500 g supematant according to [256]) was subjected to affinity chromatography
on immobilized zz-hOLAl. Immobilized zz-tag served as control for unspecific protein
binding. While zz-hOLAI recruited many low-molecular weight proteins, no such binding
was observed in the zz-control experiment. SDS-PAGE analysis of recovered proteins
displayed a protein pattern reminiscent of ribosomal proteins (Figure 2.4A). To test whether
zz-hOLAl effectively bound ribosomal subunits, Western blot analysis using anti-RpLlO and
anti-RpS6 antibodies was performed. Surprisingly, both RpLlO and RpS6 were detected,
indicating that zz-hOLAl recruited proteins of both ribosomal subunits from HeLa cell lysate
(Figure 2.4B). To further confirm these findings, gel slices of low molecular weight proteins
were excised and subjected to trypsin digestion and mass-spectrometry analysis. Indeed,
several ribosomal proteins of both subunits were identified by EST-MS/MS (Table 2.1),
indicating that zz-hOLAl did either not discriminate between 40S and 608 subunits or
preferentially bound 80S particles or polysomes in vitro.
A

B

;,....

~~O

GnRPL10

~(lRPS6
1

RpL5
RpLPO

RpL6
RpSA

C

RpL7
RpL19
RpS3a

RpL7a
RpS3
RpS4

D

RpL17
RpS5
RpS9

RpL29
RpS7

E

RpS19

#e

1#0
I#E

Proteins identified
RpL4
RpL3
RpL30

B

2

I#A
I#B

··'1

Gel slice
A

Table 2.1: Identified proteins that were
recruited to zz-hOLA1

2

Figure 2.4: Binding of proteins from
HeLa cell extract to zz-hOLA1.
(A) HeLa low-spin cell lysate was incubated with immobilized zz-hOLA1 (lane 2). Binding to zz-tag
only (lane 1) served as negative control. Bound proteins were eluted, separated by SOS-PAGE, and
detected by Coomassie blue staining. Gel slices indicated by numbers were subjected to massspectrometry analysis after trypsin digestion. (B) zz-tag and zz~hOLA1 bound proteins were subjected
to immunoblotting with antibodies against RpL10 and RpS6. Both proteins were found to be recruited
to immobilized zz-hOLA1 but not to zz-tag.
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hOLA1 directly binds to purified mature ribosomal subunits

To further analyze the interaction of hOLAI with 40S and 60S particles, in vitro
cosedimentation assays were performed using recombinant hOLA 1 protein and purified
ribosomal subunits from HeLa cells. Increasing amounts ofhOLAl were added to 25 pmol of
purified 40S or 60S particles. After 15 minutes incubation on ice to allow complex formation,
all samples were subjected to ultracentrifugation to separate ribosome-associated from
unbound proteins that remained in the supernatant. To exclude that hOLAI precipitated
during this procedure, a control sample without addition of any ribosomal subunit was
included in all cosedimentation experiments.
In the absence of any ribosomal subunit, hOLA I stayed soluble and retrieved in the
supernatant (Figure 2.5A and B, lanes I and 2). In contrast, addition of either purified
ribosomal subunits resulted in cosedimentation of hOLAI (Figure 2.5A and 2.5B, lanes 3 to
12). When 40S and 60S particles were preincubated with high excess of hOLA I (1 Ox) about
equimolar amount of hOLAI was found to cosediment with either subunit (Figure 2.5A and
B, lines 11 and 12). This observation indicates that binding to the ribosomal subunits occurred
at specific interaction sites.
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Figure 2.5: In vitro binding of hOLA1 to 40S and 60S ribosomal subunits

Binding of recombinant hOLA1 to human ribosomal subunits was tested in cosedimentation assays.
25 pmol of purified human 40S (A) and 60S (B) ribosomal subunits were incubated with increasing
amounts of hOLA1. Ribosomal subunits and associated proteins were pelleted by ultracentrifugation.
Total proteins from pellet fraction (ribosome associated proteins) and supernatant (unbound fraction)
were precipitated by TCA and analyzed by SDS-PAGE and Coomassie blue staining. Note that hOLA1
bound in approximately equimolar amounts to both ribosomal subunits (panel A and B, lanes 11 and
12), whereas no hOLA1 was found in the pellet fraction without the addition of any ribosomal subunit
(panel A and B, lanes 1 and 2). S, supernatant fraction; P. pellet fraction.
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Proteins that associate with ribosomes generally discriminate between 40S and 60S
subunits and bind specifically to one of them. The observation of hOLA 1 being associated
with both ribosomal subunits displays therefore an unexpected property. To further examine
the specificity of the hOLAI-binding to the two ribosomal subunits; cosedimentation assays
with 40S and 60S particles were repeated at increasing salt concentrations to reduce
unspecific ionic interactions. Alternatively, cosedimentations assays were performed in the
presence of heparin, a highly charged polysaccharide.
At high salt concentration (850 mM potassium acetate), only a slight decrease of the
amount ofhOLAI relative to recovered 40S particles was observed, while the relative amount
of hOLAI bound to 60S subunits remained unchanged (Figure 2.6A and B). This indicates
that binding of hOLA I to either ribosomal subunit did not result of unspecific ionic
interactions. Similar results were obtained by addition of heparin. The relative amount of
hOLA I recruited to 40S subunits was only slightly decreased in the presence of 800 ng
heparin (Figure 2.7A), while 60S binding was not affected (Figure 2.7B). These findings
suggest a specific association ofhOLAI to both ribosomal subunits.
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Figure 2.6: hOLA1 binds both ribosomal subunits under highly stringent conditions
To minimize unspecific ionic interactions, association of hOLA1 to 40S (A) and 608 (8) was tested at
high salt concentrations (up to 850 mM KOAc). 25 pmol of either ribosomal subunit was incubated with
400 pmol hOLA1 at indicated salt concentrations. Ribosome associated proteins and soluble proteins
were TCA precipitated after separation by ultracentrifugation and analyzed by SOS-PAGE and
Coomassie blue staining. Note that association of hOLA1 to both 408 and 60S was hardly affected by
high salt conditions (panel A and B, lines 13 and 14). S, supernatant fraction; P, pellet fraction.
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Figure 2.7: Heparin does not inhibit binding of hOLA1 to either ribosomal subunit

To reduce unspecific ionic interactions, cosedimentation experiments were performed in the presence
of increasing amounts of the highly charged polysaccharide heparin. Ribosome associated proteins
and soluble proteins were separated by ultracentrifugation and TCA precipitated. Samples were
analyzed by SDS-PAGE and Coomassie blue staining. Note that stoichiometric association of hOLA1
to 60S was not affected by addition of heparin, while the relative amount of hOLA1 bound to 40S was
slightly decreased (panal B and A, lines 13 and 14). S, supernatant fraction; P, pellet fraction.

2.4

hOLA1 associates with 80S ribosomal subunits purified from HeLa
cell extrac
In vitro analysis revealed the ability of hOLA 1 to associate with both ribosomal subunits.

We next wanted to know whether hOLAl was able to bind to 80S ribosomes and tested
binding to purified 80S particles by in vitro cosedimentation assays.
Cosedimentation experiments with 80S particles were performed in the presence and
absence of heparin. Interestingly, hOLAl cosedimented not only with individual ribosomal
subunits but also with assembled 80S particles. Even though some unspecific association of
hOLAI with 80S ribosomes was observed, addition of high amounts of heparin resulted in
stoichiometric complex fonnation.(Figure 2.8).
Taken together, in vitro cosedimentation experiments support the idea that hOLAI might
specifically bind to the ribosome and, like the other OBG-like GTPases, might be involved in
either ribosome synthesis or function.
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Figure 2.8: hOLA1 binds to purified 80S particles
Binding of recombinant hOlA1 to purified 80S ribosomes was analyzed in cosedimentation assays.
25 pmol of purified human 80S ribosomes and 400 pmol of hOlA1 were subjected to utracentrifugation after 15 min incubation on ice. Total protein of the pellet fraction (ribosome associated
proteins) and supernatant (unbound fraction) were precipitated with TCA and analyzed by SOS-PAGE
and Coomassie blue staining. Note that hOlA1 associated with 80S ribosomes stoichiometrically in
the presence of high amount of heparin (lane11 and 12).

2.5

zz-hOLA1 recruits many RNA-binding proteins in pulldown
experiments

Most GTPases are regulated by GTPase activating proteins that enhance the intrinsic
GTPase activity and guanine exchange factors, which catalyze the nucleotide exchange
reaction. Thereby, the GTPase activity and hence the cellular function of the GTPase can be
controlled according to the momentary cellular requirements. To identify potential regulatory
proteins ofhOLAI, in vitro pulldown assays were performed.
Whereas GAPs bind to GTP loaded G proteins, GEF proteins catalyze the nucleotide
exchange reaction by stabilizing the nucleotide-free conformation, and thus show highest
affinity for the GTPase in the absence of nucleotides. Therefore, HeLa cell extract was
subjected to affinity chromatography on immobilized zz-hOLAl in the presence of either
energy mix (GTP and GTP regeneration system) or EDTA in order to recruit potential GAP
and GEF proteins, respectively. All experiments were performed with low salt (soluble
cellular fraction) and high salt extracts (nuclear, strongly chromatin-associated fraction).
Binding to immobilized zz-tag served as negative control. Additionally, cell lysates were
incubated with immobilized zz-hARXl, a protein involved in late 60S maturation steps.
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Figure 2.9: Identification of OLA 1LSE

HSE

interacting proteins
HeLa cell lysate was incubated with zzhOLA1 immobilized on IgG-sepharose.
Binding reactions were supplemented
with either EDTA or E-mix in order to
recruit

GTPase

regulatory

proteins

(GEFs and GAPs, respectively). Binding
to

immobilized

zz-tag

or

zz-hARX1

[\

served as control for unspecific binding.
zz-OLA1

56

zz·ARX1
56

43

43

36

36

Bound proteins were eluted, separated
by

SDS-PAGE,

and

detected

by

Coomassie blue staining. Protein bands
inidicated were excised and subjected to
MS/MS analysis. LSE: low salt extract,
HSE: high salt extract

#

MS/MS
Identification

Cellular Function

#

MSlMS
Identification

Cellular Function

1

EPRS

Aminoacyl. of tRNA

14

NOL1

Ribosome assembly

2

LRP130

RNA binding; Transcription

NF90

Transcription

3

PARP-1

Transcription; DNA repair

hnRNP R

RNA processing

ABCF-1

Translation

DDX3

RNA helicase

4

Nucleolin

Ribosome assembly

DDX18

RNA helicase

5

NRS

Aminoacyl. of tRNA

16

NSAP-1

Splicing, RNA editing

6

/QGAP1

17

DDX5

RNA helicase

7

a-catenin

18

PBK1

Ribosomal structure

8

HSP90

19

Nucleophosmin

Ribosome assembly

9

NONO

Transcription

20

Histone Ht

PRP19

Splicing

PTBP-1

Translation; Splicing

A1

TCOF1

eEF1a

Translation

A2

hnRNP U

RNA processing

10

TOPIJ

DNA replication

A3

Nucleolin

Ribosome assembly

11

MYB BP1

Transcription

SRP72

Protein translocation

12

DDX9

RNA helicase

Nucleolin

Ribosome assembly

13

hnRNP U

RNA processing

Matrin3

Nucleolar matrix

15

A4

rRNA transcription

Table 2.2: List of Identified proteins that were recruited to zz-hOLA (1-20) or zz-hARX1 (A1-A4).
Proteins that are often found in unrelated pulldown experiments and thus might have bound unspecifically
are depicted in italic.
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Several proteins, which were recovered on zz-hOLAI or zz-hARXI were excised and
subjected to mass spectrometry analysis (Figure 2.9). Even though several proteins showed
preferential binding to zz-hOLAI in the presence of either energy-mix or EDTA, none of
them could be identified as candidate protein with regulatory function on the putuative
GTPase hOLAI. The proteins that bound to immobilized zz-hOLAI covered a broad range of
cellular function (Table 2.2). While some of them have been implicated in ribosomal
biogenesis (Nucleolin, NOL I, B23, DDX9, DDXI8), others are involved in translation
(ABC50, PABPI, eEFla), splicing or RNA editing (NMP200, PTBPI, hnRNP R, NSAPI), or
transcription (LRP130, PARPI, NONO, MYB binding protein). Furthermore, two tRNA
syntheteases and two additional RNA helicases (DDX3, DDX5) were identified by mass
spectrometry.

2.6

hOLA1 does not bind a-[p 32]-GTP in vitro

Even though several proteins were recruited to zz-hOLAI specifically in the presence of
either EDTA or energy-mix, no potential regulatory protein could be identified among the
proteins analyzed by mass-spectrometry. However, several G proteins do not require binding
of regulatory proteins to hydrolyze GTP and to release the resulting GDP. To investigate this
possibility, nucleotide binding properties and intrinsic hydrolysis activity of hOLA I were
analyzed in order to test whether hOLAl displays enhanced intrinsic GTPase activity and
increased nucleotide release kinetics compared to the highly regulated Ras-like GTPases.
Binding of radioactively labeled GTP was tested in order to verify the ability of hOLA I
to bind guanine nucleotides. Potentially bound nucleotides were released by incubation with
EDTA. Nucleotide free hOLA I was then supplemented with a_[p 32 ]_GTP and a two-fold
excess of MgCh over EDTA. RAN and KIPl from Hsapiens served as positive and negative
controls, respectively. Unbound nucleotides were separated by Nap5 gel filtration (GE
Healthcare) and nucleotide binding was analyzed by scintillation counting.
«[P32j·GTP binding

Figure 2.10: hOLA1 does not bind a-[p32]_GTP in vitro
hOlA1, hRAN, and hKIP1 were supplemented with 5 mM

25000
:E

~

EDTA in order to release bound nucleotides prior to addition

20000

of 0.05 JlCi a-[p32]_GTP and two-fold excess of MgCI2 over

15000

EDTA. Protein was separated from free nucleotides by gel

10000

filtration and nucleotide binding was analyzed by scintillation

5000

counting. Note that only the positive control hRAN showed
significant GTP binding. In contrast, hOlA1 did not show any
GTP binding. Neither did the negative control hKIP1.
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Surprisingly, hOLAl did not show any nucleotide binding, comparable to the negative
control KIPl, whereas RAN showed strong a_[p32 ]_GTP binding (Figure 2.10). These
findings indicate that hOLA 1 displays either fast nucleotide dissociation kinetics or binds
GTP only with very low affinity, possibly caused by the alteration of the G4 motif, which is
specifically involved in nucleotide recognition.

2.7

hOLA1 preferentially binds ATP rather then GTP

Even though Teplyakov and coworkers claimed that nucleotide specificity was not
affected by the non-canonical G4 NxxE motif found in the OlallYchF subfamily, the GTP
binding experiments performed with hOLAl indicate that hOLAl might display altered
binding specificity. To further examine nucleotide specificity, nucleotide-binding experiments
were performed with mant-labe1ed nucleotides. Mant-nucleotides are nucleotide analogs that
are fluorescently labeled at the 2'/3' hydroxyl group of the ribose. Their fluorescence
properties are environmentally sensitive, with enhanced fluorescence intensity observed in a
hydrophobic environment, for instance when they are bound to a protein. Mant-nucleotides
can therefore be used to determine nucleotide-binding properties, and dissociation constants
can be calculated from protein concentrations needed to approach maximal fluorescence
intensity of a defined mant-nucleotide concentration.
Recombinant, highly purified hOLAl was titrated to either 0.2 J,tM mant-GTP or mantATP. Nucleotide binding was followed by polarization analysis or fluorescence measurement
(Figure 2.11). Interestingly, fluorescence polarization measurements revealed that hOLAl
bound mant-ATP with moderate affinity. In contrast, hardly any mant-GTP binding was
observed at micromolar concentrations of hOLAl (Figure 2.llA). Even binding of nonhydrolysable GTP analogue mant-GMPPNP was not saturable as shown by the linear
dependence of hOLAl concentration, and failed to reach the level of ATP-binding
(Figure 2.11 B). These findings provide direct evidence that hOLA 1 binds adenine nucleotides
rather than guanine nucleotides. Further evidence that ATP is the preferred nucleotide-binding
partner of hOLA 1 stems from the observation that only ATP but not GTP could efficiently
displace mant-ATP from hOLAl, whereas mant-GTP was replaced by both unlabeled ATP
and GTP (Figure 2.11 C). Accordingly, nucleotide affinity of hOLAl for ATP binding was
calculated to be about 20-100x stronger than for GTP binding, with dissociation constants
(Kd ) in the low micromolar range for ATP binding.
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Figure 2.11: hOLA1 binds ATP rather than GTP
Nucleotide binding of hOlA1 was tested with

mant~labeled

nucleotide analogs and was followed by

fluorescence spectrometry. (A) Titration of hOlA1 to mant-GTP and mant-ATP. Fluorescence
polarization was measured at the indicated concentrations of hOlA1 in the presence of 0.2

~M

mant-

ATP (circles, red line) or 0.2 pM mant-GTP (squares, blue line). (B) Fluorescence measurement of
0.2 pM mant-nucleotides at indicated hOlA1 concentration. mant-ATP (red), mant-GMPPNP (dark
blue) and mant-GDP (bright blue). (C) Replacement of hOlA1-bound mant-NTP by unlabeled
nucleotides. 5 pM hOlA1 was preloaded with either mant-ATP or mant-GTP. Replacement of the
bound nucleotide through 400 pM unlabeled ATP or GTP was followed by measurement of
fluorescence polarization.

2.8

hOLA1 binds ATP with low affinity in the pM range
To assess nucleotide binding affinity by a second technique different from fluorescence-

based affinity determination, binding studies were performed by isothermal titration
calorimetry (ITC). In contrast to fluorescence-based experiments, with ITC, the free enthalpy
change AHO and the association constant K a are directly measured and therefore precise [257].
Additionally, no chemical modification of the nucleotide under study is necessary.
A ten-fold excess of either ATP or GTP was slowly titrated to 58 ~M hOLA1, and
enthalpy changes ARo were monitored as a function of time (Figure 2.12). To calculate the
association constant Ka , and thereby the dissociation constant Kd, total enthalpy change was
calculated for each titration point and the obtained data was fitted to a single binding site
equation according to Wiseman and coworkers [258]. These calculations revealed a K d of
7.94 ± 0.05

~M

for ATP binding with a binding stoichiometry n of 1.03 ± 0.01

(Figure 2.12A). The affinity of hOLA 1 for GTP was too low to allow exact determination of
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the dissociation constant, which emerged to be in the order of 100 JlM (Figure 2.l2B). Both,
ATP and GTP binding experiments were performed twice with similar results.
These observations correlate well with the previous findings of the fluorescence-based
experiments, which allowed accurate but indirect determination of binding constants [259,
260] and similar method-dependent differences for affinity determination have also been
observed for other proteins [257].
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Figure 2.12: hOLA1 binds AlP with moderate affinity
Determination of the ATP binding constant by isothermal titration calorimetry (ITC). Binding reaction
was performed at 25°C, with 58 J.lM hOlA1 and 600 pM ATP (A) or 600 pM GTP (B). n, stoichiometry
factor; Ka , association constant [mol-']; ilH, enthalpy change [cal mol-lj; ilS entropy change [cal K-'].
Two independent experiments yielded in similar binding constants. Deviations represent fitting errors
of a single experiment. Note that the binding constant for GTP binding could not be determined due to
too low binding affinity.

2.9

hOLA1 shows low intrinsic ATPase activity, comparable to the
intrinsic GTPase activity of Obg~like GTPases

To test if hOLAl can also function as an ATPase and perform ATP hydrolysis, HPLC
analysis was used to assess the intrinsic ATP hydrolysis rate of hOLAl. Adenosine
nuc1eotides were separated on a hydrophobic C18 column in the presence of tetra-butylammonium bromide and an aqueous solvent, resulting in increased retention time for ATP

- 61 -

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE 1

compared to ADP or AMP (Figure 2. 13A). Hydrolysis assays were performed with 5

~M

hOLA1, incubated with an excess of ATP, and the amount of ADP produced was measured at
different time points (Figure 2. 13B). The hydrolysis rate of hOLAl was calculated to 0.050
+/- 0.002 min- 1, whereas GTP hydrolysis was only slightly over background (Figure 2.13C).
Like nucleotide affinity of hOLAI, intrinsic ATP hydrolysis activity is comparable to the
GTP hydrolysis properties of other Obg-family members [95, 97,261].
These observations confirm our finding that hOLAl indeed is rather an ATPase than a
GTPase. Interestingly, the moderate ATP binding affinity and low intrinsic nucleotide
hydrolysis rate of hOLA 1 is comparable to the GTP affinity and GTP hydrolysis rate of
Obg 1, which was found to bind GTP with an affinity of 1-5 J..LM and displays a intrinsic
hydrolysis rate of 0.03 - 0.04 min- 1 [87, 95, 97]. Thus, hOLAl might constitute a novel group
of ATPases, which displays high sequence homology to and similar biophysical properties as
the Obg-family ofGTPases.
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Figure 2.13: hOLA1 displays low Intrinsic ATP hydrolysis activity
Intrinsic ATPase activity was determined by HPlC analysis. (A) Separation of AMP, ADP, and ATP
nucleotides as standards by reverse phase HPlC. AMP, ADP and ATP were separated on a
hydrophobic C-18 column in the presence of tetra-butyl-ammonium bromide and were quantified by
absorbance at 260 nm. (B) 5 pM hOlA1 were incubated with 100 pM ATP at 25°C for different time
periods (0 (orange), 15,30, 45, 60, and 75 min (green)) and ADP production was quantified by optical
measurement as in (A). (C) Quantification of ATP and GTP hydrolysis of hOLA1 as described in (A)
and (B). ADP production is proportional to incubation time of hOLA1 with ATP. hOlA1 shows low
intrinsic ATPase activity but no significant GTPase activity.
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2.10 Nucleotide binding alteration is not primarily caused by the noncanonical G4 motif of hOLA1
The non-canonical NLSE G4 motif is a distinguishing feature of the OlalNchF
subfamily of Obg-like NTPases. Even though the mutation of the consensus aspartate to
glutamate conserved the negative charge that is needed for specific nucleotide recognition, no
such alteration is known in the superfamily of GTP-binding proteins because the aspartate is
essential for selective binding of the guanine base, which builds two specific hydrogen bonds
to the aspartate. We therefore speculated that the additional CH2-grOUp of the glutamate might
have led to the changed nucleotide specificity due to an alternative hydrogen bond formation
of the glutamate residue with the exocyclic amino group of the adenine base.
To examine whether altered nucleotide properties of hOLAl are caused by the noncanonical N230LSE G4 motif, site-directed mutagenesis was performed and the non-canonical
G4 motif was reverted to N230LSD and the canonical N230KSD. Nucleotide specificity of
hOLAI-NLSD and hOLAI-NKSD was tested by mant-nucleotide binding experiments.
Curiously, neither G4 reversion to NLSD nor to the consensus NKxD restored guanine
specificity, and both mutants retained ATP-binding specificity (Figure 2.14), suggesting that
the overall fold of the nucleotide-binding pocket in hOLA 1 might define nucleotide
specificity (see 2.13 Overall hOLA 1 fold and nucleotide binding site).
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Figure 2.14: Altered G4 signature of hOLA1 is not the primary cause for ATP specificity
Determination of nucleotide specificity of hOLA1·N230 LxD (A) and hOLA1·N23°KxD (B). Binding of
0.1 pM mant-ATP or 0.1 pM mant-GTP was analyzed by fluorescent spectrometry at 448 nm. Note

that mutation of the hOLA1 NLSE G4 motif to N230LxD (A) or N23°KxD (B) did not restore GTP
specificity.
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2.11 Structural determination of hOLA1
To understand how hOLA 1 adopted ATP binding on a structural basis, we determined the
crystal strueture of hOLAl complexed with AMPPCP, a non-hydrolysable ATP-analogue.
hOLAI was recombinantly expressed in E.coli as described in Material and Methods and
subsequently purified by Nickel-agarose affinity purification followed by cation exchange
chromatography and gel filtration. Purified C-His6 -tagged hOLAl was 99.9% pure and 95%
nucleotide free, as determined by SDS-PAGE and HPLC analysis, respectively (data not
shown). For initial crystallization screens, the protein was concentrated to a final
concentration of 10 mg/ml and subjected to several commercially available crystallization
screens. 2,.d of the protein were mixed with 0.44

~l

cofactor (final concentration of I mM)

and 2 III mother liquor. After one day, hOLAI crystals have formed at various bufIerlPEG
conditions (Figure 2.15). Further optimization resulted in diamond-shaped crystals of
approximately 0.3 x 0.2 x 0.2 mm in size that have formed at 12% PEG 3350, 50 mM Tris
HCI pH 8.0, 10 mM MgCh (Figure 2.16A). These crystals diffracted up to 2.7 A
(Figure 2.16B) but unfortunately could not be effectively protected from cracking upon
freezing, resulting in a double spot pattern that could not be indexed by XDS nor by applying
the spot-picking procedure of mosflm (done by Tobias Marquardt). Crystal mounting in
capillaries and measuring at room temperature confirmed that the double spot problem
resulted from crystal freezing. However, room temperature measurement resolution was
insufficient to proceed with data collection.
A

c

B

Figure 2.15: Gallery of hOLA-crystals
Initial hits of hOLA 1 crystallization attempts in spare matrix screens, hOLA 1 crystallized at several
buffer/PEG conditions. Crystals were obtained after one day of growth at room temperature, (A) 20%
PEG 8000, 100 mM Hepes pH 7.5 (8) 12% PEG 3350, 100 mM Tris pH 8.5 (C) 20% PEG 3350,
100 mM Hepes pH 7.5.

In parallel to the crystallization optImIzation, Tobias Marquardt constructed several
additional hOLA I constructs with N- or C-terminal cleavable His6 -tags. Interestingly, limited
proteolysis ofhOLAI with trypsin, chymotrypsin and subtilisin revealed high flexibility ofNand C-terminal residues at exposed positions (done by Tobias Marquradt, data not shown).
Indeed, the final hOLAI X-ray structure was solved with trypsin-treated hOLAI of the nontruncated construct. These crystals of trypsin-treated hOLAI grew slower and, although the
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Figure 2.16: Optimized hOLA1 crystal

(A) Best crystallization results were obtained at
12% PEG 3350, 50 mM Tris HCI pH 8.0, 10 mM
MgCI 2 resulting in diamond-shaped crystals. (B)
Optimized hOLA1
exhibited

a

A

but

due

to

diffracted up to 2.7

double

spot

pattern,

insufficient cryo protection.

crystallization condition was the same, possessed a completely different habitus from initial
hOLAI crystals, indicating that the trypsin-treatment and thus truncation of hOLAI had
influenced the crystal packing. Trypsin-treated hOLA 1 crystals showed a skewer-like shape,
which were approximately 0.4 x 0.1 x 0.1 mm in size (Figure 2.17A) and diffracted up to
2.8 A at beamline X06A (SLS Villigen) (Figure 2.17B). Surprisingly, these crystals could not
he reproduced with truncated hOLAI, lacking four N-terminal and ten C-terminal residues.

A

B ,-----....,.,-------,

Figure 2.17: Crystals of trypsin-treated
hOLA 1 and corresponding diffraction pattern

(A) hOLA1 crystals showed a different, skewerlike habitus when proteins were subjected to
limited proteolysis before crystallization and (B)
diffracted up to 2.8

Aat

beam line X06SA at the

SLS in Villigen.

2.12 Molecular replacement
The crystal structure of hOLAI complexed with AMPPCP was determined to 2.8 A
resolution using molecular replacement (done by Tobias Marquardt). S. pombe Olal (PDB
Ini3) and Ras-GTP (PDB 5p21) were used as search models. The protein crystallized in space
group C222 1 (No. 20) with one monomer per asymmetric unit and no obvious formation of
higher oligomeric states in the crystal packing. This is consistent with the observation from
static light scattering that hOLAI is existent as monomer in solution (data not shown). Crystal
packing also revealed large solvent channels, conforming with a calculated solvent content of
65% and the observed fragility and moderate X-ray diffraction ofhOLAI crystals.
From the 396 amino acids of hOLAI, 327 could be built into the electron density map.
Missing are the N-terminal residues 1-15, the switch I and switch 11 region with rcsidues
45-57 and 96-106, respectively, some disordered loop regions with residues 127-138,
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172-179, 196-197, and the C-terminal residues 389-396. The model was completed by
building AMPPCP and 26 water molecules into the electron density map. After refinement,
the crystallographic R-factor was 23% with a free R-factor of 29% (Table 2.3). Analysis of
the Ramachandran plot shows that about 91 % of the residues arei n the most favored regions
and none is in a disallowed region.

Wavelength

0.9764

Resolution (highest shell)

A

50-2.7 (2.8-2.7)

Reflections (observed/unique)

A

126691/17590

Completenessa

99.8% (100.0%)

1/ cl'
bR syma

16.3 (2.8)
0.084 (0.80)
C222 1

Space group
Unit cell parameters
141.3

a, b,c

A,

159.8

A,

55.1

A

1

Monomers per asymmetric unit

3.5

Matthews coefficient
RCI}'St

0.23

Rfre/

0.29

C

A2
0.013 A
70.7

Wilson temperature factor
r.m.s.d. e bond lenght

1.4 0

r.m.s.d. bond angles

2635

Protein atoms
AMPPCP atoms

31

Water molecules

26

Ramachandran plot
favored

92.1%

allowed

7.9%

outliers

0%

--,-,._.._-

,---------------

"Values in brackets are for the high resolution shell

bR sym = LhLi I li(h) - <I(h), I / LhLili(h), where li(h) and <I(h), are the J1:h and mean measurement
of the intensity of reflection h.

=

LFHcalc / L I FpHObs - FpHcalc I, where FHcalc is the calculated heavy atom
dPhasing power
amplitude and FpHobS and FpHcalc are the observed and calculated heavy atom derivative
structure factor amplitudes, respectively
GRCI}'S
L I FpObS - Fpca'c I / l:FpObS , where FpObS and Fpca'c are the observed and calculated

=

structure factor amplitudes, respectively.
d5% test set
eroot mean square deviation from the parameter set for ideal stereochemistry (61).

Table 2.3 Data collection, crystallographic, and refinement statistics
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2.13 Overall hOLA1 fold and nucleotide binding site

Like the bacterial homolog YchF, hOLAl possesses an N-terminal G domain, which is
flanked by an inserted coiled-coil domain that replaces the a3-helix in Ras-like GTPases, and
the C-terminal TGS domain (Figure 2.18). Overall, hOLA I shows only little structural
differences to the homologous proteins from H. influenzae and S. pombe with an Lm.s.d.
value of 2.1 A for all Ca atoms. Among the three individual domains, the TGS domain shows
the fewest structural differences with an Lm.s.d. of value of 1 A between the corresponding
Ca atoms. The G domain and the coiled-coil domain display an Lm.s.d value of 2.3
3.7

A and

A, respectively, to the homologous structures. These differences might display

conformational diffcrences upon AMPPCP binding, as both homologous structures were
solved in the nucleotide free statc (see 3.3 The overall structure oj'hOLAl). Furthermore, an
additional short a-hclix (aSa), following the G4 motif was observed in hOLAI but not in
YchF (Figure 2.21).
The cofactor AMPPCP is bound in-between thc P-Ioop, helix aI, the adjacent helix a9,
23
and the short loop following strand /36, which carries the unique Olal G4 motif N 0LSE
(Figure 2.19A). The triphosphate moiety appears tightly bound through a nctwork of
hydrogen bonds of main and side chain donors to thc phosphate oxygens (Figurc 2.19B). The
conserved interaction of the P-Ioop Lys35 with the /3 and y-phosphatcs is also observed in
hOLAI. Thc TRAFAC class specific threonine (Thr43 in hOLA I) and its interactions with the
y-phosphate and the Walker B motif could not be identified because of poorly defincd
clcctron dcnsity in this region and disordering of the switch I rcgion.

Figure 2.18: Overall structure of hOLA1AMPPCP

The structure of hOLA1 complexed with
AMPPCP was solved to 2.8

A.

hOLA1

possesses an N-terminal G domain (blue)
that is structurally flanked by an inserted
coiled-coil

(orange)

and

the

C-terminal

putative RNA binding domain TGS (green).
The

P-Ioop,

which

wraps

around

AMPPCP molecule, is depicted in red.
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Figure 2.19: The nucleotide binding site of hOLA1 bound to AMPPCP
(A) AMPPCP is bound in between the P-Ioop (mangenta), helices a1, ag, and the G4 motif bearing
loop following strand 136. (8) Close-up stereo view of interactions between AMPPCP and hOlA1. The
adenine base is specifically recognized by two hydrogen bonds

~

one between the exocyclic amino

group and the leu231 backbone carbonyl group and one between N7 and NHs of the Asn 230 residue,

Thc cofactor's triphosphate moiety interacts extensively with thc protein, while its sugar
moiety has no and its adenine base only few direct interactions with hOLAI. The 6-NH2
group ofthe base forms a hydrogen bond with the main chain carbonyl oxygen of Leu231 and
an additional hydrogen bond is built bctween the adenine N7 and the Asn 230 side chain. An
interaction between Glu 233 and the nucleotide as proposed for GTP bound to YchF [86] does
not appear possible for distance reason (see 3.1 Altered nucleotide spec[jicity ofhOLA 1).

. . fil;

Figure 2.20: Comparison of the G4 loop conformation in hOLA1 and Ras (stereo view)
Nucleotide binding sites of hOlA1 and p21 -H-Ras are presented in white and orange, respectively.
Note that the G4 motif of hOlA1 (N 230 LSE) adopts an extended 13 strand conformation, whereas the G4
motif of Ras (N 116 KCD) possesses a zigzag-like conformation. Consistently, Lys 117 of Ras can stack
with the substrate nucleotide and Asp 119 builds two specific hydrogen bonds with the 2-NH 2 and N1 of
the guanine base. In contrast, both Leu 231 and Glu 233 of hOLA1 are oriented such that no interaction
with the nucleotide is possible. Residues of the NKxD motif are indicated. Hydrogen bonds are
depicted by dotted lines.
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In comparison to thc G4 motif of the GTPase Ras (N

I16

RESULTS

KCD), the confonnation of

23

hOLA I 's G4 motif N 0LSE differs dramatically (Figure 2.19). While the G4 motif possesses
an extended p-strand conformation in hOLAI, it shows a zigzag-like conformation in Ras.
Consistently, Lys 117 of Ras can stack with the cofactor and Asp Il9 can interact with the 2-NH 2
group and NI of the bound guanine. In comparison, the individual positions of the hOLAI G4
motif are shifted such that only position I (Asn 230 ) matches with position I of Ras (Asn
whereas position 3 of hOLA I (Ser
The Glu

233

232

)

lI6

),

matches with position 4 of the Ras G4 motif (ASpll\

of hOLAI's G4 motif lies at the beginning of helix a8a and intramolecular

hydrogen bonds of the following helices a8a and a8b force the cntire motif into the extended
conformation, which does not allow hOLAI's G4 motif to adopt a Ras-like confonnation.
Correspondingly, Glu233 is placed too far away to interact with the nucleotide, explaining why
the ATP-specificity of hOLA 1 could not be switched to GTP via mutations of the 04 motif to
NKxD (Figure 2.14).
<,11

I'

I
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KPVRFYHD~11DKEIE7LNKHLFLrSKPMVYL?NLSEKDYIRKKrlKWLlKIKEWVD
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Figure 2.21: Full-length hOLA1 sequence with secondary structure elements as derived from
the structure (done by C.Kambach)
Secondary structure elements were calculated with DSSP and borders adjusted based on visual
inspection of the structure. Note that helix u8a is not present in YchF, while helix u8b corresponds to
helix 0.8 in the Ych F structure. Secondary structure elements of sections disordered in the hOLA1
structure are derived from alignment with homologous structures (PDS 1jal, 1ni3, and 2dby) and
shown lightly shaded or as dashed lines for loops. Sections of sequence that are either absent or
disordered in the hOLA1 crystals are depicted in light gray. Conserved sequence elements G1 - G5 of
the G domain are shown above the sequence (G2lies in a disordered section of the structure).
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2.14 Asn 230 and Phe127 are both essential for ATP binding
Structural detennination ofhOLAI revealed interactions of the adenine base with the side
chain of Asn230 and the Leu23 ! main chain carbonyl group. Furthermore, Teplyakov and
coworkers proposed a role of the conserved Phe l27 in nucleotide binding by hydrophobic
interaction with the base. To validate the importance of these residues, Asn 230 and Phe!27 were
individually mutated to alanine by site-directed mutagenesis, resulting in the two constructs
hOLAI-N 23 0A and hOLAI-F!27A. The effect of these mutations was elucidated by mant-ATP
binding that was followed by fluorescence spectrometry.
Both mutantions strongly affected nucleotide binding (Figure 2.22A). While mutation of
the conserved asparagine to alanine totally abolished nucleotide binding, hOLAl F

l27

A

showed very weak nucleotide binding comparable to GTP binding of wild type protein
127
230
(Figure 2.22A). These findings strongly support the importance of both Asn and Phe in
ATP binding.
A

B
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Figure 2.22: Asn 230 and Phe127 are key residues for nucleotide binding
(A) ATP binding of hOLA1-N 230A and hOLA1-F 127 A was tested by fluorescent spectrometry. Protein
was titrated to 0.2 pM mant-ATP and relative change of total fluorescence was determined at indicated
protein concentrations. In contrast to wild-type hOLA1 (circles, red line), hOLA1_N 23o A (triangles, green
line) and hOLA1-F127 A (squares, blue line) showed strongly reduced ATP binding. (8) Nucleotide
specificity of the combined hOLA1-F 127A and hOLA1-NKxO mutations was analyzed as in (A). While
wild-type hOLA1 bound mant-ATP with moderate affinity (circles, red line), mant-GMPPNP and mantGDP were only bound with very low affinity (squared, dark blue line and rotated squares, light blue
line,

respectively).

In

contrast,

any

nucleotide

binding

was

disrupted

by

the

combined

F127A/L231K/E233D mutation of hOLA1 (mant-ATP: triangles, dark green line; mant-GMPPNP: crosses,
light green line).

- 70-

2 RESULTS

2.15 Phe127 does not avoid formation of a Ras-like G4100p conformation
hOLA 1 displays large differences in the 04 loop conformation compared to Ras-like
OTPases, which show a zigzag-like conformation of the 04 loop. In principle, the unusual 04
conformation of hOLAI could be forced by the conserved Phe 127 , found in Olal/YchF-like
proteins. Phe l27 is situated on top of the bound nucleotide base and

might abolish the

formation of a Ras-Iike 04 loop conformation, resulting in an altered positioning of the
respecitve amino acid residues. We therefore asked, whether mutation of the phenylalanine to
alanine would allow folding of the 04 loop according to the Ras-like 04 conformation, and
thus guanine specificity in an NKxD sequence motif. To test this, we created an hOLA I ~
F 127 A-NKxD construct containing the three point mutations F127 A, L

231

K, and E233 D.

Nucleotide specificity was analyzed by protein titration to either 0.1 !!M mant-AMPPNP or
0.1 !-tM mant-GMPPNP. However, hOLAI-F I27 A-NKxD did not show any nucleotidebinding, neither of mant-AMPPNP nor of mant-GPPNP (Figure 2.22B).
These observations demonstrate that mutation ofPhe l27 to alanine does not restore a Raslike 04 conformation of the mutated hOLA 1 NKxD motif and the overall fold of the
nucleotide-binding pocket in hOLA I must in addition be determined by other parameters.

2.16 H.influenzae YchF and S.cerevisiae Ybr025c display intrinsic
ATPase activity
So far, the human homolog of YchF, hOLA I has been demonstrated to be an ATPase
rather than a GTPase. As the unconventional 04 motif of hOLA I is present in all members of
the Olal/YchF subfamily, it was likely that the homologous proteins also displayed ATP
specificity. To test whether ATPase activity is a general feature ofOlal/YchF-like proteins, in
vitro NTP hydrolysis assays were performed with H.infitenzae YchF, S.cerevisiae Olalp

(Ybr025c), and H.sapiens OLAl. These analyses revealed that indeed Olal/YchF subfamily
members of all kingdoms of life preferentially hydrolyzed ATP and displayed only minor
OTPase activity (Figure 2.23A). In contrast, and as reported before, B.subtilis Obg preferred
GTP as a substrate for nucleotide hydrolysis [95, 97]. But in addition, Obg showed some
background ATP hydrolysis activity.
To further investigate the ability of Obg to hydrolyze ATP, hydrolysis assays were
repeated under competitive conditions. Obg and OlaI-homologs were incubated with ATP
and OTP (I 00 !!M each). Nucleotides were separated by anion-exchange HPLC and eluted on
a linear salt gradient. As seen before, Olal-like proteins preferred ATP as substrate and
showed no significant GTP hydrolysis, while Obg primarily hydrolyzed GTP. However still
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some ATP-hydrolysis activity of Obg was observed, indicating that Obg shows only moderate
nucleotide discrimination (Figure 2.238).
Additionally, the nucleotide binding deficient mutant hOLA I_N 23oA was tested for
nucleotide hydrolysis, and as expected hydrolysis activity was strongly reduced by the N230 A
mutation ofhOLAl.
To exclude that the low ATPase activity of Obg resulted from copurified heat shock
proteins, nueleotide hydrolysis reactions were reexamined using radioactively labeled

ATP/GTP (50 IlM NTP, 0.05 IlCi). Hydrolysis reactions were competed with either 50 IlM
unlabeled ATP or GTP. As expected, y_[p 32 ]_ATP hydrolysis of YchF, yOlalp and hOLAI
was reduced to about 50% by addition of 50 IlM unlabeled ATP, whereas GTP addition
showed a much weaker effect. In contrast, y_[p 32 ]_ATP hydrolysis activity of Obg was
strongly reduced by addition of both, unlabeled ATP and GTP, whereas hydrolysis of y_[p 32 ]_
GTP was only inhibited by addition of unlabeIed GTP (Figure 2.23c). These observations
indicate that, indeed, Obg shows weak nucleotide discrimination and displays some
background ATPase activity.
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Figure 2.23: ATPase activity is a general feature of the Ola1/YchF subfamily of Obg-like
proteins.

(A) ATP and GTP-hydrolysis activity of YchF, S,cerevisiae Ola1p, hOLA1 and B.subtilis Obg was
analyzed by HPLC. Like hOLA1, the two homologues from bacteria and yeast both showed higher
ATPase than GTPase activity. In contrast, Obg favored GTP hydrolysis. (8) Hydrolysis analysis was
performed in the presence of both ATP and GTP (100 J.1M each). Nucleotides were separated by
anion-exchange HPLC in a linear salt gradient. While Obg prefers GTP, OLA1-like proteins clearly
favor ATP as substrate. Note that hOLA1-N 230A abolished any hydrolysis activity. (C) Nucleotide
competition experiments were performed with radioactively y-labeled NTPs in combination with
unlabeled ATP or GTP. ATP hydrolysis of Ola1-like proteins was efficiently competed by ATP but not
by GTP, whereas unspecific ATP hydrolysis of Obg was clearly reduced by addition of any unlabeled
nucleotide.

2

RESULTS

Together, nucleotide hydrolysis analysis ofOlal/YchF-like proteins from bacteria, fungi,
and human clearly demonstrated that ATPase activity is a general feature of the 0 la l/YchFsubfamily. To further analyze the altered nucleotide specificity of the OlalNchF-subfamily,
ATP affinity ofYchF was investigated by isothermal titration calometry. Like hOLAl, YchF
showed moderate ATP affinity with a Kd of 10 JlM (Figure 2.24).
This biochemical analysis uncovered that the OlalNchF subfamily of Obg-related
proteins constitute a group of ATPases within the family of Obg-related GTPases. This
alteration of nucleotide specificity of a single protein subfamily within a highly conserved
GTPase family displays a unique exception in the TRAFAC superfamily of nucleotide
binding proteins. Interestingly, nucleotide binding properties and intrinsic hydrolysis activity
of Olal-like proteins are otherwise comparable to the investigated features of the Obg family,
indicating that the specificity switch observed for the OlallYchF subfamily occurred
relatively late in respective to the evolutionary development of the Obg family.
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Figure 2.24: YchF binds ATP with moderate affinity
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2.17 hOLA1 localizes to the cytoplasm at steady state conditions
In pulldown experiments, zz-hOLAl was found to interact with proteins that localize
either to the nucleus or to the cytoplasm. To further elucidate the cellular localization of
hOLAl, EGFP-hOLAl was transiently expressed in HeLa cells. Full-length expression of
EGFP-hOLAl was confirmed by Western blotting (Figure 2.25A) and cellular localization of
EGFP-hOLA 11 was analyzed by confocal microscopy, which revealed cytoplasmic
localization of EGFP-hOLA1 at steady state conditions (Figure 2.25 B).
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Many proteins that are involved in late ribosomal maturation steps, such as hRI02,
display cytoplasmic localization at steady state condition but accumulate in the nucleus upon
disruption of the CRMI nuclear export pathway. To test whether cytoplasmic localization of
hOLAl is reliant on Crml-dependent nuclear export, the CRMI pathway was blocked by
leptomycin B (LMB). LMB covalently binds to CRMI and thus impairs both substrate and
RanGTP binding. After incubation with LMB (10 ng/ml) for 2 and 6 hours, transiently
transfected HeLa cells were fixed and analyzed by confocal microscopy. EGFP-hNMD3 was
used as positive control for LMB dependent nuclear accumulation. Additionally, the
localization of the EGFP-hARXI, a factor supposed to play a role in late 60S maturation
steps, was analyzed.
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Figure 2.25: Leptomycin B affects the intracellular localization of hOLA1
(A)

Full~length

expression of EGFP-hOLA1 and EGFP-hARX1 was tested by Western blot analysis of

transiently transfected HeLa cells using an anti-GFP antibody. A single band was detected at the
corresponding molecular weight of both fusion proteins. (B) Localization of EG FP-hOLA1, EG FPhARX1, EGFP-hNMD3. Transiently transfected HeLa cells were grown on coverslips. After 40 hours,
cells were transferred into fresh medium with or without LMB (10 ng/ml). After two and six hours LMB
treatment, cells were fixed with PFA and analyzed by confocal microscopy.
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Like EGFP-hNMD3, EGFP-hOLA 1 strongly accumulated in the nucleus after 2 hours
incubation with LMB (Figure 2.25B), indicating that cytoplasmic localization of hOLAI is
dependent on the CRM1 nuclear export pathway. This observation is supported by copurification of the yeast homolog ofhOLAl, OlalplYbr025c, with the nuclear pore complex
in S.cerevisiae (M. Oeffinger, unpublished data).
In contrast to EGFP-hOLAI and EGFP-hNMD3 localization, the cytoplasmic residence
ofhARXl-EGFP is not sensitive to LMB treatment, indicating that hARXl does not shuttle
between the nucleus and the cytoplasm. Therefore, hARXl might be required for late
cytoplasmic steps of 60S maturation such as releasing of trans-acting factors that are bound to
exported pre-mature 60S particles.

2.18 hOLA1 does not directly bind hCRM1
LMB sensitive nuclear exclusion of hOLAl can be explained by different causes. Firstly,
hOLAI might be a shuttling protein that is actively imported into and exported out of the
nucleus. Secondly, hOLAl might be imported into the nucleus and coexported as part of a
bigger protein complex such as pre-ribosomal particles. Thirdly, hOLAI might not be
supposed to enter the nucleus and hCRMI acts as a gatekeeper that keeps hOLAl actively out
of the nucleus. To distinguish between these possibilities, direct binding of recombinant
hOLAI and hCRMl was tested in vitro. Therefore, recombinant heRMl was incubated with
zz-hOLA 1 in the absence and presence of RanQ69L-GTP. Protein complexes were isolated
with IgG-sepharose and eluted with SDS sample buffer. IgG-sepharose beads served as
control for unspecific binding. Additionally, zz-hRl02 was used as positive control for
hCRMl binding.
SDS-PAGE analysis revealed that hCRMl directly binds to zz-hRl02 in a Ran-GTP
dependent manner, indicating that hRI02 indeed is an export substrate ofhCRMl. In contrast,
no binding ofhCRMl to zz-hOLAl was observed, implying that hOLAl is not directly bound
and exported by hCRMl (Figure 2.26). Therefore, nuclear accumulation of EGFP-hOLAl
upon LMB treatment of HeLa cells seems to represent an indirect effect, leaving the
possibility that CRMl-dependent nuclear export of hOLAl is accomplished via a protein
complex that recruits nuclear hOLAl. Interestingly, nuclear export of numerous trans-acting
factors involved in late ribosomal biogenesis steps is mediated by the corresponding preribosomal particle. After nuclear import, these factors bind to pre-ribosomal particles and are
coexported by the CRMl pathway.
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Figure 2.26: hOLA1 cannot directly bind to hCRM1
Recombinant hCRM1 was incubated with zz-hOLA1, zzhRI02, and zz-tag in the absence and presence of RanQ69l-
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GTP. zz-tagged proteins were recovered with IgG-sepharose
and protein complex formation was analyzed by SDS-PAGE
and Coomassie staining. Note that only zz-hRI02 but not zzhOlA1 was able to recruit recombinant hCRM1 in the
presence of RanQ69l-GTP.

2.19 Immunolocalization of endogenous hOLA1
To confirm the cytoplasmic localization of transiently expressed EGFP-hOLA I, two
polyclonal antibodies against recombinant hOLAI were raised in rabbits in order to detect
endogenous hOLAI in HeLa cells. Anti-hOLAl antibodies were purified using immobilized
antigen protein and specificity of purified antibodies was tested by Western blotting of total
HeLa cell extract and E.coli lysate supplemented with recombinant hOLAl. Both polyclonal
antibodies were highly specific (data not shown). To establish anti-hOLAl antibodies in
immunolocalization of endogenous hOLA 1 in HeLa cells, different permeabilization and
fixation methods were tested. Best signal to noise ratios were obtained when cells were fixed
with 0.5% glutaraldehyde/ 2% paraformaldehyde (PFA) and permeabilized with 0.1 % Triton
X-lOO, 0.02% SDS in Ix PBS (data not shown).

2h

4h

18h

Figure 2.27: Immunolocalization of endogenous
• LMB

+LMB

•••
•••

hOLA1
Hela cells were grown on coverslips and treated
with LMB for 2h, 4h, and 18h prior to fixation and
permeabilization with 0.5% glutaraldehyde, 2% PFA
and 0.1 % Triton X-100, 0.02% SDS, respectively.
localization of endogenous hOLA1 was analyzed by
indirect immunofluorescence using a polyclonal anti-

hOlA1 antibody and compared to untreated Hela cells. Note that the nuclear accumulation of
endogenous hOLA1 upon LMB treatment was much weaker then the effect observed with EGFP
fusion protein.
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As expected, immunofluorescence staining of endogenous hOLAl correlated with the
localization ofEGFP-hOLAl at steady state conditions. However, upon LMB treatment, only
weak nuclear accumulation of endogenous hOLA I was observed by immunolocalization
(Figure 2.27). To determine whether the differences in nuclear accumulation between EGFPhOLAI and endogenous hOLAl detected by immunostaining reflected an artificial effect of
the EGFP-tag or was caused by insufficient detection of nuclear hOLAl by anti-hOLAI
antibodies, immunofluorescence staining was performed on HeLa cells that transiently
expressed EGFP-hOLA 1.
While EGFP-hOLAI and anti-hOLAl antibodies colocalized in untreated HeLa cells
(Figure 2.28A), nuclear accumulated EGFP-hOLAI was only weakly detected by the antihOLAl antibody in LMB treated cells (Figure 2.28B). This indicates that detection of nuclear
accumulated hOLAl by anti-hOLAl antibodies is very insufficient and might reflect reduced
accessibility of nuclear hOLAl, possibly caused by incorporation of hOLAl into a larger
protein-complex.
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Figure 2.28: Immunolocalization of EGFP-hOLA1
Hela cells that transiently expressed EGFP-hOlA1 were transferred into fresh medium with (B) and
without (A) 1MB 40 hours post-transfection. After four hours, cells were fixed with 2% PFA, 0.5%
glutaraldehyde (GA) and permeabilized with either 0.1 % Triton X-100, 0.02% SDS (1x Det) or acetone.
localization of EGFP-hOlA1 fusion protein was analyzed by indirect immunofluorescence (red) using
a polyclonal anti-hOlA1 antibody and was compared to the EGFP signal (green) by fluorescence
microscopy. Note the anti-hOlA1

antibody detected nuclear accumulated EGFP-hOlA1 very

insufficiently.
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2.20 hOLA1 does not bind directly to zzhRI02
The yeast homolog of hOLAI, Olalp/Ybr025c, was found to interact with Ri02p, a
kinase required for the 208 to 188 rRNA processing step, in a two-hybrid screen [117]. This
finding suggests a potential role of hOLA I in late 408 maturation steps. Moreover, like
hRI02-EGFP [245], EGFP-hOLAI localizes to the cytoplasm at steady state conditions but
accumulates in the nucleus, when the CRMI export pathway is blocked by LMB. Further
support for a potential role of hOLA I in 408 synthesis comes from in vitro cosedimentation
experiments and in vivo data, which indicate that hOLA I might be recruited to a larger
proteins complex in the nucleus, bound to which hOLAI could be coexported (see 2.18
hOLA1 does not directly bind CRM1).
To investigate whether hOLAI can directly bind to recombinant hRI02, an in vitro
protein binding assay was performed. Recombinant zz-hRI02 (75 pmol) and hOLAI
(200 pmol) were incubated for 45 min on ice to allow complex formation. Binding of
hCRMI/RanQ69L-GTP to zz-hRI02 served as positive control. Protein complexes were
A
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Figure 2.29: hOLA1 does not bind to zz-hRI02

(A) Oirect binding of zz-hRI02 and hOlA1 was analyzed by in vitro binding assays. Recombinant
hOlA1 and hCRMlIRanQ69l were inCUbated with zz-hRI02 for 45 min on ice to allow complex
formation and recovered with IgG-sepharose. Eluted proteins were separated by SOS-PAGE and
analyzed by Commassie blue staining. Only hCRMlIRanQ69l but not hOlA1 was able to build a
stable complex with zz-hRI02. (B) Binding of hOlA1 to the kinase dead mutants hRI02-K123 A and
hRI02-N 233 A was tested in an in vitro binding reaction. Recombinant hOlA1 and CRM1/RanQ69L were
added to zz-tagged hRI02 mutants and recovered with IgG-sepahrose. Complex formation was
analyzed by SOS-PAGE and Coomassie blue staining. (C) In vitro kinase assay with recombinant
hRI02 and hOlA1. Nucleotide free and AMPPNP loaded hOlA1 was incubated with hRI02 and y[P32 ]_ATP for 30 min at room temperature and separated by SOS-PAGE. Protein phosphorylation was
analyzed autoradiography.
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recovered with IgG-sepharose and analyzed by SDS-PAGE and Coomassie blue staining.
Unexpectedly, no stable hOLAI-hRl02 complexe was detected. (Figure 2.29A). However,
interactions of kinases with their substrates are often quite unstable and hOLA 1 might still
represent a substrate for the hRl02 kinase.
To elucidate this possibility, in vitro phosphorylation of nucleotide free and AMPPNP
loaded recombinant hOLAl by hRI02 was tested (perfomed by Ivo Zemp). While no
phosphorylation of hOLAI was observed, autophosphorylation of hRI02 seemed slightly
increased in the presence of both nucleotide free and AMPPNP loaded hOLAI
(Figure 2.29C), indicating that hOLAI is no substrate of hRI02 but might be involved in
hRI02 regulation by a transient interaction with the kinase. Transient interactions of kinases
with substrate or regulatory proteins can often be strengthened by inhibition of the kinase
activity. Therefore, binding of hOLAl to two kinase dead mutants of hRl02 was examined,
in order to further analyze a potential transient interaction. Unlike CRMl/RanQ69L, hOLAl
did not bind to the kinase dead mutants of hRl02 and no evidence for a direct interaction of
hOLAI and hRI02 could be gained (Figure 2.29B).

2.21 RNAi against hOLA1 does not lead to an accumulation of pre~
rRNAs
The finding that hOLA 1 does not directly interact with hRl02 as suggested by the two
hybrid interaction found by Ito and coworkers [117] queries the potential involvement of
hOLAI in ribosomal biogenesis. Nevertheless, in vitro studies revealed that hOLAl can
directly bind to ribosomes and several factors involved in ribosomal biogenesis were bound to
zz-hOLAI in pulldown experiments. To test whether hOLAl is needed for synthesis of either
40S or 60S in vivo, expression of endogenous hOLA I was disrupted in HeLa cells by RNA
interference. The potential role of hOLA 1 in ribosomal biogenesis was then analyzed by
Northern blotting, using radioactively labeled probes for several rRNA intermediates.
Pre-rRNA processing in HeLa cells has been shown to occur through two alternative
pathways [242, 245] (Figure 2.30A), analogous to pre-rRNA maturation in yeast. To reexamine these findings by Northern blot analysis, total RNA was isolated from HeLa cells
and probed with endlabeled DNA oligonucleotides complementary to the ETS 1, 18S, ITS 1,
ITS2, or 28S rRNA sequence. The results obtained were similar to Northern blot analysis
presented by Rouquette and coworkers [245] (Figure 2.30B and C). 18S and 28S probes
mainly detected mature rRNAs due to much higher abundance of these rRNA species. All
expected rRNA precursors were identified with probes complementary to the ETS 1, ITS 1,
and ITS2 sequences. The ETSl-probe detected 45S/45'S pre-rRNA and 30S pre-rRNA,
which arises after cleavage of the 45S pre-rRNA at site 2 near the 3'-end of ITS 1. The
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complementary fragment generated by cleavage at site 2, namely the 32S pre-rRNA, was
identified by the ITS2 probe, along with the 12S pre-rRNA. In contrast, the 41 S pre-rRNA
was hardly detectable with the ITS2 probe, but well detected with the ITS 1 probe. In addition
to the 45S/45'S and the 30S pre-rRNAs that were also recognized by the ETS 1 probe, the
ITS 1 probe detected two more precursor molecules of the 18S rRNA, namely the 21 S prerRNA and the newly discovered l8S-E pre-rRNA [245].
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Figure 2.30: Pre-rRNA processing in HeLa cells
(A) Schematic representation of the two alternative pre-rRNA processing pathways in HeLa cells
corresponding to Hadjiolova et al. [242] (taken from [245]). (B) Northern blot analysis of total RNA from
HeLa cells performed by Rouquette and coworkers [245] compared to (C) Northern analysis with
oligonucleotides complementary to ETS1, 18S, 5'-ITS1, and IT82 sequence. The corresponding
precursor molecules are indicated.
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For in vivo investigations of the cellular function of hOLAl, two different siRNAs
targeting the hOLA1 mRNA were designed. Western blot analysis of total HeLa cell lysate 72
hours post-transfection revealed that both siRNAs downregulated the cellular concentration of
hOLA1 (Figure 2.31). However, siRNA oligo #2 worked more efficiently and was chosen for
further experiments.
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Figure 2.31: Depletion of hOLA1 by RNAi is efficient
HeLa cells were either mock treated or transfected with two different
hOLA1 siRNAs. Cells were harvested 72 hours post-transfection and
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endogenous hOLA1. Western blot analysis of hCRM1 was used as
loading control.

To test whether hOLA1 is required for ribosome synthesis, HeLa cells were transfected
with hOLA 1-siRNA. In addition, two proteins homologous to known trans-acting factors
involved in ribosomal biogenesis in S.cerevisiea, namely hRl02 and hLTV1, and the Randependent nuclear export factors hCRM1 and RanBP16 (hEXP7) were targeted in control
experiments. Cells were harvested 72 hours post-transfection and protein levels of the
targeted proteins were analyzed by Western blotting of respective cell Iysates. With the
exception of hCRM1, all siRNA target proteins were efficiently downregulated
(Figure 2.32A). Effects of protein knockdown on ribosomal synthesis were ana1yzed by
Northern blotting of total RNA isolated from the respective cells. Unexpectedly, only hLTV1
depletion displayed pre-rRNA processing defects, displaying strong accumulation of 21 S prerRNA and increased levels of 418 pre-rRNA (Figure 2.32B). Additionally, the 18S/28S ratio
was strongly reduced in LTV1 siRNA treated cells, mainly caused by increased levels of
mature 28S rRNA. This might reflect increased rRNA synthesis activity as a result of low
levels of mature 18S rRNA. Unlike published by Rouquette and coworkers [245], hRI02
depletion did not result in any significant accumulation of 18S-E. Furthermore, RNA
interference of hOLA 1 and RanBP 16 did not result in any altered pre-rRNA profile
(Figure 2.32B), indicating that hOLA 1 is not essential for pre-rRNA processing events.
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Figure 2.32: hOLA1 depletion does not lead to accumulation of pre-rRNAs

(A) Western blot analysis of siRNA treated cells. HeLa cells were transfected with siRNAs to hOLA1,
hRI02, hLTV1, hCRM1, and RanBP16 (hEXP7). Cells were harvested 72 hours post-transfection and
depletion of the respective proteins was tested by Western blot analysis. With the exception of hCRM1
all targeted proteins were depleted by RNAi treatment. (B) Total RNA of siRNA treated cells was
isolated and analyzed by Northern blotting using end-Iabeled oligonucleotides complementary to
ET81 , IT81, IT82 and the mature 188 and 288 sequences. Note that only hLTV1 depletion resulted in
an accumulation of precursor rRNAs but not hOLA1 depletion.
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2.22 hOLA1~RNAi targeted cells show decreased levels of 60S particles
To analyze the effect hOLAl depletion by RNA interference on ribosomal biogenesis by
a technique different from Northern blotting, levels of the distinct ribosomal particles were
analyzed by sucrose gradient centrifugation. HeLa cells transfected with hLTV l-siRNA or
treated with LMB for 16 hours were used as positive controls. Cells were harvested 72 hours
post-transfraction and supplemented with cycloheximide in order to block dissociation of
translating ribosomes. Depletion of the respective proteins was analyzed by Western blotting
(Figure 2.33A) and equal amounts of total protein from targeted cells were subjected to
density gradient centrifugation.

control siRNA

16h LMB

hLTV1 siRNA

hOLA1 s1RNA#1

hOLA1 siRNAi #2

Figure 2.33: Depletion of hOLA1 leads to decreased 60S levels

(A) Depletion of hLTV1 and hOLA1 was confirmed by Western blotting of the respective HeLa cell
lysate. Cells were harvested 72 hours post-transfection and supplemented with cycloheximide
(200 pg/ml). (B) Levels of distinct ribosomal particles were analyzed of HeLa cells depleted of hLTV1
or hOLA1. For hOLA1 depletion two different siRNA oligonucleotides were used. HeLa cells
transfected with scrambled siRNA oligonucleotides and cells that were treated with LMB (10 ng/ml) for
16 hours served as negative and positive control, respectively. 0.8 mg of each cell extract was
separated by sucrose gradient centrifugation (10 - 45%). Ribosome profile was recorded by UV
absorption (00 260 ) during gradient fractionation. Note that hOLA1 depletion leads to significantly
reduced 60S levels, while level of 60S is strongly increased in hLTV1 targeted cells. LMB treatment of
cells leads to decreased amounts of both, 40S and 60S.
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Cells that were treated with LMB for 16 hours showed a significant decrease of both
ribosomal subunits, whereas cells targeted with hLTV l-siRNA displayed increased levels of
free 60S. This correlates well with the observed decrease in 18S/28S ratio by LTVl depletion
(Figure 2.32B) and supports the proposed role of hLTVl in 40S maturation. In contrast,
hOLAl-siRNA transfection of HeLa cells resulted in reduction of free 60S, indicating that
hOLAl might be essential for efficient 60S synthesis or might play a role in 60S stability
(Figure 2.33B). This finding was confirmed by an independent experiment with different
hOLAl siRNA oligonucleotides, which were included in the experimental setup.
Even though the findings from in vivo investigations are partly contradictory, a role of
hOLAl in 40S synthesis, as assumed from the yeast two hybrid interaction with Ri02p, seems
unlikely, even though it can not be finally excluded. However, analysis of ribosome levels of
hOLAl-depleted cells might indicate a function ofhOLA 1 in 60S synthesis or stability.

2.23 Olal p depletion in S.cerevisiae slightly affects free 60S levels
To confirm the potential role ofhOLAl in 60S synthesis, the effect ofOlalp depletion on
ribosome synthesis was tested in S.cerevisiae. Olalp depleted cells were grown in rich
medium (YPD) und supplemented with cycloheximide prior to harvesting. Levels of
ribosomal subunits, monoribosomes, and polyribosomes were analyzed by sucrose gradient
centrifugation. In addition to the ola1.1 strain, single knockouts of the highly homologous
proteins OIa2p (Ygr2l Oc) and Ylf2p were analyzed on effects in respect to ribosome
synthesis. Moreover, ola1.1ola2.1 and ola1.1ylj2.1 double-knockout strains were included in
polysome profile analysis, in order to exclude any functional redundancy ofOlalp with either
OIa2p or Ylf2p.
As published by Loar and coworkers [262], the Itv 1.,1 strain that was used as positive
control for impaired 40S maturation showed strong accumulation of 60S subunits and
monosomes (Figure 2.34, second panel).
In contrast, polysome profiles of Olal-like protein depletion revealed a slightly reduced
60S to 80S ratio compared to the wild type strain. However, this altered ratio was not stronger
affected in double knockout strains, indicating that the effect observed might not be caused by
reduced synthesis of 60S subunits in the single knockout strains (Figure 2.34). The general
decrease in the polysome profile of the olal.1y{/2.t1 double-knockout strain is unlikely to
display a functional consequence of the depleted proteins but might result from slightly
decreased amount of total protein loaded on the gradient.
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Figure 2.34: Analysis of the ribosome and polysome fractions from yeast cells depleted of
Ola1-lIke proteins
ola1Ii, ygr210Ii, ylf2Ii, Itv1Ii, ola1Ii ygr210Ii, and ola1Ii ylf2Ii strains were analyzed for defects in

ribosome synthesis by sucrose density centrifugation. Cells were harvested at an 00 600 of 0.8 and
equal amounts of cell extract (10 00 260 units) were resolved in 10 - 45% (wiv) sucrose gradients.
Ribosomal profiles were determined by 00 260 measurements during gradient fractionation.

2.24 RNA dependent recruitment of tRNA synthetases to zz-hOLA1
Analysis of the cellular role ofhOLAI could not reveal a defined function of the ATPase
so far. However, several independent experiments link: the function of hOLA I to ribosomes.
This functional link is supported by both, in vitro and in vivo analyses. hOLA I was found to
bind 40S and 60S particles in pulldown-experiments. Cosedimentation experiments revealed
that hOLAI can directly bind to both ribosomal subunits in vitro. Furthermore, depletion of
hOLAI by RNAi in HeLa cells reduced the amount of free 60S subunits even though no
defect in pre-rRNA processing was observed by Northern analysis.
To further elucidate the cellular process(es) involving hOLAI, affinity chromatography
experiments were reexamined after pre-treatment of HeLa cell lysate with RNase A, in order
to minimize indirect protein recruitment to immobilized hOLAI. Immobilized zz-tag on IgGsepahrose served as control for unspecific binding.
Numerous proteins revealed to bind to zz-hOLAI in an RNA-dependent manner and
were not detected when HeLa cell lysate was treated with RNase A (Figure 2.35). In contrast,
recruitment of other proteins to zz-hOLAI was increased upon RNase A treatment of cell
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lysate, probably due to increased binding sites caused by the absence of proteins that bound
indirectly to zz-hOLAl.
Several protein bands were excised and analyzed by mass spectrometry after in-gel
trypsin digestion. Interestingly, various tRNA synthetases (LRS, EPRS, QRS, KRS, RRS, and
DRS) of the multi-tRNA synthetase complex were found to bind RNA-dependent to zzhOLAl (Table 2.4), whereas binding of both ribosomal subunits was not RNase A sensitive.
Additionally, translations initiation and elongation factors were found to accumulate on
immobilized zz-hOLAl when cell lysate was pre-incubated with RNase A (Figure 2.35 and
Table 2.4).
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Table 2.4: Proteins identified
by ESI-MSlMS

Figure 2.35: zz-hOLA1 is associated with tRNA synthetases and ribosomes
Untreated and RNase A treated HeLa low-spin cell lysate was incubated with immobilized zz·hOLA1.
Binding to zz-tag only served as control for unspecific binding. Bound proteins were eluted, separated
by SOS-PAGE, and detected by Coomassie blue staining. Gel slices indicated by numbers were
subjected to mass-spectrometry analysis after trypsin digestion.
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2.25 Anti-hOLA1 antibodies did not work in immune precipitation
Pulldown experiments revealed that hOLA 1 might be associated with different protein
complexes such as ribosomal subunits or the multi-tRNA synthetase complex. However,
interactions found in pulldown experiments might include several proteins that have bound
unspecifically or indirectly to zz-hOLAl. To further elucidate the function of hOLAl, we
wanted to isolate discrete protein complexes containing hOLA 1 by immune precipitation (lP).
Anti-hOLAl antibody was covalently coupled to protein AI protein G beads and
incubated with HeLa low salt extracts (LSE). Coupled anti-hRI02 and anti-hNMD3
antibodies served as positive controls. Unfortunately, and in contrast to anti-hRI02 and antihNMD3, anti-hOLAl antibody was not able to immune precipitate endogenous protein from
HeLa cell lysate (Figure 2.36A). When immune precipitation reactions were repeated under
denaturing conditions, anti-hOLAl antibody could only weakly recruit endogenous hOLAl
from denatured HeLa cell extract, whereas a strong enrichment of hNMD3 was observed in
the control experiment with anti-hNMD3 antibody (Figure 2.36B). This suggests that the
corresponding antibody against hOLAI is not useful for IP experiments. Unfortunately, the
second antibody raised against recombinant hOLA 1 did not work in IP experiments either
(Figure 2.36C) and no specific hOLAl complexes could be isolated by IP.
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Figure 2.36: hOLA1 is not immune precipitated byanti-hOLA1 antibodies
(A) Immune precipitation reaction of native Hela cell lysate. Cell extract from Hela cells was
incubated with immobilized antibodies against hNM03, hRI02, and hOlA1. Additionally, binding to
empty beads was tested to exclude any unspecific binding to Protein A/G. Bound proteins were eluted
with OTT free SOS sample buffer and analyzed by Western blotting. (B) Denaturing immune
precipitation reactions. Hela cell extract was denatured and incubated with Protein AlG beads or
immobilized anti-hOlA, and anti-hNM03 antibodies. Recruited proteins were eluted with SOS sample
buffer and binding of endogenous hOlA1 and hNMD3 was analyzed by Western blotting. Note that
only low amounts of hOlA1 were immune precipitated by anti·hOlA1 antibodies, while hNMD3 was
nicely enriched. (C) Testing of anti-hOlA1 antibody #2. Neither anti-hOlA1 antibody immune
precipitated endogenous hOlA1 and all endogenous protein remained in the supernatant fraction.
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2.26 Synthetic lethal screen
In addition to the physical interaction studies based on in vitro pulldown assays and direct
binding studies, independent genetic experiments were examined to approve the physical
interaction. A synthetic genetic array (SGA) analysis was performed with the yeast homolog
of hOLAl. Therefore, an olalL1 stain was crossed to an array of approximately 4700 nonessential gene-knockouts in order to uncover inviable double-knockouts. Synthetic lethal
relationships may occur for genes acting in a single biochemical pathway or for genes within
two distinct pathways if one process functionally compensates for, or buffers the defects in
the other [263], and thus indicates redundancy or a functional link of the two genes.
To minimize false-positives and to facilitate visual scoring the deletion strains were
arrayed in pairs. Growth of the double-mutants was compared to the corresponding singlegene knockouts and scored as no effect, slight growth defect, strong growth defect, and
synthetic lethal (Figure 2.37).
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lethal

o/a1t1 tof1t1

laal~~'
_

o/a1t1 rp/20at1

strong growth
defect

11ia1~3M
_

o/a1t1 kre35t1

slight growth
defect

1-lald20
_

o/a11!. a/d2t1

no effect

Figure 2.37: Scoring of growth defects in the SGA
01a111 strains were crossed to an array of more than 4500 non-essential gene-knockouts. Growth of

double knockout strains was visually compared to the growth rate of the corresponding single
knockout strains. Growth defects of double knockout strains were scored as synthetic lethal, strong
growth defect, slight growth defect, or no effect as exemplified.

ala1Lt query stain was screen against more than 4500 viable single gene deletion strains.

Among the resulting double-knockouts, more than 100 potential synthetic lethal/sick
interactions were scored. Such a high number of genetic interactions with genes encoding for
proteins involved in many different cellular activities seemed unlikely, and most scored
genetic interactions might be false-positives.
To reduce false-positives interactions, a random spore analysis (RSA) was performed for
every potential genetic interaction. Therefore, sporulation of heterozygous diploids was
induced and spores were seeded on agar plates that specifically selected for doubleknockouts, or the individual single-knockouts. Double-knockouts that showed reduced
viability on plates selecting for double-deletions were scored as synthetic sick (reduced
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growth rate), synthetic lethal (strongly reduced numbers of colonies) or false-positive (no
effect) (Figure 2.38).
Gen~knockout

Function

Phenotype

RPS1A

Ribosomal protein

Synthetic sick

RPL7A

Ribosomal protein

Synthetic sick

RPL34B

Ribosomal protein

Synthetic sick

MRPS16

Mitoch. ribosomal

Synthetic lethal

MRPL3

Mitoch. ribosomal

Synthetic sick

MRPL10

Mitoch. ribosomal

Synthetic lethal

MRPL23

Mitoch. Ribosomal

Synthetic sick

MSU1

Mitoch. rRNA processing

Synthetic lethal

YOR078w

Component of small ribosomal subunit
(SSU) processosome

Synthetic sick

YOR201c

Ribose Methyl transferase in mitoch. 21 S

Synthetic lethal

YPL040w

Mitoch.

YMR097c

Mitoch. GTPase, essential for respiratory
competence, likely to function in large
ribosomal subunit assembly

Synthetic lethal

POR1

Outer mitochondrial
(voltage-dependent
channel)

membrane porin
anion-selective

Synthetic sick

Yor211c

Mitochondrion
inheritance,
complex assembly, GTPase

protein

Synthetic sick

MBF1

Transcriptional coactivator

Synthetic sick

CBF1

Transcription factor

Synthetic sick

RPN4

Transcriptional activator

Synthetic sick

HOS2

Histone deycetylase, component of Set3p
complex

Synthetic lethal

YLR089c

Putative alanine transaminase

Synthetic sick

AMD1

AMP deaminase

Synthetic lethal

PPT2

Phosphopantetheir'lyltransferase

Synthetic sick

YDR049w

uncharacterized protein

Synthetic sick

isoleucyl~tRNA

Synthetic lethal

synthetase

Table 2.5: Potential synthetic interactors from random spore analysis.

Potential genetic interactors are grouped according to their cellular function: ribosomal proteins;
mitochondrial ribosomal proteins; mitochondrial proteins; transcriptional regulation; others.

Random spore analysis strongly reduced the numbers of potential synthetic interactions.
23 genetic interactions were approved by RSA (Table 2.5) and subjected to tetrade analysis
confirmation. From the 23 double-knockouts tested by tetrade analysis, five revealed to be
synthetic lethal (rpsla, mrpllO, mrpsl6, mrp13, and isml). Additionally, two synthetic sick
interactions showed strongly reduced growth (rpI7a, msul), and one synthetic sick interaction
displayed moderately reduced growth rate (rpn4) (Figure 2.39).
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Figure 2.38: Scoring of synthetic interactions in random spore analysis

Random spore analysis was performed for double knockouts that showed reduced fitness in the
synthetic genetic array, Genetic interactions were scored as synthetic lethal, synthetic sick, or no
synthetic interaction according to the presented examples.

Unexpectedly, many synthetic genetic interactions of OLA 1 were found with genes
encoding mitochondrial proteins such as mitochondrial ribosomal proteins, the mitochondrial
isoleucyl-tRNA synthetase and a component of a mitochondrial 3'-5' exonuclease complex
that is essential for mitochondrial ribosomal biogenesis. Besides genetic interactions to
mitochondrial proteins, ribosomal proteins of both subunits and a transcriptional activator of
ubiquitin-dependent proteasome genes were confirmed by tetrade analysis.
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Figure 2.39: Tetrade analysis of synthetic interactors with yOla1
0la111 strains show synthetic lethality with deletion of RPS1a, MRPL 10, MRPS16 MRPL3, and ISM1.

Double deletions with MSU1 and RPL7a, and RPN4 display strongly reduced growth rate (synthetic
sickness),
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Even though these findings support the model that the function of Olal is linked to the
ribosome, no further indication of the cellular process, Olal is involved in, was gained.
Moreover, the genetic interaction of OLAl with mitochondrial proteins discloses additional
cellular activities, hOLA I might be involved in.

2.27 hOLA1 cofractionates with 405 ribosomal subunit and the multitRNA synthetase complex in sucrose gradient centrifugation
The interaction of hOLAI with ribosomes has so far been confirmed physically by in
vitro assays and genetically by the synthetic lethal analysis in S.cerevisiae. To test whether

hOLAI is associated with single ribosomal subunits or translating ribosomes in vivo, low-spin
cell extract from HeLa cells was subjected to 10 - 45% sucrose gradient centrifugation and
fractionation. Proteins of each fraction were TeA precipitated, separated by SDS-PAGE, and
analyzed by Western blotting. Unexpectedly, most endogenous hOLAI was found in the
soluble fraction and only minor amounts cofractionated with the small ribosomal subunit. In
the 60S and polysomal fractions only trace amounts ofhOLAI were detected (Figure 2.40A),
indicating that hOLA 1 might not be directly involved in 60S biogenesis as suggested by the
finding of reduced 60S levels in hOLAI depleted HeLa cells. Furthermore, the absence of
hOLAI in polysome fractions implies that hOLAI is not part of the translational machinery.
However, partial cofractionation of hOLAI with 408 subunits denotes a possible function of
hOLAI in translational initiation. Accordingly, several translational initiation factors were
enriched in pulldown experiments with zz-hOLAI.
To exclude that cofractionation of hOLAl with 40S particles resulted from smearing of
hOLAI during sucrose gradient centrifugation, sucrose gradient centrifugation experiments
were repeated with high-speed cell extract (70'000 x g) that lacks the ribosomal fraction.
Endogenous hOLAl clearly migrated slower in ribosome free extracts and only trace amount
of hOLA 1 was detected in fractions that correspond to 408 migration (Figure 2.40B),
indicating the observed cofractionation of hOLAl and 40S is indeed caused by in vivo
association.
Interestingly, hOLAl was not only detected in the top fractions that contain free proteins
but also in fractions that migrate according to small protein complexes with a sedimentation
coefficient of 10- 30S. This observation indicates that hOLAl is integrated in a protein
complex different from ribosomal subunits and supports findings from pulldown experiments
where several tRNA synthetases, which form the multi-tRNA synthetase complex were
enriched on immobilized zz-hOLA I. Thus the multi-tRNA synthetase complex might display
an alternative interaction partner ofhOLAl.
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Figure 2.40: hOLA1 only partly cosediments with 405 subunits
The sedimentation behavior of endogenous hOlA1 was analyzed on sucrose density gradients. (A)
low spin HeLa extract was fractionated by 10 - 45% sucrose density gradient centrifugation and
ribosomal fractions (40S, 60S, 80. and polysomes) were detected by OD 254 measurements and
Western blot analysis with antibodies against RpS6 (small ribosomal subunit) and RpL10 (large
ribosomal subunit). Sedimentation behavior of endogenous hOlA1 was tested by Western blotting and
hOLA1 revealed to sediment mostly with free protein but was found to be partly associated with 40S.
(8) Sucrose density centrifugation analysis of ribosome free HeLa extract (high spin lysate) revealed
that cofractionation of hOLA1 and ribosomal fractions did not result from smearing of endogenous
hOLA1. Furthermore, hOLA1 does cofractionate with DRS. a component of the multi-tRNA synthetase
complex, which sediments according to particles of 20-308 in size.

To test whether hOLAI and the multi-tRNA synthetase complex do cofractionate,
fractionated high-speed extract was blotted against the aspartate tRNA synthetase (DRS), a
component of the multi-tRNA synthetase complex. Indeed, Western blotting revealed that
hOLAI cofractionated with DRS in ribosome free HeLa cell extract (Figure 2.40B).
Together, sucrose gradient sedimentation assays disclose that endogenous hOLAl is
partly recruited to bigger protein complexes, such as perhapas 40S particles and the multitRNA synthetase complex, while most of the protein remains in the soluble cellular faction.
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2.28 zz-hOLA1 recruits tRNA in in vitro pulldown experiments
RNA-dependent recruitment of the multi-tRNA synthetase complex might indicate that
the interaction of hOLA1 with the multi-tRNA synthetase complex could be mediated by
tRNA. To further elucidate RNA recruitment to zz-hOLA1, low- and high-spin cell lysates
were subjected to zz-hOLA1 affinity chromatography. Bound RNA was phenol extracted and
analyzed by denaturing urea-PAGE, revealing a strong accumulation of tRNA on
immobilized zz-hOLA I, whereas no tRNA binding was observed on immobilized zz-tag
(Figure 2.41). Compared to tRNA, rRNA was recruited in much lower amounts to zz-hOLA.
However, this finding could be caused by much better accessibility of immobilized zz-hOLA 1
to the low-molecular weight tRNA compared to ribosomes. Interestingly, when HeLa cell
lysate was treated with RNase A prior to binding, no tRNA was found to be retained on zzhOLA1, whereas the amount of ribosomal RNA was slightly increased, even though rRNA
was found to be partly degraded (Figure 2.41). These observations correspond well to the
RNase A-dependent differences on protein levels, indicating that tRNA synthetases might be
recruited tRNA-dependent to zz-hOLA1, whereas ribosomal proteins and translation factors
were found to bind to zz-hOLA1 in a tRNA-independent manner.
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Figure 2.41: hOLA1 recruits tRNA from HeLa cell extract

HeLa cell lysate that was either ribosome depleted (high spin) or contained the ribosomal fraction (Iow
spin) was pre-incubated with RNase A and subjected to affinity purification on immobilized zz-hOLA1
or zz-tag (negative control). Retained proteins were eluted with high-salt buffer (50 mM Tris, ph7,6,
1.5M MgCI 2 ) (A), while bound RNAs were phenol extracted and separated by denaturing urea-PAGE
(B). Note that tRNA accumulation on zz-hOLA1 was RNase A sensitive while the binding of ribosomal
RNA to zZ-hOLA1 was increased upon RNase A treatment of HeLa cell extract.
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2.29 tRNA accumulation on immobilized zZ-hOLA1 is nucleotide
independent
To analyze whether nucleotide binding of hOLAI affects protein or RNA binding,
pulldown experiments were reexamined with bait protein that was loaded with either
AMPPNP or ADP prior to addition of HeLa cell lysate. To assure that zz-hOLAI remains
AMPPNP and ADP loaded, HeLa cell lysate was supplemented with AMPPNP and ADP,
respectively, to a final concentration of2 mM. Molecules bound to zz-hOLAI were recovered
with IgG-sepharose and proteins were eluted with high salt buffer (50 mM Tris, pH 7.6, 1.5M
MgCh), whereas RNA was isolated by phenol extraction. SDS-PAGE and urea-PAGE
revealed no obvious nucleotide-dependent recruitment of proteins or RNA to zz-hOLAI
(Figure 2.42).
B
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Figure 2.42: hOLA1 does not display any significant differences in proteinJRNA binding upon
nucleotide binding
hOLA1 was loaded with either AMPPNP or ADP prior to incubation with AMPPNP and ADP
supplemented HeLa cell lysate. Protein/RNA bound to zz-hOLA1 were retained with IgG sepharose
and analyzed by SDS-PAGE (A) or denaturing urea-PAGE and agarose gel electrophoresis (B). Note
that no significant differences can be observed upon AMPPNNP or ADP loading of hOLA1.
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2.30 hOLA1 can directly bind E.colitRNA
Previously, Teplyakov and coworkers suggested YchF to bind double stranded nucleic
acid [86]. Accordingly, my pulldown analysis suggested that hOLAI is an RNA binding
protein and tRNA revealed to be the major nucleic acid binding partner of hOLAl.
Interestingly, vast nucleic acid contaminations were encountered during purification of
recombinandy expressed hOLA 1, which could not be removed from hOLA I by washing with
700 mM NaCl. These contaminations were only eliminated upon washing with 2 M NaCI or
by cation exchange chromatography. When the eluted nucleic acid was analyzed by gel
electrophoresis it appeared to run as a single low molecular band that was RNase but not
DNase sensitive (data not shown). Notably, the cell lysate was pre-treated with RNase,
indicating a strong interface between hOLAI and bound RNA that protected the copurified
RNA form degradation. To further identify the isolated RNA, complementary DNA (cDNA)
was produced by using random hexamer primers (done by Tobias Marquardt). Sequencing of
the subcloned fragments revealed that hOLAI copurified with several E.coli transfer RNAs
(tRNAs) (Table 2.6).
Alanyl-tRNA

Aspartyl-tRNA

Glutamyl-tRNA

Seryl~tRNA

Initiator methionyl-tRNA
Table 2.6: Identified E.colitRNAs, which were copurified with hOLA1

To further test specificity of the tRNA-hOLAI interaction, size exclusion
chromatography experiments were performed. hOLAI was either pre-incubated with yeast
phenylalanyl-tRNA or in vitro transcribed human small nuclear RNA (snRNA) UI. Complex
formation was analyzed by gel filtration on a Superdex 200™ 10/30 column. While the tRNA
peak partly shifted to higher molecular weight in the presence of hOLAl (Figure 2.43A), no
complex formation was observed with UI snRNA (Figure 2.43B). These results indicate that
binding of tRNA to hOLA I is not caused by unspecific interaction with the positively
charged surface of the protein and that hOLA 1 can clearly discriminate between small double
stranded RNAs.
Figure 2.43: hOLA1 binds E.colitRNA but not U1 snRNA (next page)

(A) Analysis of hOlA1-tRNA complex formation by size exclusion chromatography. Recombinant
hOlA1 and commercially available E.coli tRNA were incubated for 15 min on ice prior to gel filtration
analysis. Retention time was followed by OD254 and OD 280 measurements. Note the decreased elution
time of hOlA1 upon addition of E.colitRNA, indicating hOlA1-tRNA complex formation. (8) No effect
on hOLA1 or U1 snRNA mobility was observed when the two molecules were pre-incubated prior to
size exclusion chromatography, indicating that no stable hOlA1-U1 snRNA complexes were formed.
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2.31 tRNA binding of hOLA1 is highly specific
To further characterize hOLAI-tRNA complex formation, direct interaction of tRNA
with hOLAI was tested in an in vitro binding assay. 4 JlM zzhOLAI was incubated with
either 8 JlM E.coli tRNA (Sigma) or 8 JlM in vitro transcribed VI snRNA. Protein-dsRNA
complexes were isolated with IgG-Sepharose and bound RNA was analyzed by denaturing
urea-PAGE after Protease K treatment and phenol extraction. Binding oftRNA to zz-Exp-t in
the presence and absence of RanQ69L-GTP was used as positive and negative control,
respectively.
While zz-Exp-t displayed no binding of tRNA and VI snRNA in the absence of
RanQ69L-GTP, both, tRNA and VI snRNA, were recruited to zz-Exp-t in the presence of
RanQ69L. In contrast, only tRNA and no UI snRNA was isolated with zz-hOLA I
(Figure 2.44A). In agree with the previous size exclusion experiment, these experiments
reveal that hOLA I can specifically bind tRNA, while no association with the control VI
snRNA was observed. However, unexpected binding of VI snRNA to zz-Exp-t indicated that
the binding conditions might have been too lenient. Therefore, tRNA binding of zz-hOLAI
was reexamined at higher salt concentrations, and potassium acetate concentration of the
A

U1 snRNA
S.c. tRNA

B

+ - + - + - + - + - +

+ - +

+ - +

U1 snRNA

tRNA

Figure 2.44: hOLA1 binds tRNA in vitro with high specificity
(A) Transfer RNA binding of hOLA1 was tested in in vitro binding assays. U1 snRNA and tRNA was
incubated with zz-Exp-t in the presence and absence or RanQ69L-GTP or zz-hOLA1. Protein-RNA
complexes were recovered with IgG sepharose. Binding to empty beads served as control for
unspecific binding. Isolated RNA was phenol extracted, separated by denaturing urea-PAGE and
stained with SYBR GOLD®. Note that Exp-t bound both tRNA and U1 snRNA RanQ69L-GTP
dependent, while hOLA1 only recruited tRNA. (B) To minimize unspecific ionic interactions, tRNA
binding to zz-hOLA1 was reexamined at increasing salt concentrations. Note that even 500 mM
potassium acetate did not inhibit tRNA-hOLA1 association.
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binding buffer was increased up to 500 mM. Even at these very stringent conditions no
reduction of tRNA binding was observed, implying a large binding interface of the hOLA 1tRNA complex (Figure 2.44B).
Preparative hOLA1-tRNA complex formation for crystallization screening revealed that a
subpopulation of the commercial PhetRNA did not bind to recombinant hOLAl (data not
shown). The different binding property of a tRNA subpopulation might be caused by
aminoacylation/deacylation. To examine whether tRNA binding to hOLA 1 is dependent on
aminoacylation, commercially available E.coli tRNA was deacylated by basic treatment and
binding to zz-hOLAl was tested with untreated (acylated) and treated (deacylated) tRNA in
vitro. Binding to zz-Exp-t and empty IgG-sepharose beads served as positive and negative

control, respectively.
While tRNA aminoacylation is not essential for RanQ69L-GTP dependent binding to zzExp-t, zz-hOLAl showed much weaker binding of deacylated tRNA compared to untreated
tRNA (Figure 2.45A). To further investigate discrimination of the two tRNA populations, in
vitro binding was reexamined at increased saIt concentrations (100 mM to 500 mM potassium

acetate). However, only slight discrimination of acylated tRNA binding could be observed at
more stringent conditions (lane 9 and 10, 11 and 12 (Figure 2.45B).
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Figure 2.45: In vitro binding of charged and uncharged E.colitRNA
(A) Charged (aa) and uncharged (da) tRNA was subjected to binding to immobilized zz-hOLA1 or to
zz-Exp-t in the presence and absence or RanQ69L-GTP. Binding reactions were periormed at
150 mM KOAc. Recovered tRNA was phenol extracted and analyzed by denaturing urea-PAGE and
SYBR-GOLD® staining. (B) Binding of charged and uncharged tRNA was analyzed under increasing
salt conditions. tRNA binding was periormed and analyzed as in (A). Note that aminoacylated tRNA
was slightly stronger bound to zz-hOLA1 than deacylated tRNA.
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2.32 ATP hydrolysis rate of hOLA1 is strongly increased in the presence
of aminoaclyated tRNA and double-stranded DNA
hOLAI revealed to bind tRNA with high specificity, which in turn might display a major
binding partner of hOLAl. To assess whether tRNA binding to hOLAI influences intrinsic
hydrolysis rate of hOLAI, in vitro hydrolysis experiments were performed. Therefore,
hOLAI was pre-incubated with equimolar amounts of different nucleic acid molecules prior
to ATP addition. ATPase activity was analyzed by HPLC and compared to the intrinsic
hydrolysis rate of recombinant hOLAl. Additionally, control experiments were performed in
the absence ofhOLAI to exclude any hOLAI independent effects.
Interestingly, intrinsic hydrolysis rate of hOLAI was strongly stimulated in the presence
of single- or double-stranded DNA (35mer oligonucleotides) and by addition of
aminoaclyated tRNA isolated from HeLa cells. In contrast, intrinsic ATP hydrolysis activity
of hOLAI was not significantly stimulated by the addition of deacylated tRNA, Ul snRNA,
and single- or double-stranded RNA oligonucleotides (Figure 2.46). These observations
indicate that hOLA I is able to discriminate between charged and uncharged tRNAs and
therefore might act as a sensor of tRNA aminoacylation. In contrast, it is not clear how DNA
mediated hydrolysis stimulation fits the functional data gained so far.

Figure 2.46: Intrinsic ATPase activity of hOLA1 can be
stimulated by aminoacylated tRNA and DNA

Recombinant hOLA1 was pre-incubated with equimolar amounts
of different nucleic acids prior to ATP addition. Intrinsic ATP
hydrolysis rate was analyzed by HPLC. Additional control
experiments were performed in the absence of hOLA1. Note that

0-"-'"

the hydrolysis rate is depicted relative to the intrinsic ATPase
activity of hOLA1 without additive.

2.33 S.cerevisiae Olal p-TAP sediments like free proteins in sucrose
sedimentation assays
In vitro hydrolysis analysis revealed that hOLA 1 discriminates between charged and
uncharged tRNA. Therefore, hOLAI might play a role in translation regulation in response to
accumulation of uncharged tRNA. Accordingly, ribosomal subunits and translation initiation
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factors were stronger accumulated in pulldown experiments with HeLa extract lacking tRNA,
suggesting that in the presence of aminoacylated tRNA hOLAI might primarily bind to the
multi tRNA synthetase complex, whereas in the absence of bound tRNA hOLA 1 could be
released and bind to the ribosome.
To test this hypothesis, yeast cells were grown in YPD and starved for several time
periods. Cells were harvested and analyzed by sucrose gradient centrifugation in order to
investigate whether yOlal p showed increased association with 408 or 608 particles in
response to amino acid starvation (Figure 2.47).
However, no influence on ribosome binding of Olalp was observed upon amino acid
starvation. In both, growing and starved cells, Olal p-TAP was only detected in the upper
fractions of soluble proteins by Western blot analysis and ribosome association could not be
increased by amino acid depletion. Interestingly, Olal p-TAP did not migrate according to 15308 parcticles as observed in HeLa cells. This finding supports the idea that faster migration
ofhOLAl observed in sucrose gradient analysis of HeLa cells is indeed caused by binding to
the multi-tRNA synthetase complex as yeast cells lack this protein complex.
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Figure 2.47: Ola1p.oTAP is not enriched on polysomes upon amino acid starvation in

S.cerevisiae
Yeast cells were grown in rich medium (YPO) (A) or starved for 60 minutes in amino acid poor medium
(1 x SSO) (B). Cells were lysed with glass beads and 10 00 260 of total extract was subjected to sucrose
gradient centrifugation. Gradient fractionation was followed by 00 254 measurement and protein of each
fraction was TCA precipitated and analyzed by Western blotting.

- 100-

DISCUSSION

PR-IOR- OMNIUM CR-EATA EST SAPIENTIA ET
INTELLECTUS PR-UDENTIAE
AB AEVO FONS SAPIENTIAE VER-BUM DEI IN EXCELSIS
ET INGR-ESSUS ILLlUS MANDATA AETER-NA
SIR-ACH

S e i t e Leer /
B l a n k leaf

I

I

I

I

I
I

3

3
3.1

DISCUSSION

DISCUSSION
Altered nucleotide specificity of hOLA1
Biochemical and structural analysis ofhOLAI, a mammalian member of the Obg family

of conserved GTPases, revealed that a subfamily constituted by OlallYchF-like NTPases, are
ATP hydrolyzing enzymes rather than GTPases. Because of their altered nucleotide
specificity within the family of Obg-related GTPases, we have dubbed this subfamily Ola, for
Obg-like ATPases.
Several other ATPases have been derived secondarily from the GTPase superclass
through loss of GTPase specificity or activity. In the TRAFAC class, the GTPase activity was
replaced by ATPase activity in the kinesin-myosin clade via deletion of the NKxO-containing
region. The SIMIBI class shows a GTP to ATP shift in the MinD family and in the BioOrelated families through divergence in the region of the ~6-strand, containing the NKxD motif
[I]. The OlallYchF subfamily of the Ohg family of GTPases, however, displays a unique
exception of a single protein subfamily, which shows altered nucleotide specificity within a
distinct protein family of GTPases, whereas in the aforementioned examples whole protein
family of distinct nucleotide specificity evolved. This implies that in the case of the
OlalNchF subfamily the change in nucleotide specificity occurred relatively late during
evolution of the Obg family. Thus, hOLAI might display a unique link in the evolutionary
development of ATPases from the superclass of GTPases.
Interestingly, the OlalNchF subfamily shows only minor alterations of the G4 motif and
is phylogenetically more closely related to GTP-binding proteins than any other ATP-binding
protein. Unexpectedly, structural analysis of hOLAI with bound AMPPCP revealed that
specific recognition of adenine nucleotides is accomplished by a single hydrogen bond that is
formed between the adenine 6-amino group and the main chain carbonyl group of the G4
motif Leu231 . Additionally, ATP binding is stabilized by a hydrogen bond built between the
Asn230 side chain and the N7 of the base. Unlike proposed by Teplyakov and coworkers [86],
the conserved Glu233 residue cannot interact with the nucleotide due to an altered
conformation of the hOLAI G4 loop, which shows an extended ~-sheet conformation,
whereas the G4 loop of classical GTP-binding proteins builds a zigzag-like conformation,
which allows specific interactions of the conserved aspartate with the guanine base (see
Figure 2.20). The hydrophobic interaction of the conserved Lysll7 with the base might be
mimicked by the conserved phenylalanine Phe 127 in hOLAI, whereas Leu231 , the equivalent
residue of Lys ll7 in Ras, is oriented to the opposite direction.
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Figure 3.1: Model of interactions between hOLA1 and ATP or GTP.

The purine base is stabilized (blue) by a hydrogen bond to Asn 230 and hydrophobic stacking with the
aromatic ring of Phe 127 . Note that contribution of Phe 127 is based on our biochemical data, but not
visible in the hOLA1~AMPPNP structure. Nucleotide specificity (red) is conferred by Leu 231 main chain
(me), which forms a hydrogen bond with the exocyclic amino group in adenine (A), whereas guanine
would be repelled (8).

Nucleotide discrimination of hOLAl is mainly accomplished by the Leu23 I backbone
carbonyl group that allows specific formation of a hydrogen bond with adenine bases whereas
guanine nucleotide binding is presumably further disfavored by repulsive forces between the
guanine 6-carbonyl and the main chain oxygen of Leu231 (Figure 3.1) Consistently, the
unfavorable interaction between the main chain oxygen and guanine 06 is not observed in
bona fide GTPases due to the different G4 motif conformation.
Mutation of Phe 127 in hOLAI, which might functionally mimic the conserved Lys1J7 in

Ras, did not restore the conformation of the consensus G4 loop. This indicates that change of
the overall G4 conformation in hOLAl is not caused by local displacement of Leu231 by
Phe127 . According to the structural analysis, the extended 13-sheet like conformation of the
N230LSE motif might be induced by the following a8a-helix that demands a more elongated
conformation of the G4-100p and appears to be stabilized by an N-cap formed by Ser232 .

3.2

Nucleotide binding and hydrolysis properties of hOLA1
The cofactor AMPPCP is bound inbetween the P-Ioop (residues 28-36), helix aI, the

adjacent helix a9, and the short loop following the 136-strand, which carries the unique
hOLAI G4 motifN23 0LSE (see Figure 2. 19A). The triphosphate moiety appears tightly bound
through a network of hydrogen bonds of main and side chain donors to the phosphate oxygens
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(see Figure 2.19B). The conserved interaction of the P-Ioop Lys35 with the Band y-phosphate
is also observed in hOLA1. Furthermore, the y-phosphate of the bound AMPPCP forms a
hydrogen bond to the main chain NH of Asn32 . This residue corresponds to Gly13 in the Ras
Walker A motif. Though, the most important interactions to the y-phosphate in Ras are
established by the backbone NH groups of Thr55 in the switch I region and Gly60 in switch n.
Severing these hydrogen bonds upon GTP hydrolysis releases conformational energy and
rearranges the molecule in a "loaded spring" mechanism (reviewed in [264]). Unfortunately,
both corresponding residues in hOLAl (Thr55 and GI/5 ) could not be displayed in the
structural analysis of hOLA 1, indicating that these residues lie in disordered segments of the
protein and do not contact the y-phosphate. However, in respect to the high conservation of
these two sequence motifs not only in classical G proteins but also in the OlalNchF
subfamily, this idea seems unlikely. Possibly, these loop regions were digested by mischance
during the trypsin treatment prior to crystallization.
Based on structural and biochemical studies in Ras, the side chain of Gln61 revealed to be
essential for nucleotide hydrolysis [48, 265]. Most likely, this residue is needed to stabilize
the pentavalent transition state [12] and mutation of Gln61 to a hydrophobic residue markedly
reduces hydrolysis activity of Ras and hence leads to its oncogenity [48, 265]. The
corresponding residue of Ras Gln61 in hOLA I is Leu96 , in accordance with the presence of a
conserved hydrophobic residue in this position in all members of the Obg-family. This
hydrophobic residue following the Walker B motif might explain the low intrinsic hydrolysis
rate common to all Obg-related proteins that have been investigated so far. Strikingly, in vitro
hydrolysis activity in hOLAI could be strongly stimulated in the presence of either short
DNA or aminoacylated tRNA. This indicates that cofactor binding might induce a
conformational change, such that a so far unidentified residue could adopt the stabilizing
function defined for Gln61 in Ras.
Biochemical characterization of hOLAI revealed that ATP binding and hydrolysis
properties of hOLAl are similar to the GYP binding and hydrolysis features of the wellcharacterized GTPase Obg. Besides low intrinsic hydrolysis activity, NTPases of both
subfamilies show high nucleotide dissociation rate and moderate nucleotide affinity. Unlike
stated earlier by Teplyakov and coworkers, the bacterial Olal protein from Hinjluenzae,
YchF, also showed preferential ATP binding. Isothermal titration calometry revealed similar
binding affinity for both, hOLAI and YchF, in the low micromolare range, comparable to the
GTP affinity of Obg [87, 95]. These observations are in accordance with the idea of lost GTP
specificity during evolutionary development of Olal, which expectedly could only occur
within a group of GTPases that display moderate nucleotide affinity.
Very recently, a structure of YchF form T.thermophilus bound to GDP has been
published in the database (PDB, 2dby). However, in that structure, there is no interpretable
electron density for the ribose and the purine base. Also, our biochemical characterization
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discrimination. Thus, GTP/GDP-binding of Olal-like proteins can be enforced if guanine
nucleotides are used at high concentration. However, lack of defined interactions of the
guanine base with the nucleotide-binding pocket prevents a well-defined positioning of the
nucleoside and hence explains the lack of electron density in the Tthermophilus YchF
structure.

3.3

The overall structure of hOLA1
The overall fold of hOLAl is expectedly very similar to YchF (Figure 3.2). Like YchF,

hOLAl displays a crab-like structure with the nucleotide binding domain flanked by the Cterminal TGS domain (Pf02824 in the Pfam database [266]) and the inserted coiled-coil
domain. Interestingly, both flanking regions have been implicated in nucleic acid binding.
The coiled-coil domain shows high structural homology to the coiled-coil domain found in
seryl-tRNA synthetase (SRS), DksA, and GreA/B [127, 129, 130]. However, tRNA binding
to SRS distinctively differs from the way DksA and GreA/B contact mRNA during
transcription. While physical interaction with the RNA is restricted to the tip of the coiled-coil
of DksA and GreA/B, large parts of the SRS coiled-coil surface are involved in SertRNA
binding.

Figure 3.2: X-ray structures of hOLA1 and YchF display only minor differences.
The two X-ray structures were overlaid using Coat and displayed as stereoview in Pymol. hOLA1 is
depicted in blue, YchF in gold. Both proteins display a similar architecture and only minor differences
can be observed in the orientation of the secondary structure elements.
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The putative RNA binding domain TGS is poorly characterized so far. In addition to
YchF, it is found in threonyl-tRNA synthetase (TRS), in several GTPases of the Obg family,
in SpoT, and in the N-terminus of the uridine kinase from Treponema pallidum.
Teplyakov and coworkers speculated that the cleft between the two potential RNA
binding domains might act as a binding site for double-stranded nucleic acids. This idea is
supported by a cluster of positively charged residues at the inner surface of these domains
(Figure 3.3), which is conserved from bacteria to human. Furthermore, the distance between
the two helices a7 and al2 within this cleft is about 20-23 A in both YchF and hOLAI and
correlates well with the diameter of double-stranded nucleic acids. Therefore, it might be well
possible that a nucleic acid duplex is clamped inbetween the two helices.
Both putative RNA binding domains are structurally closely linked to the G domain and
the potential binding of a double-stranded nucleic acid cofactor might be modulated by the
nucleotide binding state of hOLA I. However, the structural differences between AMPPCPbound hOLA I and nucleotide free YchF were found to be minimaL In contrast, structural
comparison with the recently solved GDP-bound form of T thermophilus YchF (PDB, 2dby)
revealed a different tilt of the coiled-coil domain (Figure 3.4). Nevertheless, it seems unlikely
that the differences in the coiled-coil tilt reflect a conformational change incurring upon
nucleotide hydrolysis, for conformational changes are restricted to the tip of the domain and it
is not clear how nucleotide hydrolysis would be translated into bending of this region without
affecting other parts of the protein.
Possibly, the high structural homology of hOLAI with the nucleotide free and GDP
bound form of YchF is caused by missing interactions of the hOLA I switch I and 11 regions
with the y-phosphate that might be caused by trypsin digest prior to crystallization and it
remains to be analyzed how the structural conformation of hOLA I is changed upon
nucleotide hydrolysis. Also, it is not clear so far, whether hOLA 1 acts like a G protein that is
activatedlinactivated and associates with different partner molecule pursuant to the nucleotide
binding state. Alternatively, the energy gained by nucleotide hydrolysis could be used to
mediate directionality to an otherwise energetically unfavored process, comparable to the
activity of other ATPases.

Figure 3.3: Electrostatic surface potential of YchF
(taken from [86]).
Electrostatic surface potential is displayed as followed:
positive charges are in blue and negative charges are
shown in red. Note the cluster of positively charged
amino acids at the tip of the coiled-coil domain and the
accumulation of negatively charged residues on top of
the protein.
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Figure 3.4: The T.thermophilus YchF

coiled~coil is

strongly tilted towards the cleft inbetween

the TGS and the coiled-coil domain.
(A) X-ray structure overlay of H.sapiens OLA1-AMPPNP (blue) and T.thermophilus YchF-GDP
(green). Note that the tip of the coiled-coil domain is differently oriented in the two proteins.
Furthermore, the helices a8b and 0..10 are differently positioned. (B) Representation of the coiled-coil
tip of hOLA1 (blue, left) and the YchF from T.thermophilus (green, right). The latter is tilted towards
helix 0..7, making the domain more compact.

3.4

The cellular function of hOLA1
Many proteins, which can directly or indirectly bind to hOLA 1 were identified during

this study. Additional genetic interactions were found in a synthetic lethal screen in yeast.
Functionally, proteins that have been found to interact with hOLAl can be divided in five
main classes: i) ribosomal proteins and mitochondrial ribosomal proteins, ii) proteins
involved in translation or translation initiation, iii) proteins involved in ribosome synthesis,
iv) tRNA synthetases, and v) RNA binding proteins that are involved in RNA editing or
splicing (Figure 3.5A). These findings correlate well with proteomics studies in S.cerevisiae,
where Olal p was copurified with protein complexes that are involved in similar cellular
processes [267, 268] (Figure 3.5B).
Strikingly, nearly all proteins isolated from HeLa cell extract by zz-hOLAI affinity
retention share the ability to bind RNA. It is possible that some interactions of hOLAl with
RNA-binding proteins are mediated by a cluster of acidic residues (Glu268 to Glu 284 ) centered
on helix alO. This helix could mimic a nucleic acid duplex and thus could compete for
binding of an effector protein, similar to the molecular mimicry found in DinI, a negative
regulator of the SOS response in E.coli, where DinI competes for the DNA binding site of
RecA [269]. Even though, many of the identified proteins might have bound indirectly to zzhOLA I, these factors can also contribute to the investigation of the hOLA 1 function as
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common binding partners link the function of indirectly bound proteins with the function of
hOLAI.
Besides the ability to recruit many RNA-binding proteins, hOLA I was found to
specifically interact with tRNA. Furthermore, aminoacylated tRNA strongly stimulated ATP
hydrolysis activity of hOLAI. The ability of hOLAI to discriminate between charged and
uncharged tRNA might imply a potential role of hOLA I as translation factor or in nutrient
sensing. However, it is not clear whether hOLA I discriminates between charged and
uncharged tRNAs in general or only a subset of aminoacylated tRNAs is recognized by
hOLAl.
Taken together, the collected data do not allow elucidating the cellular task of hOLA I,
but it is likely that hOLAl is closely linked to RNA and might be involved in translation or in
regulation of translation. This idea is supported by the observation that a common
biochemical theme in the majority, if not all, GTPase superclass members traceable to LUCA
is their association with ribonucleoproteins complexes that are involved either in translation
or in protein secretion [1].
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Figure 3.5: The 0la1 interactome.

Proteins found to directly or indirectly interact with 0la1 are displayed in an "interaction-wheel". (A)
Summery of interactions found for hOLA1. (8) Interactions with 0la1 p according to the database
(www.yeastgenome.org). Proteins were clustered according to their cellular functions. Published
interactions within the depicted protein population are additionally indicated. Color code: red, proteins
involved in ribosomal biogenesis; dark red, ribosomal proteins; yellow, proteins involved in translation;
bright green, proteins involved in nutrient sensing; dark green, protein degradation; orange, tRNA
synthetases; purple, mRNA splicing and processing; dark blue, transcription; pale blue, trafficking;
bright blue, others.
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3.5

The cellular localization of hOLA1

Defined cellular processes are restricted to a specific cellular localization and hence
determination of the localization of hOLA 1 might contribute to the investigation of the
cellular function ofhOLAI. At steady state, both endogenous and EGFP-tagged hOLAI were
found to localize to the cytoplasm. When cells were treated with LMB, EGFP-hOLAl rapidly
accumulated in the nucleus. However, this finding could not be confirmed with immunofluorescence staining, where only slight nuclear accumulation of endogenous hOLAl was
observed. Interestingly, anti hOLAI antibodies were not only unable to detect endogenous
hOLA I in the nucleus but also EGFP-hOLA I, which accumulated in the nucleus upon LMB
treatment, was hardly recognized by anti-hOLAl antibodies. A plausible explanation of this
unexpected observation might be the integration of hOLAl in a larger nuclear protein
complex such that the protein would be hardly accessible to the antibody.
Direct binding studies with hCRMl revealed that hOLAl is not an export substrate of the
exportin CRMI, as indicated by the accumulation of EGFP-hOLA in the nucleus upon LMB
treatment. This finding further supports the idea of hOLAI associating with larger protein
complexes such as pre-ribosomal particles bound to which hOLAI might be coexported by
the CRMI nuclear export pathway. However, pre-40S particles that were isolated by immunoprecipitation reactions and showed the ability to bind recombinant hCRMl in the presence of
RanQ69L-GTP did not contain hOLAl as revealed by Western blotting (Ivo Zemp and
Thomas Wild, unpublished data). In contrast, alternative association of hOLAl with pre-60S
particles in the nucleus is supported by the copurification of Olal p with a pre-ribosomal
particle isolated by Nopl3p-tandem affinity purification [267] Copurification with Nupll6p
provide further evidence that hOLA 1 might shuttle between the cytoplasm and the nucleus
[270].

3.6

Ribosome binding of hOLA1

Binding of hOLAl to both ribosomal subunits has been demonstrated by pulldown
experiments and direct binding to 40S and 60S particles has been shown by in vitro cosedimentation assays. Association of hOLAl with both subunits is salt-stable and appears to
be equimolar. The finding that hOLAl can bind to both ribosomal subunit displays an unusual
property of a ribosome-binding protein and the functional link between hOLA 1 and the two
ribosomal subunits remains to be elucidated.
Several additional proteins that assemble to either 40S or 60S have been identified by
mass spectrometry analysis of proteins enriched in zz-hOLAl pulldown experiments. Besides
proteins that are involved in translation initiation and elongation, RACK1 was recruited to
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immobilized zz-hOLA 1. RACK 1 is a constituent of the small ribosomal subunit in eukaryotes
and is localized at the head region ofthe 40S subunit near the exit tunnel of the mRNA, where
RACK 1 acts as a scaffold protein that interacts with several signaling molecules.
Furthermore, RACKl is thought to be involved in translational control in response to cell
stimuli and might promote docking of ribosomes at sites were local translation is required
[271]. In addition to the potential function of RACKl in regulating translation of specific
mRNAs,RACKl seems to be required for efficient translation initiation. Accordingly,
RACKI depletion in S.cerevisiae leads to stalled initiation complexes [272]. Moreover, the
homologue yeast protein, Asclp, represses Gcn4p activity in response to amino-acid
sufficiency [273]. Thus, RACK I functionally links efficient translation initiation with
monitoring of nutrient accessibility.

3.7

Recruitment of translation initiation factors to zz-hOLA1
In addition to ribosomal proteins, translation elongation factors (eEFla-l, eEFla-2, and

eEF2) and translation initiation factors (eIF3d and eIF3d) have been found to bind to zzhOLA1 in pulldown experiments. Furthermore, accessory factors involved in translation
initiation, elongation, or translational control, such as PABPI, PABP4, PTBPI, S6K2,
RACKl, and ABC50/GCN20 were recruited to zz-hOLAl. In principle, these factors could
have bound zz-hOLAI indirectly via binding of ribosomal subunits or ribosome associated
mRNA. However, most of the proteins identified have also been found to copurify with Olalp
in genome wide TAP-analysis in yeast [267, 268], indicating that these interactions are
functionally relevant.
The two translation initiation factors eIF3c and eIF3d that were identified by massspectrometry are part of a larger protein complex, the eIF3 complex, which performs a
scaffolding function that allows defined interactions of several eIFs that assemble on the 40S
particle and participate in the different reactions involved in translation initiation [274]. The
mammalian eIF3 complex contains 13 subunits, which are designated eIF3a to eIF3m [274],
whereas the elF3 complex from budding yeast contains only six orthologs of the mammalian
eIF3 subunits. Five of them (eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i) are essential in yeast and
build up the core of the yeast eIF3 complex. The sixth ortholog, eIF3j, constitutes a nonessential, substoichiometric subunit of the complex that enhances interactions with other eIFs.
Additionally, eIF3j contains an independent function in ribosomal biogenesis in S.cerevisiae
[275-278].
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Figure 3.6: Pathway and regulation of eukaryotic translation initiation (taken from [274]).
Translation initiation starts with the release of free 40S subunits from post-terminationed 808
ribosomes or idle 808 couples. The ternary complex (TC), comprising e1F2, GTP and initiator MettRNA,
binds to the free 408 subunit and builds the 438 pre-initiation complex (PlC). This reaction is
stimulated by e1F1, elF1 A, elF5 and e1F3. The 438 PlC can then interact with the m7G-capped 5' end
of the mRNA in a reaction that is stimulated by the elF4F complex, a heterotrimeric initiation factor
comprising the m7G-cap-binding protein eIF4E, the ATP-dependent RNA helicase eIF4A, and the
scaffold subunit eIF4G. After recruitment to the mRNA, the 43S PlC scans for an AUG start codon.
This process is stimulated by e1F1, elF1 A and eIF4G, and also requires eIF4A, its cofactor eIF4B, and
ATP hydrolysis when secondary structure occurs in the mRNA leader. During AUG scanning, the
elF2-bound GTP is hydrolyzed to GDP in an elF5-dependent manner. However, release of Pi from
eIF2~GDP~Pi

is still prevented by e1F1, and is only released upon base-pairing of the AUG start codon

with the anticodon of Me'tRNA, enabling the 488 PlC to assume a closed conformation incompatible
with scanning and triggering Pi release. In the following, elFs are released as the 60S subunit joins to
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form the 80S initiation complex in a reaction stimulated by GTP-bound eIF5B,
The released

eIF2~GDP

must then be recycled to

eIF2~GTP

to allow a new round of initiation,

This GDP-GTP exchange reaction is catalyzed by eIF2B. However, recycling of eIF2-GDP by elF2B
is inhibited under conditions of stress or starvation by phosphorylation of the a subunit of elF2 by a
protein kinase (GCN2, PKR, PERK or HRI). The resulting reduction in Te assembly decreases the
rate of general translation initiation, but stimulates the translation of specialized mRNAs, such as
GCN4 or ATF4, which contain uORFs within their leader sequences and encode stress-induced
transcriptional activators.
Additionally, elF4F assembly, and thus its binding to the mRNA cap, is also downregulated in
response to starvation or lack of insulin in mammalian cells by a mechanism involving the eIF4Ebinding protein (4E-BP), which competes with elF4G for binding to eIF4E. The inhibitory function of
4E-BP is controlled by the mammalian kinase mTOR and is overcome in nutrient-replete, insulintreated cells as a means of stimulating protein synthesis rates under these conditions.
Some mRNAs are translated by an alternative mechanism, known as internal initiation, in
which the 408 ribosome binds directly to an IRES located close to the start codon, circumventing the
requirement for the m7 G cap and elF4E and, depending on the IRES, some or all of the other elFs.

Besides stimulation of 43S pre-initiation complex assembly, elF3 functions in mRNA
recruitment and scanning along with AUG recognition [279] (Figure 3.6). In addition to the
role as scaffold for independent interactions between many pre-initiation complex
components, recent investigations suggested a dynamic association of the growth-regulating
kinases mTOR and S6KI with eIF3 [280]. Cell stimulation promotes mTOR/raptor binding to
the eIF3 complex and leads to phosphorylation of S6K I and 4E-BP I, which results in
subsequent dissociation of these proteins from elF3 and eIF4E, respectively. While 4E-BPI
dissociation from mRNA 7-methylguanosine cap structure bound eIF4E allows binding of
eIF4G to the eIF3 complex, activated S6KI phosphorylates its translational targets, including
eIF4B, which in turn is recruited to the pre-initiation complex [281] (Figure 3.7).
In regard of the dynamic events needed for translation initiation, it is worth to mention
that in addition to the elongation initiation factors elF3e and eIF3d, PABPl and S6K2 were
found to bind to zz-hOLA 1. PABP I is a poly(A)-binding protein that binds to the poly(A) tail
of mRNA and is recruited to elF4G. Thus, it mediates a closed circular conformation of the
mRNA.
S6K2 is highly homologous in the kinase domain and adjacent regulatory region with
S6KI [282]. The most notable difference between these two proteins is their subcellular
localization. Alternative splicing at the N-terminus gives rise to two isoforms for both S6KI
and S6K2. While S6KI shows cytosolic and nuclear localization for the two isoforms p70/
S6K I and p85/ S6K I, respectively [282], both isoforms of S6K2 localize to the nucleus [283].
Nevertheless, the two kinases seem to have redundant functions [284-287]. Like S6KI, the
activation of S6K2 requires both the PI3K pathway and the mTOR pathway [283, 286, 288]
and is dependent on amino acid sufficiency [282].
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Figure 3.7: mTOR binds to the translation pre-initiation complex (according to [289]).
(A) Cell stimulation with growth factors and nutrients drives the activation and recruitment of raptorl
mTOR to elF3 to promote the phosphorylation and dissociation of 4E-BP1 and S6K1 from the
preinitiation complex. (B) Full activation of S6K1 leads to the phosphorylation of S6 and elF4B and the
subsequent association of elF4B with the elF3 complex to facilitate cap-dependent translation
initiation.

According the the interactions found by in vitro studies, a potential role of hOLA 1 in
translation initiation is well possible. The role that hOLAl could play in this process might be
a regulatory one, possibly in connection with its ability to discriminate between charged and
uncharged tRNAs.

3.8

tRNA binding of hOLA1
Besides ribosome binding, hOLA 1 shows strong association with tRNA. Recombinantly

expressed hOLAl copurifies with E.coli tRNA, which was only released at high salt
conditions (2M NaCI) or by cation exchange chromatography. Several different tRNAs were
identified by subcloning and sequencing of copurified tRNA. These included alanyl-,
aspartyl-, glutamyl-, seryl-, and initiation methionyl tRNAs, indicating that hOLAl does not
selectively bind a single tRNA but displays the ability to bind tRNAs in general. The
interaction of hOLAl with tRNA was confirmed by size exclusion chromatography and in

vitro binding experiments. Both, E.coli and Hsapiens tRNA showed stable binding to hOLA 1
at high salt conditions (850 mM KOAc). Only marginal differences in binding of charged and
uncharged tRNA were observed at the conditions tested. However, aminoacylated tRNA
strongly stimulated ATPase activity of hOLAl while the addition of basicJy treated tRNA
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(uncharged tRNA) did not show any significant stimulation. Together, these findings indicate
that hOLA 1 strongly binds different tRNAs and can discriminate between charged and
uncharged tRNAs. Therefore, hOLA I might act as a sensor molecule of amino acid
sufficiency comparable to GCN2 that binds uncharged tRNAs and leads to phosphorylation of
eIF2 (see Figure 3.6).
Interestingly, the E.coli gene encoding for YchF was found to be cotranscribed with Pth,
a peptidyl tRNA hydrolase that cleaves peptidyl-tRNAs of abortively released peptidyltRNAs [112, 113]. The bicistronic structure of Pth and YchF is found in about 50% of all
sequenced bacterial organism, indicating a functional link between these two genes. Hence,
OlallYchF might alternatively play a role in recycling of released peptidyl-tRNAs.
So far, both ideas described remain mere speculation and await further experimental
investigations in order to reveal the functional relevance of the tRNA-hOLAI binding.
Furthermore, it wiII be interesting to elaborate how hOLAl distinguishes between charged
and uncharged tRNAs and how this information is translated to the cell.

3.9

tRNA synthetase binding of hOLA1
Aminoacyl tRNA synthetases (ARSs) join amino acids to tRNAs and thereby establish

the rules of the genetic code by associating each amino acid with a nucleotide triplet (thc anticodon of the tRNA). In higher eukaryotes, eight different enzymes form a macromolecular
complex with three non-enzymatic factors CARS interacting muItifunctional .Qroteins;
AIMPs). This multi-ARS complex includes the bifunctional glutamyl-prolyl-tRNA synthetase
(EPRS), isoleucyl- (lRS), leucyl- (LRS), methionyl- (MRS), glutaminyl- (QRS), arginyl(RRS), lysyl- (KRS), and aspartyl- (DRS) tRNA synthetases as well as the three AIMPs
AIMPI/p43, AIMP2/p38, and AIMP3/pI8 (Figure 3.8).
MuIti-ARS complexes (MSCs) have been isolated from a number of mammalian sources,
including cultured cell lines [290]. Overall, the molecular weight of the complex is
approximately 1.0-1.2 x 106 Da and MCSs appear to sediment according to 18-30S particles
[291 ].
Many ARSs display extra activities in addition to their housekeeping function. Some
ARSs control the efficiency and fidelity of the catalytic tRNA aminoacylation and contain
editing domains, which catalyze tRNA-dependent hydrolysis of incorrectly attached amino
acids [292]. The catalytic efficiency of some ARSs is further enhanced by association with
RNA-binding frans-acting factors [293] or elongation factor subunits [293, 294] that facilitate
thc trafficking of tRNAs.
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Figure 3.8: Structural organization of the multi-ARS complex and schematic depiction of
noncanonical ARS activities (according to [295] and [296]).
Several tRNA syntethases were found to show additional, noncanonical functions. The corresponding
cellular activities unrelated to their catalytic functions are depicted in blue boxes. Purple punctuated
lines show specific interactions of tRNA synthetases with the EF-1 complex, which are proposed to
facilitate the delivery of the charged tRNAs to translating ribosomes. Specific interactions between
ARSs and AIPMs within the

multi~ARS

complex are displayed as black lines.

Furthermore, many ARSs, including several of the multi-ARS complex, show
activities unrelated to their catalytic function. These non-canonical activities include tRNA
processing, RNA splicing and trafficking, rRNA synthesis, translational silencing and
translational control, apoptosis, angiogenesis, and inflammation (Figure 3.8).
It was speculated that the MSC could serve as a molecular reservoir that controls the non-

canonical activities of the individual tRNA synthetase, which could be released in response to
various cellular stimuli until they are refilled by de novo synthesis [296]. Accordingly,
AIMP3/pI8 is translocatcd to nuclei within ten minutes after DNA damage [297] and EPRS
was found to dissociate from MSC, induced by IFN-y-dependent phosphorylation.
Interestingly, phosphorylated EPRS binds to NSAPI (another factor found in zz-hOLA
pulldowns) and builds the pre-GAIT complex, which, after binding of GAPDH and
phosphorylated RpL13a, leads to translational silencing of mRNAs containing the GAIT
element [298].
These recent findings demonstrate that the multi-ARS complex and probably many other
cellular multi-protein complexes are rather dynamic than static structures, which rapidly
respond to specific cellular demands.
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3 DISCUSSION
In in vitro pulldown experiments, seven of the eight enzymes of the human multiarninoacyl-tRNA synthetase complex (EPRS, LRS, MRS, QRS, RRS, KRS, and DRS) were
recruited to zz-hOLA 1 and identified by mass-spectrometry. Even though pulldown
experiments do not reveal whether zz-hOLAI recruits individual tRNA synthetases or the
whole multi-ARS complex per se, the latter possibility seems more likely. Moreover, hOLAI
cofractionates mainly with a protein-complex of 15-40S in size, which correlates with the
sedimentation coefficient of the multi-ARS complex [291]. Western blot analysis indeed
revealed that faster migrating hOLAl cofractionated with DRS in ribosome free BeLa cell
lysate. Interestingly, in yeast, which lacks the multi-ARS complex, TAP-Olal p shows much
slower migration in sucrose density centrifugation experiments, indicating that in human
cells, hOLA 1 might be associated with MCSs in vivo.
The interaction of the multi-aminoacyl tRNA synthetase complex with zz-hOLA I is
RNase A sensitive and pre-incubation of the BeLa cell lysate with RNase A leads to loss of
tRNA synthetase binding of zz-hOLAl. Accordingly, hOLAl strongly binds tRNA,
suggesting that the interaction between hOLA I and the multi-ARS complex might be
mediated by tRNAs.
In contrast to multi-ARS complex binding, recruitment of ribosomes and translational
initiation factors to zz-hOLA I was found to be strongly increased when extracts were treated
with RNase A. It is likely that improved binding of ribosomal subunits and translation factors
are caused by the increased binding sites due to loss of hOLAI-MCS interaction.
Nevertheless, exclusive binding of hOLAl to either ribosomal subunits or the multi-tRNA
synthetase complex seems unlikely since large amounts of endogenous hOLA 1 was found to
fractionate with free soluble proteins in sucrose density centrifugation experiments.
Therefore, binding to both the MCS and the ribosome might be associated with specific and
independent functions of hOLA I.

3.10 Genetic interaction of S.cerevisiae OLA 1 with mitochondrial
proteins
In addition to the physical interaction of hOLAl and the tRNA synthetase complex in
human, a genetic interaction of OLAl (Ybr025c) with the mitochondrial leucyl tRNA
synthetase (LRS) was found by a synthetic lethal screen in S.cerevisiae. Besides the
housekeeping function, yeast mitochondrial LRS promotes splicing of specific group I introns
in collaboration with the bI4 maturase [299]. Suppressor mutations within mitochondrial LRS
have been found to rescue splicing activity in the absence of a functional bI4 maturase [299,
300]. Splicing activity of mitochondrial LRS crucially depends on the connective polypeptide 1 domain (CP1), which is also responsible for aminoacyl-tRNA proofreading [301].
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The conserved CPI domain found in several tRNA synthetases shows RNA binding
properties and splits the ATP-binding fold that comprises the canonical catalytic core of the

.

class I tRNA synthetases active site [302].
The functional link between Olal p and the mitochondrial LRS is so far not understood.
However, it is striking that additional genetic interactions with mitochondrial proteins were
found in the synthetic lethal array, namely genetic lethality or sickness in double-knockout
strains with the mitochondrial ribosomal proteins mrpsl6, mrp13, mrpllO, and with msul a
component of a mitochondrial 3'-5' exonuclease complex that is essential for mitochondrial
ribosomal biogenesis. All five proteins are essential for mitochondrial function due to their
role in mitochondrial translation and depletion of all five proteins exhibit growth defects on
non-fermentable carbon sources and lead to decreased glycogen accumulation. In contrast,
GlaIp depletion results in glycogen accumulation [303]. Therefore, regulation of the carbon
metabolism might represent the common link between the mitochondrial proteins and Olal p,
even though this appears unlikely as the mitochondrial function in metabolism and energy
conversion appears not to be essential in S.cerevisiae [304].
To date, the only mitochondrial biosynthetic process known to be essential is the
assembly of mitochondrial and non-mitochondrial iron-sulfur (Fe/S) proteins [305-307].
Surprisingly, with the exception ofYahlp, none of the known mitochondrial Fe/S proteins is
essential for cell viability [304]. It was therefore a longstanding question which biological
process involving an essential Fe/S protein may render mitochondria, and thus Fe/S protein
biogenesis, so important for life.
Recently, an extra-mitochondrial iron-sulfur protein, Rlilp, was found to potentially
mediate this postulated link. Rlilp is an essential cytosolic Fe/S protein that requires both
mitochondrial and cytosolic components of the Fe/S cluster assembly machinery, and the first
essential cytosolic target of Fe/S protein biogenesis that does not perform a function in this
process [304, 308]. Biochemical characterization of Rlilp revealed a function in rRNA
processing and rli} mutants are defective in export of both ribosomal subunits. Furthermore,
Rlilp is associated with precursor- and mature 40S particles, as well as with the eIF3
translation initiation factor complex [304, 308]. Two-hybrid data and Rli-TAP purification
experiments suggested a specific interaction of Rlilp with Hcrlp/eIF3j [117, 308].
Interestingly, Hcrlp is not only involved in translation initiation but also in rRNA processing
[275]. Together, Rlilp links the crucial role of mitochondria in the maturation of Fe/S
proteins with cytosolic ribosome biogenesis and function and might provide an explanation
for the pivotal role of the mitochondria in S.cerevisiae.
With regard to these findings, it is interesting that in Brucella melitensis the Ola l/Y chF
homologue protein DugA was identified as a new partner in iron utilization [114]. The
authors speculated that DugA could have a putative regulatory function in 2,3dihydroxybenzoic acid (DHBA) dependent iron assimilation in Brucella.
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DISCUSSION

With respect to these results, the synthetic lethality between OLA] and genes encoding
for mitochondrial proteins might reflect a potential role of Olal p in iron utilization, where
Olal p could play an (in)direct role in the mitochondrial function of iron-sulfur protein
assembly.

3.11 hOLA1 and ribosomal biogenesis
hOLAI was thought to be a potential trans-acting factor involved in the maturation of the
small ribosomal subunit. Interestingly, in addition to ribosomal proteins of both subunits,
several proteins that are thought to be involved in ribosomal maturation have been identified
in pulldown assays. These proteins included nucleolin, B23, NOLI, PBKl, hnRNP D, DDX9
and DDXI8. All of them were also found in human NOP56- and human Parvulin-associated
pre-ribosomal particles that were purified by IP reactions [309, 310].
Nucleolin participates in multiple stages of early pre-rRNA processing, including rDNA
transcription, pre-rRNA processing, and assembly of ribosomal proteins [311-313]. The
specific interaction ofnucleolin with the 5'-ETS sequence is required for the first step ofprerRNA processing [312]. B23, another trans-acting factor identified, displays endonucleolytic
activity and is involved in ITS2 processing [247]. The role of hnRNP U in ribosomal
biogenesis has not yet been established in mammalians, but hnRNP D is suggested to act as
trans-acting factor in ribosome maturation due to its homology to the yeast protein
Nop3plNp13p, which is involved in 18S and 25S rRNA processing [314]. Additionally, the
two helicases DDX9 and DDXI8, which have been demonstrated to act in ribosomal
biogeneis, were enriched by affinity chromatography on immobilized zz-hOLA1.
Numerous additional proteins that have so far not been linked to ribosomal biogenesis
were copurified with hNOP56 and hParvulin [309, 310]. These proteins might have bound to
bait proteins indirectly via association with purified ribosomal particles. Interestingly, many
of these proteins were also isolated by zz-hOLAl pulldown assays, indicating that similar
particles have been purified with zz-hOLAl and hNOP56 or hParvulin. Proteins that are not
involved in ribosomal biogenesis and were found in all three studies included: MYB binding
protein, eukaryotic translation elongation factor 1 alpha, eukaryotic translation initiation
factor 2, interleukin enhancer bining factor 3 (NF90), DNA topoisomerase, and HI histone.
However, several of these unrelated proteins might be unspecific binders that are generally
found in pulldown and IP assays.
Even though several potential trans-acting factors that are needed for ribosomal synthesis
were recruited to zz-hOLAl, the potential role ofhOLAl in ribosomal biogenesis could not
be unequivocally confirmed by in vivo analysis. While hOLAl depletion by RNA interference
resulted in slightly decreased levels of free 60S, no accumulation of precursor molecules was
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observed by Northern hybridization of respective HeLa cells. To further investigate whether
hOLA 1 is required for 60S synthesis, pulse chase experiments will be needed to test an
influence ofhOLAl depletion on pre-rRNA processing kinetics.
In contrast to 60S maturation, 40S synthesis does not seem to be influenced by hOLA 1
depletion, and accordingly, the interaction of hOLAl with hRI02 that was predicted by the
two-hybrid interaction found in S. cerevisiae could not be confirmed. Thus, a role of hOLA 1
in 40S biogenesis seems unlikely and the ability of hOLAl to directly bind to 40S particles
might be associated with a potential role in translation initiation (discussed in chapter 3.7).

3.12 A role of hOLA1 in nutrient sensing?
Even though several proteins that potentially interact with hOLAl were identified during
this study, the cellular role of hOLAl could not yet be elucidated in detail. However, in
regard to its universal distribution, hOLA 1 seems to play a pivotal role in a central process
that might be conserved from bacteria to mammals.
Interestingly, specific interactions of hOLA 1 with tRNA and the ribosome correlate well
with phylogenetic analysis, which revealed that hOLAl developed from an ancestral GTPase
that evolved prior to emergence of LUCA. Notably, none of the ancient GTPases, with the
possible exception of MRP, interact with DNA but show association with RNA molecules, as
opposed to other major classes of P-Ioop NTPases, such as RecA, ABC, AAA +, or helicases
[1]. This indicates that early diversification events among GTPases occurred prior to advent
of DNA as principal genetic material [1] and thus is in agreement with our finding that
hOLAl is an RNA binding protein.
Interestingly, ancient GTPases differed from the rest of P-Ioop NTPases through the
specialized DxxG configuration of the Walker B motif and the NKxD motif associated with
the 136-strand, which provides specificity toward GTP. Accordingly, our findings indicate that
the alteration of this otherwise highly conserve sequence might have occurred relatively late
in Olal evolution. So far, it is not clear whether this development was driven by a functional
necessity or occurred by chance due to missing selective pressure on the conservation of the
corresponding sequence motif. Although moderate nucleotide affinity of the Obg-family
might have partly facilitated the development of ATP specificity of Olal-like proteins, late
alteration of nucleotide binding specificity during the evolutionary development of Olal
appears in contradiction to an ancient origin, which would imply a central function of Olal in
a cellular key process. Interestingly, genetic studies revealed that E.coli cells depleted ofOlal
are viable in rich medium (LB) [315]. Thus, the function of Olal might only be essential
under particular conditions and hence would allow late alterations of the nucleotide
specificity.

- 120-

3 DISCUSSION
According to our in vitro and in vivo studies, hOLA 1 appears to associate with different
protein complexes such as ribosomal subunits, the tRNA synthetase complex, and several
proteins of the translation pre-initiation complex. Even thought the functional link between
these protein complexes and hOLAl is not yet understood, the ability of hOLAl to bind
strongly to tRNA might display a potential link between the corresponding cellular processes.
In respect of the different potential interacting partners, it would be interesting to understand
whether binding to these occurs generally or exhibits a response to particular cellular
conditions such as accumulation or lack of charged tRNAs. In conformity with the second
possibility, hOLAI might exhibit a regulatory function and association with the
corresponding protein complexes might affect their function in response to a changed cellular
environment. However, this is mere speculation and in an according model, association!
dissociation of hOLA 1 from one protein complex would strongly influence the binding to the
other protein (complexes), pursuant to a dynamic equilibrium with multiple binding partners.
Interestingly, several observations indicate a possible role of OlaI in nutrient sensing. In
S.cerevisiae, OlaIp depletion resulted to glycogen accumulation similar to glucose and amino
acid starvation, which both induce glycogen accumulation in yeast [303]. According to the
fast nucleotide exchange rate and the moderate nucleotide affinity, OlaI might play a role in
monitoring the ATP to ADP ratio, comparable to the role in GTP monitoring suggested for
the related GTPase Obg [97]. The ability of hOLA I to discriminate between charged and
uncharged tRNAs further supports the idea of a function related to nutrient sensing. Thus,
Olal might be involved in surveying levels of accessible amino acids. Correspondingly,
yOlalp was found in several TAP-purified protein complexes together with Gcnlp and Gcn2p
[267,268].
In the context of the speculative involvement of hOLA I in monitoring nutrient
accessibility, it is interesting that the C-terminal TGS domain of hOLAl is found in SpoT, a
ppGpp synthtease, which produces the alarmone ppGpp and thus modulates protein
expression upon glucose depletion [316]. Furthermore, the TGS domain is also found in Obg,
which binds ppGpp [87] and was suggested to induce sporulation in bacteria in response to
decreased GTP levels [100]. However the TGS domain seems not to be directly involved in
ppGpp binding or synthesis and its function remains to be elucidated. Nevertheless, it is
remarkable that both proteins containing the TGS domain have been implicated in nutrient
sensmg.
An alternative hypothesis for the cellular role of hOLA 1 arises from the synthetic lethal
array, where olalLirps1aJ1 and olalJ1rpl7aLi double deletions exhibited a synthetic lethal
(sick) phenotype. In principle, synthetic lethality with a ribosomal protein that is encoded by
two nearly identical genes seemed unlikely since it is assumed that a potential synthetic defect
could be rescued by the presence of the second, highly similar ribosomal protein. However,
recently Komili and coworkers presented experimental evidence for the need of ribosomes
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that contain a specific subset of duplicated ribosomal protein genes in order to translate
certain mRNAs [317]. Their data suggest a model in which certain transcripts are bound by a
translational repressor that subsequently recruits a non-canonical ribosome composed of a
distinct subset of duplicated ribosomal proteins. Thus, non-canonical ribosomes enable
regulated translation of target mRNAs and can affect both the spatial and temporal properties
of their translation [317]. Hence, their model provides a possible explanation for the synthetic
lethality observed and indicates a potential role ofhOLAl in translational control.
Together, the presented data suggest that hOLA I is involved in a central role of the cell
or might exhibit a link between several "independent" cellular functions. However, further
experimental approaches are required to elucidate the cellular task of hOLA I and it remains
to be seen how far the presented models correspond to the cellular reality.

AND 50 THESE MEN of INDoSTAN
DISPUTED LOUD AND LONG,
EACH IN HIS OWN OPINION
EXCEEDING STIFF AND ST"-ONG,
THOUGH EACH WAS PA,,-ny IN THE "-'GHT,
AND ALL WE"-E IN THE W"-ONGI

- 122-

MATERIAL AND METHODS

COCITATIONES R..oBUSTI SEMPER.. IN ABUNDANTIA OMNIS
AUTEM PIGER.. SEMPER.. IN EGESTATE
PR..OVER..BS

Seite Leer /
Blank leaf

4 MATERIAL AND METHODS

4 MATERIAL AND METHODS
4.1

Molecular Biology
4.1.1 Agarose gel electrophoresis
DNA was analyzed on 1% (w/v) agarose gels by electrophoretic separation. Therefore,

1 g agarose was solubilized in 100 ml Ix TAE and supplemented with 0.2 mg ethidium
bromide. Agarose gels were run in TAE buffer at a constant voltage of 120 V.
Ix TAE: 40 mM Tris-base, 0.125% acetic acid glacial, 1 mM EDTA

4.1.2 Cloning
All cloned coding sequences were amplified by polymerase chain reaction (PCR) using
HeLa cDNA or yeast genomic DNA as template. PCR reactions were performed with High

fidelity polymerase (Roche) in the recommended buffer and supplemented with 200 ~M
dNTPs and I IlM of the corresponding primer pair. Oligonucleotides used for PCR reactions
are listed in table 4.1. PCR products were purified by agarose gel electrophoresis followed by
EasyPure DNA extraction. Enzymatic digest was performed as indicated in table 4.1.
Expression vectors were dephosphorylated after enzymatic digest. For recombinant
protein expression, coding sequences were cloned into pQE vectors (Qiagen). To obtain GFPfusion constructs, EGFP vectors were used (Clonetech).

Gene

Vector

Restriction Sites

hOLA1 (PTD004)

pQE30

BamH I x Xma I

Mutations

Fwd

5'· gcgcGGA TCC ATG CCC CCT AAA AAG GGA G -3'

Rev

5'- cgcgcCCCGGG TTA Tn cn CTT CGG TTG nG AGG -5'

hOLA1 (PTD004)

pQE60

Nco I x BamH I

twd

5'- gcgcCC ATG GCCCCT AAA AAG GGA GGT -3'

rev

5'- ggcc GGATCC TTT CTT CTT CGG TTG TTG AGG -3'
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hOLA1 (PTD004)

pQEzz60

Nco I x BamH I

fwd

5'- gcgcCC ATG GCCCCT AAA AAG GGA GGT -3'

rev

5'- ggcc GGATCC TTT CTT CTT CGG TTG TTG AGG -3'

hARX1 (PA2G4)

pQEzz60

Nco I x BamH I

fwd

5'- gcgcCC ATG GCG GGC GAG GAC -3'

rev

5'- cgcgcGGATCC GTC CCC AGC TTC ATT TTC -3'

yOLA1 (Ybr025c)

pQE60

Nco I x BamH I

fwd

5'- ccgaCC ATG GCTCCA AAG AAG CAA GTC GAA G ·3'

rev

5'- gcgcGGATCC ATT CTT ACC AGC ACC AGC TC -3'

yOLA2 (Ygr210c)

pQE30

5'- cgcaGCA TGC CCC AGG GAT CCA TTG ATT G -3'

rev

5'- ccggAAGCTT TTA TGC TGA TCT TGG AGC G·3'

pQE30

5'-cgcgGGA TCC TCG ATA GCT TGG TCT AGC G - 3'

rev

5'- ggccAAGCTT CTA TGT TTT CTC TCT GAG GGC -3'

pQE60

Serl -7 Ala2

Pro 2 -7 Ala2

BamH I x Sal I

fwd

yOBG (Yhr168w)

Pro2 -7 Ala 2

Sph I x Hind III

fwd

yOBG (Yhr168w)

1

Nco I x BamH I

fwd

5'- ccgtCC ATG GCG ATA GCT TGG TCT AGC G -3'

rev

5'- gggcGGATCC TGT TTT CTC TCT GAG GGC G ·3'

Table 4.1: Oligonucleotides for PCR reactions. Restriction sites and mutations are indicated in bold
and italic, respectively.

4.1.3 Quik-Change™ Site-Directed Mutagenesis

The Quik-Change™Site-Directed Mutagenesis Kit (Stratagene) was used according to the
manufacturer's protocol. Briefly, 16 PCR cycles were performed (35 sec at 96°C, 35 sec at
55°C, 4.5 min at 68°C) with 50 ng of template plasmid mixed with ]25 ng of each primer,
0.4 mM NTP mix, and 2.5 U Pfu Turbo DNA polymerase. Parental DNA was digested with
10 U Dpnl at 37°C for 1 h. The reaction mix was then directly transformed into chemo
competent E. coli XL1 blue cells.
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Primers for site-directed mutagenesis were 25 to 45 bases in length, ended in one or more
G or C bases and were designed such, that the melting temperature was greater than 78°C.
The melting temperature was calculated as followed:
Tm = 81.5 + 0.41(%GC) - 675/N - % mismatch
where N was the primer length in base pairs. Oligonuc1eotides were ordered either at

Microsynth AG, Balgach, or Invitrogen AG, Basel.

Site directed mutagenesis

~3'

fwd

5'-ATGGTCTACTTG GTT AAT CTTTCTGAC AAA GACTACATT AGAAAG

rev

5'- CTT TCT AAT GTA GTC TTT GTC AGA AAG ATT AAC CAA GTA GAC CAT-3'

hOLAl L231 K
fwd

5'-ATGGTCTACTTGGTT AAT AAA TCT GAA AAA GACTACATT AGAAAG-3'

rev

5'- CTT TCT AAT GTA GTC TTT TTC AGA TTT ATT AAC CAA GTA GAC CAT -3'

fwd

5'- CA ATG GTCTACTTGGTT AAT AAA TCTGAC AAAGACTACATT AGAAAG -3'

rev

5'- CTT TCT AAT GTA GTC TTT GTC AGA TTT ATT AAC CAA GTA GAC CAT TG -3'

fwd

5'- C TIT CAT CTA ACA CGT GCT GCTGAA GAT GAT GAT ATC ACG CAC -3'

rev

5'- GTG CGT GAT ATC ATCATCTTCAGC AGCACGTGTTAG ATG AAA G -3'

Table 4.3: Oligonucleotides for QUlk-Change reactions. Mutated triplets are indicated (bold italic).

4.1.4 Two-step PeR-based directed mutagenesis
The P-Ioop GKS sequence motif of hOLAl was mutated to an AAA sequence by twostep PCR-based directed mutagenesis. The corresponding triple mutation was introduced in
two separate PCR fragments using an anchor primer with an internal mutagenic primer for
each reaction. The PCR products were purified by agarose gel electrophoresis and subsequent
DNA extraction. The two obtained PCR products were diluted and subjected to a full length
PCR reaction for which three pre-cycles were performed prior to addition of the two anchor
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primers. The peR product was purified and cloned into pQE60 and pQEzz60 expression
vectors.
Mutagenesis reaction - N-terminal fragment
fwd

5'- GCG CCC ATG GCC CCT AAA AAG GGA GGT -3'

rev

5'- GGT TAA CAC ATT GAA GAA AGT AGC GGC TGC AAC ATI TGG CAA TCC
AAC AAT ACC -3'

Mutagenesis reaction - e-terminal fragment
fwd

5'- GGT ATI GTT GGA TTG CCA AAT GTI GCA GCC GCT ACT TTC TIC
AAT GTG TIA ACC -3'

rev

5'- GGCC GGA TCC TIT CTT CTI CGG TTG TTG AGG

~3'

Assemble PeR reaction
fwd

5'- GeG eee ATG GCe eeT AAA AAG GGA GGT -3'

rev

5'- GGee GGA Tee TTT eTT eTT eGG TTG TTG AGG -3'

Table 4.4: Primers for two-step PeR-based directed mutagenesis. Mutations introduced are
indicated in bold.

4.1.5 Plasmid preparations
Small scale plasmid preparations (minipreps) were done from 1.5 ml overnight cultures
by alkaline lysis and phenol extraction. Isolated plasmid DNA was precipitated with 2propanol and washed with 70% ethanol. DNA was resuspended in ddH2 0 and analyzed by
agarose gel electrophoresis.
For large scale preparation (50 ml culuture) Nucleobond AX kits (Machery-Nagel) were
used according to the manufacturer's instructions.

4.1.6 DNA sequencing
DNA sequencmg was accomplished by Microsynth A G, Balgach, or Synergene,
Schlieren.
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4.2

Protein Biochemistry
4.2.1 SDS-PAGE and Coomassie blue staining

Generally, proteins were analyzed by denaturing, discontinuous SDS polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were separated at a constant current of 50 mA in
electrophoresis buffer and detected by Coomassie blue staining (1 % Coomassie blue G250,
40% MeOH) of the gel prior to extended washing with water in order to rinse out excess of
dye.
Electrophoresis buffer: 25 mM Tris base, 133 mM glycine, 1% SDS

4.2.2 Silver staining

Alternatively to Coomassie blue staining, proteins were detected by silver staining. After
electrophoretic protein separation, the polyacrylamide gel was fixed for 1 hour in 30% EtOH,
15% AcOH, incubated in 0.5 M NaOAc, 12 mM Na2S203, 0.125% glutaraldehyde, 25%
EtOH for another hour and was washed three times with water. After 30 min incubation in
silver nitrate solution (0.1 % AgN03, 0.011 % formaldehyde), the gel was briefly rinsed with
water and developed in 2.5% Na2C03, 0.011% formaldehyde. The staining reaction was
stopped by adding 0.05 M EDTA.

4.2.3

Western blotting

After SDS-PAGE, proteins were transferred on a nitrocellulose membrane (N-2639,
Sigma) by semi-dry blotting. Protein transfer was performed for 45 min at a currency of
1.1 mA x [area of the gel to be blotted in cm 2] in electrophoresis buffer containing 20%
methanol. The membrane was blocked with 10% dry milk in Ix TBT for 30 min. First
antibody was incubated in Ix TBT, 4% dry milk over night at 4°C. The membrane was
washed three times with Ix TBT, 4% dry milk and horseradish peroxidase conjugated
secondary antibody was added and incubated for 30 min at room temperature. Prior to
chemiluminiscence reaction, the membrane was washed twice in Ix TBT, 4% dry milk and
once in Ix TBT. Antibodies were visualized by addition of 10 ml luminol (1.25 mM) in
100 mM Tris, pH 8.5; IOOI.d p-coumaric acid (6.8 mM) in DMSO; 3 III H202 (33%) and the
chemoluminiscence signal was captured on Fuji Super RX films.
Ix TBT: 150 mM NaCl, 6 mM Tris base, 19 mM Tris Hel, 1% (v/v) Tween-20
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All primary antibodies were diluted according to the following table:

Antibody

Dilution

a actin

1 : 40'000

Host
Mouse

aCRM1

1: 2'500

Rabbit

aGFP

1: 1'000

Rabbit

a LTV1
aOLA1
a RanBP16
aRI02
a RpL10
a RpS6

1: 1 '000

Rabbit

1: 1'000

Rabbit

1: 1'000

1: 1'000

Rabbit
Rabbit

1: 1'000

Rabbit

500

Rabbit

1:

Table 4.5: Primary antibodies used for Western blotting

Horseradish peroxidase (HRP) conjugated secondary antibodies were obtained from
Sigma. Anti rabbit-HRP and anti mouse-HRP antibodies were diluted 1:10'000 and 1:5'000
respectively.

4.2.4 Expression and purification ofrecombinant proteins

Expression and purification of B.subtilis Obg and H.injluenzae YchF was performed as
described elsewhere [86, 87]. Expression of all other recombinant proteins was done in E.coli
BLR (pRep4).
zz-hOLAl and zz-hOLA1-AAA expression was induced by addition of 1 mM IPTG and
was performed for 4 hours at 25°C. Cells were lysed by sonication in lysis buffer (50 mM
Tris pH 7.6, 2000 mM NaCI, 5 mM MgCh, 2 mM 2-mercaptoethanol, 5% glycerol (w/v)).
The bacterial cell lysate was cleared by ultracentrifugation (90 min, 48'000 rpm, Ti70,
Beckman) and was passed over Ni-NTA agarose (Qiagen). After intense washing with lysis
buffer, bound protein was subjected to buffer exchange (50 mM Tris pH 7.6,200 mM NaCl,
5 mM MgCh, 5% glycerol (w/v)) and was eluted with 400 mM imidazole. Eluted protein was
pooled and supplemented with 250 mM sucrose prior to shock freezing in liquid nitrogen.
zz-ARXl expression and purification was performed accordingly but lysis buffer
contained only 700 mM NaCI instead of2000 mM NaCl.
For all other proteins, 1 mM IPTG induced expression was performed over night at 19°C.
Cells were lysed by cell cracking (EmulsiFlex-5C, Avestin) in 50 mM Tris pH 7.6, 700 mM
NaCI, 5 mM MgCh, 2 mM 2-mercaptoethanol, 5% glycerol (w/v) and subjected to
ultracentrifugation (90 min, 48'000 rpm, Ti70, Beckman). Protein purification was performed
by chromatography on Ni-NTA agarose (Qiagen). After intense washing with lysis buffer,
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bound proteins were subjected to buffer exchange (hOLA1 elution buffer: 50 mM Tris pH
7.0, 100 mM NaCl, 5 mM MgCb, 2 mM 2-mercaptoethanol, 5% glycerol (w/v); yOlal
elution buffer: 50 mM Tris pH 6.5, 100 mM NaCl, 5 mM MgCb, 2 mM 2-mercaptoethanol,
5% glycerol (w/v); Ygr210c elution buffer: 50 mM Tris pH 7.5, 100 mM NaCl, 5 mM MgCb,
2 mM 2-mercaptoethano1, 5% glycerol (w/v)) and were eluded with 400 mM imidazole in the
corresponding elution buffer. The eluted proteins were subsequently bound to a Hi Trap SP
Sepharose HP column (GE Healthcare) and eluted in a gradient (buffer A: 50 mM Tris, 50
mM NaCl, 5 mM MgCb, 5% glycerol (w/v); buffer B: 50 mM Tris, 1 M NaCl, 5 mM MgCb,
5% glycerol (w/v) at the respective pH). Peak fractions were pooled and concentrated by
Centrieon centrifugation (Milian) prior to gel filtration on a Superdex 200 10/30 column (GE
Healthcare) in 50 mM Tris pH 7.6, 100 mM NaCl, 5 mM MgClz. Peak fraction were pooled
and supplemented with 2 mM DTT and 250 mM sucrose.

4.2.5 Preparing ofHeLa eelllysate

HeLa cell lysate was prepared from cell pellets, which were obtained from 4C Biotech
(Belgium). 5 x 109 cells were resuspended in low salt extraction buffer (50 mM Tris, pH 7.6,
100 mM KOAc, 2 mM MgCb, 0.15% (w/v) digitonin), supplemented with protease inhibitors
(leueptin, pepstatin, chymostatin, elastin, 10 Ilg/ml each) and lysed by douncing. Cell debris
were sedimented at 5000 x g and reextracted with the same buffer. The obtained low spin
extract still contained ribosomes and was either subjected to ultracentrifugation (90 min,
50'000 rpm, Beckmann Ti70) resulting in ribosome free cleared lysate (high spin extracts) or
was directly supplemented with sucrose and shock frozen.

4.2.6 Purification ofHeLa eell ribosomal subunits

Ribosomal subunits were prepared from pellets obtained by ultracentrifugation of low
speed HeLa cell extracts (4.2.5 Preparing of HeLa eell lysate). Pellets were resuspended in
50 mM Hepes pH 7.6, 300 mM KCI, 5 mM MgCh, 6 mM 2-mercaptoethanol by douncing
and ribosomes were separated from cell debris by centrifugation over a 15 ml 1.25 M sucrose
cushion prepared in the same buffer. Ultracentrifugation was performed at 50'000 rpm for
19 hours in a Beckman Ti70 rotor. The supernatant was carefully taken off and discarded
while the clear ribosomal pellet was resuspended in high salt buffer (HSB) containing 50 mM
Hepes pH 7.6, 700 mM KCI, 10 mM MgCb, 6 mM 2-mercaptoethanoJ. Ribosomes were
incubated 30 min on ice to allow subunit dissociation prior to loading on a linear 10-45%
sucrose gradient that was prepared in HSB using the BioComp GradientMaster at
6: 12/53.0/25 (time/angle/speed). Subunits were separated by sucrose density centrifugation
for 19 hours at 25'000 rpm in a Beckman SW32 rotor. Gradient fractionation was performed
with a Auto Densi-Flow gradient collector (Labconco). Peak fractions containing 40S or 60S
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subunits were pooled, diluted with equal volume of HSB and sedimented overnight at
540'000 x g in a Beckman TLA 100.4 rotor. The pellets were resuspended in 50 mM Hepes
pH 7.6, 100 mM KOAc, 5 mM MgCh., 4 mM 2-mercaptoethanol, 250 mM sucrose.
Concentration of ribosomal subunits was determined by OD26Onm measurement using the
approximation of 1 OD26Onm (60S) = 25 pmol/ml and 1 OD26Onm (40S) = 50 pmol/ml. The ratio
2601280 was characteristically between 1.8 and 1.85.

4.3

RNA methods
4.3.1 Denaturing agarose gel electrophoresis

Ribosomal RNA was analyzed by denaturing agarose gel electrophoresis. RNA was
separated on 0.75% agarose gels containing 15% formaldehyde in Ix MOPS. RNA samples
were mixed with RNA loading buffer (95% formamide, 0.05% SDS, 0.05% XCFF, 0.05%
BPB), denatured (8 min, 65°C; 2min 96°C) and chilled on ice. After separation, RNA was
visualized either by SYBRE®Gold (Invitrogen) staining or northern blot analysis.
Ix MOPS: 50 mM MOPS, pH 7.0,8 mM NaOAc, 1 mM EDTA

4.3.2

Urea polyacrylamide gel (urea-PAGE)

Short RNAs were separated by denaturing polyacrylamide gel electrophoresis (ureaPAGE). RNA probes were mixed with RNA loading buffer (95% formamide, 0.05% SDS,
0.05% XCFF, 0.05% BPB) denatured (8 min, 65°C; 2min 96°C) and chilled on ice. RNA was
separated on 10% polyacrylamide gels containing 7M urea in O.5x THE. The gel was pre-ran
prior to sample loading for 10 min at low power (2 Wcm- 1). After electrophoretic RNA
separation, the gel was fixed for 10 min in RNA fixing solution (10% methanol, 10% acetic
acid) and stained with SYBRE®Gold (Invitrogen).
0.5x TBE: 45 mM Tris base, 45 mM boric acid, 1 mM EDTA

4.3.3 tRNA preparation

Transfer RNA (tRNA) was prepared from HeLa cell cleared lysate. After
ultracentrifugation (90 min, 55'000 rpm, Ti70) HeLa cell lysate was diluted 1:3 with 100 mM
NaOAc, pH 5.0 and extracted twice with acidic phenol. Isolated RNA was ethanol
precipitated in the presence of glycogen (5Ilg), washed twice with 75% ethanol and
resuspended in 10 mM NaOAc, pH 5.0 to preserve tRNA aminoacylation. For tRNA
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deacylation, precipitated RNA was resuspended in 0.1 M NI-40H/HCl, pH 9.5 and incubated
for 45 min at 37°C. After basic treatment, the RNA was precipitated and resuspended in 10
mM Tris-HCl, pH 7.5. RNA concentration was determined by OD260 determination and the
quality was checked by denaturing urea-PAGE, using commercial tRNA (Roche) from E.coli
as a control sample.

4.3.4

Total RNA extraction from HeLa cells

Total RNA from HeLa cells was isolated with TRIZOL ® reagent (Invitrogen) according to
the manufacturer's protocol. Cells were grown on 6 cm diameter dishes and lysed with 2 ml
of TRIZOL ® reagent. The homogenized samples were incubated for 5 min at room
temperature to permit complete dissociation of nucleoprotein complexes. After addition of
0.4 ml of chloroform samples were vigorously mixed prior to phase separation by
centrifugation. The aqueous phase was transferred in a fresh tube and RNA was precipitated
with isopropyl alcohol. The RNA pellet was washed with 75% EtOH and resuspended in
ddH20.

4.3.5 Northern blot analysis

For northern blot analysis, 1-2 Ilg of total RNA was denatured and separated on a
denaturing 0.75% agarose gel in Ix MOPS buffer. The gel was washed twice in ddH 20 and
equilibrated in 20x SSC, before RNA was transferred on a nylon membrane by capillary
elution. The membrane was washed in 2x SSC prior to RNA fixation at 80°C for Ih.
For site-specific RNA hybridization DNA oligonucleotides were radioactively 5' -end2p]-ATP and
labeled. Therefore, 10 pmol oligonucleotides were incubated with 50 IlCi
2p]10 U T4 PNK (Roche) for I h at 37°C. The reaction was stopped with EDTA and free

y-e

y-e

ATP was removed by spin column centrifugation.
For the hybridization reaction the membrane was incubated in 5 ml hybridization buffer
(1 % (w/v) dextran sulfate sodium salt, 0.8% (w/v) SDS, I M NaCl) for Ih at 50°C.
Meanwhile 400'000 cpm of the labeled probe were added to 50 III of salmon sperm DNA,
denatured at 96°C for 10 min and immediately chilled on ice. Hybridization was performed
over night in hybridization buffer at 50°C. After hybridization, the membrane was washed
once with 6x SSC, 1% SDS, twice with 2x SSC, 0.1 % SDS and once with 0.2x SSC, 0.1 %
SDS, and rinsed with O.Ix SSc. rRNA was visualized by phosphoimager screening
(Molecular Dynamics) or film exposition.
Ix MOPS: 50 mM MOPS, pH 7.0, 8 mM NaOAc, 1 mM EDTA
Ix SSC: 15 mM sodium citrate, pH 7.0, 150 mM NaCI

- 133-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE

Probe

Sequence

41S-E8T1

5'- GAG AGC ACG ACG TCA CCA CAT CGA TCG AAG AGC -S'

5520-ITS1

5'· CCT CGC CCT CCG GGC TCC GTT AAT GAT C -3'

545S-188

5'- TIT ACT TCC TCT AGA TAG TCA AGT TCG ACC -3'

7554-IT82

5'- GCG CGA CGG CGG ACG ACA CCG CGG CGT C -3'

11765-288

5'- CCC GTT CCC TTG GCT GTG GTT TCG CTA GAT A -S'

1

Table 4.6: DNA probes used for rRNA hybridization reactions. First nucleotide positions of sitespecific hybridization reactions are indicated.

4.4

Biochemical assays
4.4.1

Pull-downfrom HeLa cell extracts

25 J..I.l IgG-sepharose beads (GE Healthcare) were pre-saturated with zz-tagged bait
protein and incubated with 800 J..I.l of HeLa cell extract for 4h at 4°C. Beads were washed
three times with binding buffer (50 mM Tris-HCl, pH 7.6, 150 mM KOAc, 50 mM NaCl, 5
mM MgCb, 0.001% Triton X-lOO) and bound proteins were eluted with high salt buffer (50
mM Tris-HCl, pH 7.6, 1.5 M MgCh), precipitated with isopropanol and dissolved in SDS
sample buffer. To recover bound RNA, IgG-sepharose beads were treated with proteinase K
for 30 min at 37°C. After phenol extraction, RNA molecules were precipitated with ethanol
and analyzed by denaturing agarose electrophoresis or urea-PAGE.
Alternatively, 800 J..I.I HeLa cell extract was supplemented with zz-tagged bait protein and
incubated 2 h on ice before 25 J..I.I pre-equilibrated IgG-sepharose beads were added to the
sample. The suspension was mixed occasionally, washed three times with binding buffer and
treated as described above.

4.4.2 Direct protein binding assay ofrecombinant proteins
To analyze direct binding, recombinantly expressed and purified proteins were incubated
for 60 min in 100 J..I.l binding buffer (see 4.4.1 pull-down from HeLa extracts) before 20 J..I.l of
equilibrated IgG-sepharose beads were added. The suspension was incubated for 45 min on
ice, mixed occasionally, and washed three times with binding buffer. Prior to elution with
SDS sample buffer, the suspension was washed once with 50 mM Tris-HCI, pH 7.6, 5 mM
MgCh to avoid potassium dodecyle sulfate precipitate.
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4.4.3 RNA binding assays
Unless otherwise described, binding reactions were assembled in 100 III RNA binding
buffer (50 mM Tris-HC1, pH 7.6, 150 mM KOAc, 2 mM MgOAc , 0.25 mg/ml bovine serum
albumine (BSA), 0.001% Triton X-lOO). 500 pmol recombinant zz-hOla1 was incubated with
800 pmol E.coli tRNA for 45 min on ice, before 20 III of IgG-sepharose beads (GE
Healthcare) were added. The suspension was mixed occasionally and, after 60 min,
immobilized proteinIRNA complexes were washed three times with RNA binding buffer.
Bound RNA was recovered after proteinase K treatment by phenol extraction and ethanol
precipitation. RNA was then analyzed by denaturing urea-PAGE and SYBRE®Gold
(Invitrogen) staining.

4.4.4 Ribosome sedimentations assay
25 pmol purified ribosomal subunits were incubated with recombinant h01a1 in 140 III
sedimentation buffer (50 mM Hepes, pH 7.6, 150 mM KOAc, 5 mM MgOAc, 2 mM 2mercaptoethanol) for 15 min on ice and subjected to ultracentrifugation (100'000 rpm,
Beckmann TLAIOO rotor) for one and four hours in order to pellet 60S and 40S ribosomal
subunits, respectively. Proteins of the supernatant and the resuspended pellet were
precipitated with 33% trichloroacetic acid (TCA) in the presence of 1% Triton X-lOO. The
pellet was washed twice with acetone and dissolved in 50 III SDS sample buffer. Ribosomal
associated (pellet fraction) and soluble proteins (supematant fraction) were analyzed by SDSPAGE and Coomassie staining.

4.4.5 Size exclusion chromatography
To investigate hOLAl/RNA complex formation, retention volumes (VR) of hOLA1 that
was pre-incubated with commercial available E.coli tRNA (Roche) or in vitro transcribed and
purified U1 snRNA was determined. Complex formation was accomplished in 50 mM Tris
pH 7.6, 150 mM KOAc, 5 mM MgCh, 2 mM DTT and 200 III of the protein-RNA mixture or
the individual components were loaded onto a Superdex 200 10/30 column (GE Healthcare),
which was equilibrated with the same buffer. Elution time was determined by OD280nm and
OD260nm recording.

4.4.6 Fluorescence spectrometry
Nucleotide binding of Ola1-related proteins was analyzed with 2'/3'-O-(Nmethylanthraniloyl)-labeled nucleotides (mant-nucleotides, Jena Bioscience). Mantnucleotides are fluorescent nucleotide analogs, which are environmentally sensitive and
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display increased fluorescence intensity in a hydrophobic microenvironment and thus allow
observation of protein binding.
Fluorescence measurements were examined with a Cary Eclipse fluorescence
spectrometer (Varian). All assays were perfonned at 25°C and mant-nucleotide fluorescence
was monitored with an excitation wavelength of 355 nm (slit width 5 nm) and an emission
wavelength of 448 nm (slit width 10 nm). Experiments were carried out in 50 mM Tris, pH
7.6, 100 mM NaCl, 5 mM MgCh. Protein was titrated to 0.5 JlM mant-nucleotides up to a
final concentration of 15 JlM. Total fluorescence intensity was recorded for at least 20 times
each titrations point and all measurements were repeated three times. For nucleotide binding
affinity calculation, the relative fluorescence intensity in respect to free mant-nucleotide was
calculated. The dissociation constant K d was calculated by curve fitting to the following
equation:
F:= Fa+ AF (Aa+ x + Kd
2Aa

-~(Aa+ x + Kd)2 -4Aox))

F relative fluorescence at protein concentration x
F o relative fluorescence at protein concentration 0 uM (=1)
LWmaximal change in relative fluorescence (x -. 00)

Aa concentration of mant-nucleotide
x concentration of titrated protein
Kd dissociation constant, to be determined
The curve fitting was perrormed using the KaleidaGraph software (Synergy Software).

4.4.7 Polarization measurements
Alternatively to relative fluorescence measurements, mant-nucleotide binding to hOLAI
was analyzed by fluorescence polarization measurement according to the experimental setup
described in 4.4.6 Fluorescence spectrometry. Polarization measurements were perfonned
with a Fluoromax 2 spectrofluorometer (Spex Industries) and corrected by the G factor as
followed:

p := _W_-_G_·_VH_

with

G:= HV
HH

W+G·VH

All signals for VV, VH, HV, and HH were measured for 3 s and polarization for each
titration step were measured at least ten times. Nucleotide affinity were calculated according
to the equation described in 4.4.6 Fluorescence spectrometry.
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4.4.8 Isothermal titrations calorimetry
Nucleotide affinity was determined by isothermal titration calorimetry (MCS-ITC,
MicroCal Inc.). Calorimetric experiments were performed at 25°C in nucleotide titration
buffer (NTB) (50 mM Tris, pH 7.6; 200 mM NaCI, 5 mM MgCh, 2 mM DTT). The
concentration of hOLA I in the sample cell was 58 IlM. Added nucleotides were solved at a
concentration of 600 JlM in NTB and were slowly titrated to the protein by computercontrolled stepwise injection. Temperature change of the sample cell was followed until
equilibrium was reached before the following injection was started. The heat evolved or
absorbed during the calorimetric titration was proportional to the fraction of bound ligand and
increased ligand concentration leads to substrate saturation and subsequently less heat was
evolved or absorbed.
The amount of heat that evolved upon addition of nucleotide is represented by the
following equation:

Ka[L]
Q=VoMib[M],
[]
I+KaL

Q

heat evolved/absorbed

Vo

volume of the sample cell

Mlb

enthalpy of binding per mole of ligand

[M]t

total concentration of macromolecule in the sample cell

Ka

binding constant

[L]

concentration of free ligand

Data analysis was performed according to a single ligand binding model using the
manufacturers analysis software. Prior to peak integration the evolved/absorbed heat of
binding was normalized and dilution effects were corrected. Calculated peak areas where then
fitted to the following equation for single ligand binding, resulting in the determination of n,
K a, and Mlb, where n represents the stoichiometry of the reaction. /)Jib was assumed to be

independent of protein concentration.

Q=

n[M]

t

MlVO{ 1+

2

[L] + 1
n[Ml nKa[Ml
t

_

1 + I 24[L}
1
(1+ n[[LMl
)
nKa[ Ml
n[ Ml

Free energy of nucleotide binding and entropy change of nucleotide association were
calculated according to the relationship AGO
AGO = Mi o - T!.'1S°, respectively.

= -RTlnKaand the Gibbs-HelmhoItz equation,
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4.4.9 Hydrolysis rate determination with HPLC
To quantify nucleotide hydrolysis ofOlal-like proteins, 5 j.tM protein was incubated with
an excess of either ATP or GTP (125 IJM) in 50 mM Tris pH 7.6, 200 mM NaCl, 5 mM
MgCb at 25°C. At various time points, the amount of hydrolyzed nucleotide was analyzed by
HPLC (Shimadzu). Nucleotides were separated on a hydrophobic C18 nucleosil 100-5
column (Macherey-Nagel) with 50 mM potassium-phosphate pH 6.5, 10 mM tert-butylammonium-bromide, 5% acetonitrile as polar, mobile phase. Protein was denatured on a C-18
nucleosil 300-5 pre-column (Bischoff-Chromatography). Alternatively, nucleotides were
separated by anion exchange chromatography on a nucleosil 4000-7 PEI column (MachereyNagel) using a linear salt gradient (buffer A: 10 mM TrisIHCI, pH 8.5; buffer B: 10 mM
Tris/HCI, pH 8.5, 1.5 M NaCl).

4.4.10 Nucleotide hydrolysis with

y-t PJ-NTP
2

Alternatively, nucleotide hydrolysis was quantified using y_[ 32 p]_ATP/GTP. Proteins
were incubated with

y-e p]-ATP/GTP (50 j.tM, 0.05 j.tCi) in nucleotide binding buffer (NBB:
2

20 mM Hepes, pH 7.5, 50 mM KOAc, 1 mM Mg(OAc)2, 0.02% NaN3, 0.5% gelatine) for
45 min at 25°C. Nucleotide hydrolysis reactions were stopped by addition of 1 ml of a
charcoal suspension (3.5% activated charcoal, 10% ethanol, 0.1 M HCI, 10 mM KH2P04),
which binds both, protein and nucleotides. After centrifugation at 10,000 x g, free 32p _
phosphate was quantified by scintillation counting of the supernatant.
For nucleotide competition experiments, 50 j.tM of unlabeled nucleotides were added to
the reaction mixture and released 32p-phosphate was determined as described above.

4.4.11 Sucrose density gradient centrifugation ofHeLa cell extract
For sucrose density gradient centrifugation, 3001J1 HeLa cell lysate was loaded on a linear
10-45% sucrose gradient in 50 mM Hepes pH 7.5, 100 mM KCI, 5mM MgCh and subjected
to ultracentrifugation for 3 hours at 40'000 rpm in a SW40 rotor (Beckmann). The DV profile
(OD254nm) was recorded while the sucrose gradient was fractionated (0.5 ml fractions) by a
gradient collector (Foxy Jr from ISCO). Proteins of each fraction were TCA precipitated and
analyzed by Western blotting.
For ribosome profile analysis of RNAi treated HeLa cells, DMEM medium was
supplemented with cycloheximide (100 IJg/ml) and cells were incubated for 10 min at 37°C
prior to cell harvesting. Cells of three 10 cm cell culture dishes were pooled and lysed by
douncing in 500 j.tl of 50 mM Tris, pH 7.6, 150 mM KOAc, 10 mM MgCh, 100g j.tg/ml
cycloheximide, 10 Ilglml leupeptin, 10 j.tg/ml aprotinin. The suspension was centrifuged
(13'000 rpm, 5 min, 4°C) and the protein content of the supernatant was determined by the
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Bradford protein assay. 0.75 mg total protein were loaded on a 10-45% sucrose gradient and
analyzed as described above.

4.4.12 Sucrose density gradient centrifugation ofyeast cell extract
200 ml of a yeast culture was grown in YPD medium to an OD600nm of 0.8. Prior to cell
harvesting, cycloheximide was added to a final concentration of 100 Ilg/ml and cells were
incubated for 10 min on ice. Cells were washed two times in ice cold lysis buffer (10 mM Tris
pH 7.5, 100 mM NaCl, 30 mM MgCh, 100 Ilg/ml cyclohexamide, 200 Ilg/ml heparin,
0.2 Ill/ml DEPC) and resuspended in a final volume of 500 Ill. 300 III glass beads (0.5 mm)
were added and yeast cells were lysed by vortexing for 4 min. The suspension was cleared by
centrifuged for 5 min at 13 '000 rpm and 10 OD260nm were loaded on a 10.5 ml 10-45%
sucrose gradient in 50 mM Tris pH 7.5, 50 mM NH4 CI, 12 mM MgCh. Ribosomal particles
were separated by ultracentrifugation for 3 hours at 40'000 rpm in a SW40 rotor (Beckmann).
A gradient collector (Foxy Jr from ISCO) was used to record the DV profile. For localization
of TAP-hOLA1 in sucrose gradients, 0.5 ml fractions were collected after ultracentrifugation.
Proteins were precipitated with 33% TCA, washed twice with acetone and resuspended in
SDS sample buffer. Olalp-TAP localization was analyzed by Western blotting using rabbit
normal serum as primary antibody.
For starvation experiments, yeast cells were grown to an OD600nm of 0.8 harvested and
shifted to minimal medium (1x SD-AA) for different time periods (15 to 60 min) prior to
cycloheximide addition and cell harvesting. Cell lysis and sucrose density gradient
centrifugation was performed as described above.

4.5

Massspectrometry
4.5.1 Protein in gel digest
For protein identification, protein bands of interest were excised from Coomassie blue

stained polyacrylamide gels and cut into small pieces (~1 mm2 in size). Gel pieces were
washed twice with ddH2 0 and were then subjected to two dehydration/rehydration wash steps
with acetonitrile and 50 mM ammoniumcarbonate pH 7.8, respectively. Rehydrated gel pieces
were again dehydrated and reduced by incubation with DTT (10 mM DTT in 50 mM
ammoniumcarbonate pH 7.8) for 30 min at 60°C. Gel pieces were then dehydrated and
reduced cysteins were alkylated by incubation with 50 mM jodacetamide in 50 mM
ammoniumcarbonate for one hour at room temperature. After two dehydration/rehydration
wash cycles, gel pieces were dehydrated and soaked with trypsin solution (total amount of
trypsin 0.05-0.2 mg in 25 mM ammouniumcarbonate, pH 7.8). Proteins were digested over
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night at 25°C and eluted by two cycles of dehydration/rehydration with acetonitril and fonnic
acid, respectively. Eluted peptides were lyophylized and stored at -20°C.

4.5.2 Le MS/MS Analysis
Prior to identification by mass spectrometry, tryptic peptides were separated by reversed
phase-liquid chromatography (RP-LC) on Cl8 material. Lyophilized peptides were resolved
in buffer A (5% acetonitrile, 0.5% fonnic acid in Millipore water) and loaded on a laboratory
made silica-capillary column with an inner diameter of 75 ~m (length 8 cm). Peptides were
eluted with increasing concentration of acetonitrile (buffer B: 0.5% formic acid in 85%
acetonitrile) and were ionized by nanospray ionization, using a spray voltage of 2.1-2.8 kV.
Mass spectrometry analysis was achieved on a LCQ DecaXP ion trap mass spectrometer
(Thenno Finnigan). Four data dependent MSIMS-scans were performed for the most intense
parent-ions of each MS full scan. A dynamic exclusion function was enabled to allow two
measurements of the same parent-ion during one minute followed by exclusion for one
minute.

4.5.3 Analysis and Interpretation ofMS-Data
MS/MS data were analyzed by SEQVEST software using the NCBI non redundant
protein database (http://www.ncbi.nlm.nih.gov/). Analysis settings were chosen such that
cysteines were allowed to be either unmodified or carboxyamidomethylated. SEQVEST
output was manually interpreted according to the number of peptides identified for the same
protein, cross-correlation score (Xcorr), ion coverage, parent-ion charge, and CN-value
(nonnalized difference in correlation score, giving the difference between the front-ranking
hit and the following possible hits). Alternatively, MASCOT software was used for data
analysis.

4.6

Cell culture methods and microscopy
4.6.1 Maintenance of HeLa cells

HeLa cells were grown in complete DMEM (Sigma) supplemented with 10% FCS
(Invitrogen) and penicillin/streptomycin (100 V/m] and 100 ~g/ml, respectively) (Sigma).
Cells were grown at 37°C and 5% CO2 in a humidified incubator. Cells were splitted every
second or third day and diluted 1:3 to 1:5 in fresh medium.
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Cryopreservation and recovery ojcryopreserved cultures

Exponentially growing HeLa cells from one confluent 10 cm dish were washed in 1x
PBS, harvested in 5 m1 PBS containing 0.5 mM EDTA and spun for 5 min at 200 x g. The
cell pellet was resuspended in 1 m1 FCS and supplemented with 1 m1 DMEM including 20%
DMSO. The cell suspension was transferred to two cryovials and slowly cooled down to
-800C. Frozen cells were then moved to liquid nitrogen for long time storage.
Frozen culture stocks were rapidly thawed in a 37°C water bath, resuspended in 9 ml of
pre-warmed complete medium and plated onto a 10 cm dish. After 8-12 hours the medium
was exchanged.

4.6.3

Transient transjections

For transient transfections, HeLa cells were grown on glass cover slips to a confluency of
50%. Cells were transfected using FuGENE 6 transfection reagent (Roche) according to the
manufacturers instructions. Generally, 3 III of FuGENE 6 reagent and 2 Ilg of DNA were used
per 35 mm culture dish. 24 hours post-transfection, the medium was exchanged.

4.6.4 RNA interference (RNAi)

For RNA interference induced protein depletion, HeLa cells were transfected with
siRNAs using Oligojectamine™ (lnvitrogen) according to the manufacturers protocol. In
brief, HeLa cells were grown in 6 cm dishes and transferred into Optimem medium
(Invitrogen) prior to transfection. 8 III of siRNAs (20 IlM) and 8 III Oligojectamine™ were
diluted in 134 III and 32 III Optimem medium, respectively. After 5 min, diluted siRNAs and
Oligojectamine was combined, gently mixed, and incubated for 20 min at RT to allow

complex formation. Meanwhile, HeLa cells were washed once with 1x PBS and covered with
400 III Optimem medium. After addition of the transfection mixture, cells were incubated 4 to
6 hours at 37°C in the humidified CO2 incubator before they were further diluted with
DMEMIFCS medium. After 24 hours, the medium was changed. Cells were harvested 72
hours post- transfection.
siRNA

Sequence

Manufacturer

siOla1 # 2

5'- r(CGUUGAAGGAAGUGUAGAU)d(TT) -3'

Qiagen

siRanBP16 # 3

5'- r(CCUCACGUCAUCAUGUAUA)d(TI) -3'

Qiagen

siCrm1 # 1

5'- r(UGUGGUGAAUUGCUUAUA)d(TT) -3'

Qiagen

siRio2# 1

5'~

r(AGAACCUCGUUUCGAAAUU)d(TI) ·3'

Qiagen

siLtv1 #1

5'- r(UGGCAGUGAUCUUCCUAAA)d(TT) -3'

Qiagen

Table 4.7: siRNA oligonucleotides used for RNA interference experiments (sense sequence)
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4.6.5 GFP-detection
For GFP detection, transiently transfected cells were grown on cover slips for
24 - 72 hours. Cells were washed in 1x PRS and fixed in 3.7% PFA for 15 min at RT. After
PFA fixation, cover slips were washed in Ix PRS and shortly rinsed in 0.005% digitonin prior
to VectaShield (Vector Laboratories, USA) mounting on glass slides.

4.6.6 Immune localizations
For immune localization, BeLa cells were grown on glass cover slips, washed with Ix
PRS and fixed with 0.5% glutaraldehyde, 2% paraformaldehyde (PFA). Cell fixation was
quenched after 10 min with sodium borohydride (l mg/ml). Permeabilization of BeLa cells
was obtained in 1x detergent solution (l x PRS, 0.1 % Trition X-WO, 0.02% SDS) for 5 min.
Prior to immunodetection, cells were pre-blocked in PRS/BSA for 10 min followed by 30 min
incubation in blocking solution (10% normal serum of the organism in which the secondary
antibody was raised, diluted in PBS/BSA) in order to minimize unspecific protein detection.
Primary antibody was shortly pre-spun and diluted according to Table 4.8. Cells were
incubated with the primary antibody for 1 hour at RT and washed three times in PBSIBSA.
Secondary antibody was diluted 1:200 in 40 III blocking solution and added to the cells for
30 min at RT. After incubation with the secondary antibody, cells were washed three times in

PBSIBSA and once in Ix detergent prior to fixation with 3.7% PFA in Ix PBS. After 15 min
of fixation, cells were washed in Ix PBS, rinsed shortly in 0.005% digitonin and mounted in
VectaShield (Vector Laboratories, USA) mounting medium.
Ix detergent: 0.1% Triton X-WO, 0.02% SDS in Ix PBS
PRS/RSA: 2% (w/v) in Ix PBS
Antibody

Dilution

Host

aOLA1

1 : 1'000

Rabbit

a RabbitAlexa488

1:

200

Goat

a RabbitA,exa633

1:

200

Goat

Table 4.8: Antibodies used for immune localization

4.6. 7 Microscopy

Microscope pictures were taken with a Zeiss LSM 5iO-Meta laser scanning confocal
microscope. Images were processed with the Zeiss LSM image Browser software or with

Image} (http://rsb.info.nih.gof/ij/). Alternatively, an Olympus BX5l upright microscope
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equipped with a mercury arc lamp and a cooled CCD DP50 color camera was used that was
controlled by the Studio Lite software

4.7

Synthetic genetic interaction analysis in yeast
4.7.1 Synthetic lethal screening

For high-throughput synthetic lethal analysis, a BY5563 ybr025cLl::Nal strain was
created by in vivo recombination. BY5563 ybr025cLl::Nat clones were selected on
YPD +Nat plates and Ybr025c knockout was confirmed by PCR analysis. The resulting strain
16-1 was then used for synthetic lethal analysis in an array of approximately 4500 viable
single knockout strains.
For the synthetic lethal array, the Ybr025cLl-bait-strain (16-1) was grown overnight in 5
ml YPD and spotted (384 spots per plate) onto a fresh YPD plates in order to generate a
source of newly grown query cells for mating to the single-gene knockout collection. The
bait-strain was grown for one day at 30°C. For the mating reaction 16-1 colonies were pinned
on fresh YPD plates and the deletion mutant array (DMA) was pinned on top of the query
strain. Cells were incubated for 1 day at 30°C before the resulting MATa/a zygotes were
pinned on GNA +G418 +Nat in order to select for diploid cells. After three days growth at
room temperature, diploid cells were pinned onto sporulation medium plates (SPO, 2% agar,
1% potassium acetate, 0.1 % yeast extracts, 0.05% glucose, supplemented with uracil,
histidine, and leucine) and the array was incubated for 8 days at 22°C. The spores were then
selected for growth of MATa spore progeny and the collection was pinned onto haploid
selection medium (SD -his -arg +cavanine -lys +S-(2-aminoethyl)-L-dysteine). After two
days growth at 30°C, a second MA Ta selection was done for another two days and colonies
were repinned to haploide selection medium. Meiotic progeny were then selected for DMA
parental strain deletions, and MA Ta haploids were pinned onto MSG -hi -arg +canavanine ~
lys +S-(2-aminoethyl)-L-cysteine +G418 plates. After incubated for two days at 30°C, final
double-knockout selection was done on YPD +G418 +Nat for two days at 30°C before
viability of double-knockouts was scored according to colony size compared to the DMA
collection.

4.7.2 Random spore analysis

Single knockout stains were mated and diploid cells were selected with G4181Nat. Cells
were sporulated in 1.5% (w/v) KOAc and seeded on SD -His/Arg/Lys +canavaninel
thialysine plates. Corresponding single and double knockout cells were selected by addition
of G418, Nat, and G418/Nat. According to the expected reduced numbers of growing
- 143-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE 1

colonies on selecting plates, the amount of yeast seeded was increased (2x on plates selecting
for single knockouts, 4x on plates selecting for double knockouts). Number and growth rate of
the double knockouts were visually compared to the corresponding single knockout cells.

4.7.3 Tetrade analysis
Synthetic interactions were confirmed by tetrade analyis. Therefore, single knockout
strains were mated and grown for 2 days. Diploid cells were selected on G418/Nat containing
YPD +G418/Nat and sporulated in 1.5% (w/v) KOAc for 3 to 7 days. Tetrades were
dissected, grown for 3 days at 30°C and replicated on YPD + G418 and YPD + Nat plates.

4.8

X-ray structure determination
4.8.1

Crystallization

Prior to hOLA 1 crystallization the protein was concentrated to a final concentration of
10 mg/ml and centrifuged at 15'000 x g for 10 min. Initial screening of hOLA 1 crystallization
conditions was performed with commercial sparse matrix screens. Commercial additive
screens were used to optimize crystallization conditions. All commercially available screens
used are summarized in Table 4.9.

Screen

Type

Manufactu rer

Cryo I

sparse matrix

deCode genetics

Cryo 11

sparse matrix

deCode genetics

Wizard I

sparse matrix

deCode genetics

Wizard 11

sparse matrix

deCode genetics

Basic screen

sparse matrix

Sigma

Extended screen

sparse matrix

Sigma

Cryo screen

sparse matrix

Sigma

Low ionic screen

sparse matrix

Sigma

Additive screen 1- III

optimizing

Hampton Research

Detergent screen

optimizing

Hampton Research

PEG, PEG/Li screen

optimizing

Hampton Research

Low ionic strength

optimizing

Hampton Research

Table 4.9: Crystallization screens used for hOLA1 crystallization.
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Initial screens were set up in 96 well plates (Crystal Clear Strips, Douglas Instruments).
Typically, 2 III of the protein solution (10 mg/ml) was mixed with 2 III mother liquor and
0.44 III nucleotide. Plates were sealed with Crystal Clear sealing tape (Hampton Research)
and crystals were grown at 4°C and room temperature.

4.8.2 Crystallization condition optimization

For crystallization optimization hanging drops were set up on siliconized cover slides
(Hampton Research). Typically, 3 III protein were mixed with an equal volume of mother
liquor and 0.66 III nucleotide (final concentration of 1 mM). Cover slips were places on 24
well Limbro® plates (ICN Biomedicals) after greasing with high vacuum grease. Crystals
were grown at 25°C or 4°C.

4.8.3 Data collection and processing

Crystals were soaked with 30% glycerol as cryo-protectant, mounted using a nylon-fiber
loop (Hampton Research), and flash-cooled to 100 K in a nitrogen stream. Data were
collected at beamline X06SA of the Swiss Light Source (SLS, Villigen) as consecutive series
of 0.5° rotation images on a MARMOSAIC 225 detector. Data sets were indexed and
integrated with XDS, scaled with XSCALE, and converted to CCP4, XPLOR, or SHELX
format with XDSCONV. Data set statistics are given in Table 2.3.

4.8.4 Molecular Replacement, Model Building, and Refinement

Model building and refinement were mainly performed by Tobias Marquardt and Dirk
Kostreva (PSI, Villigen). Molecular replacement was performed with the programs MOLREP
[318] and PHASER [319] using the homologous YchF proteins from H. injluenzae and
S.pombe (PDB codes IJAL and INI3) as search models. The search models were modified
with CHAINSAW [320] after sequence alignment with the hOLAl target sequence. Both
MOLREP and PHASER gave the same clear molecular replacement solutions for both search
models. The initial phases were improved by NCS-averaging and solvent flattening with DM
[321], resulting in an interpretable electron density map with reduced model bias. The correct
side chains were modeled into the electron density map followed by real space refinement
using the computer graphics programs COOT [322] and MOLOC [323]. Modeling of the
cofactor AMPPCP was performed by superposition of hOLAl 's putative nucleotide binding
site with that of GTP-bound p21-H-Ras (PDB code 121P; [324]), using the position and
conformation of GTP as a starting point. The model was improved by iterative rounds of
model building using COOT and MOLOC, and of restrained maximum-likelihood refinement
using REFMAC5.2 including TLS refinement [325]. The quality of the final model was
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checked with MOLPROBITY (http://molprobity.biochem.duke.edu/) [326, 327]. Refinement
statistics

are

given

III

Table

2.3.

Figures

were

prepared

with

PyMOL

(http://pymol.sourceforge.net).

4.9

Sequence alignment and phylogenetic analyis
4.9.1 Phylogenetic Tree Construction
Phylogenetic distribution was calculated for all Obg-related proteins of 12 different

species, including animals (Homo sapiens, Xenopus laevis and X tropicalis, Drosophila

melanogaster, Caenorhabditis elegans), green plants (Arabidopsis thaliana), fungi
(Saccharomyces cerevisiae, Schizosaccharamyces pombe), bacteria (Escherichia coli,
Bacillus subtilis, Haemophilus influenzae) and archaea (Sulfolobus solfataricus,
Archaeoglobus julgidus). Phylogenetic analysis was performed with ClustalW
(www.ebi.ac.uk/clustalw) and displayed using TreeView [328].

4.9.2 Sequence Alignment
Multiple sequence alignment of Obg-related proteins was calculated using the ClustalW
program (www.ebi.ac.uk/clustalw).Aligned sequences were displayed and manually edited in

JalView.
Protein

Species

Accession number

Alternative Names

Ola1/Ybr025c

H.sapiens

AAH12842

PTDOO4

X.laevis

AAH46937

MGC54033 protein

D.melanogaster

AAM11402

CG1354

C.elegans

CAB07131

W08E3.3

A.thaliana

AAM63059

Similar to W08E3.3

S.cerevisiae

NP_OO9581

Ybr025c

S.pombe

CAB11677

SPAC27E2.03c

E.coli

AAN80126

YchF

Ola2/Ygr21 Oc

Ylf2p

H.infuenzae

AAX87448

YchF

B.subtilis

CAB16129

YyaF

S.cerevisiae

AAA85585

Ygr210c

S.pombe

CAA22290

SPBC428.15

A.fulgidus

AAB89884

S.solfataricus

AAK41 039

S.cerevisiae

AAB65067
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GTPBP9
RE21802p
At1g30580

4

Obg

LOC85865

Drg1

Drg2

Nog1

H.sapiens

AAH36716

GTPBP5

X.laevis

AAH99033

MGC115593

D.melanogaster

AAF52655

CG13390

C.elegans

CAB07637

M01E5.2

A.thaliana

AAF79543

F22G5.1

S.cerevisiae

AAB68013

Mtg2p

S.pombe

CAB55178

Spap8a3.11 cp

E.coli

ABE09060

YhbZ

B.subtilis

AAA22505

Obg

H.sapiens

NP_149098

GTPBP10

X.laevis

AAH84856

LOC495388 protein

D.melanogaster

AAL48559

CG10628

C.elegans

NP_498042

C26E6.12

H.sapiens

AAH20803

NEDD3

X.laevis

BAA02978

Drg

Yhr168w
CgtA
LOC85865

D.melanogaster

NP_536733

128UP

C.elegans

CAB57908

T28D6.6

Athaliana

AAK59539

GTP binding like protein

S.cerevisiae

AAC04995

Rbg1p

S.pombe

CAB57425

Spac9.07cp

Afulgidus

AAB89108

S.solfataricus

AAK42533

H.sapiens

AAP35622

X.laevis

AAH57756

MGC69136 protein

D.melanogaster

AAL68041

CG6195

C.elegans

AAR25659

C02F5.3

Athaliana

AAP04018

At1g17470

S.cerevisiae

CAA97199

Rbg2p

S.pombe

NP_595225

Gtp1p

H.sapiens

NP_036473

GTPBP4

X.tropicalis

CAJ81558
NP_610484

similar to GTPBP4
CG8801

C.elegans

AAK39281

phi-58

Athaliana

AAG50935

Nog1

S.cerevisiae

AAB68206

Lpg15p

S.pombe

NP_595499

Spbc651.01c

Afulgidus

AAB90809

D.melanogaster
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MGC104191

Fun11p

YalO36c

Gir1p

Ygr173w

CRFG

T07A9.9
YplO932

Seite Leer /
B la n k leaf

REFERENCES

NON TE Pf/....AETEf/....EAT NAf/....f/....ATIO SENlof/....UM
ET IPSI ENIM DlD1CEf/....UNT A PATf/....IBUS SUIS
Q.UONIAM AB IPSIS DISCES INTELLECTUM
ET IN TEMPOf/....E NECESSlTATIS f/....ESPONSUM
SI f/....ACH

I
I
I
I
I

I
I
I
I
I
I

I
I
I

S e i t e Leer /
B l a n k leaf

I
I
I
I

5 REFERENCES

5

REFERENCES

1.

Leipe, D.D., Wolf, Y.I., Koonin, E.V., and Aravind, L. (2002). Classification and evolution of
P-loop OTPases and related ATPases. J Mol BioI 317, 41-72.

2.

Koonin, RV., Wolf, Y.I., and Aravind, L. (2000). Protein fold recognition using sequence
profiles and its application in structural genomics. Adv Protein Chem 54, 245-275.

3.

Saraste, M., Sibbald, P.R., and Wittinghofer, A. (1990). The P-loop--a common motif in ATPand GTP-binding proteins. Trends Biochem Sci 15, 430-434.
Milner-White, E.J., Coggins, J.R., and Anton, LA. (1991). Evidence for an ancestral core
structure in nucleotide-binding proteins with the type A motif. J Mol Bioi 221, 751-754.

4.
5.

Walker, J.E., Saraste, M., Runswick, M.J., and Gay, N.J. (1982). Distantly related sequences
in the alpha- and beta-subunits of ATP synthase, myosin, kinases and other A TP-requiring
enzymes and a common nucleotide binding fold. Embo J 1, 945-951.

6.

Sprang, S.R. (1997). G protein mechanisms: insights from structural analysis. Annu Rev
Biochem 66, 639-678.
Berchtold, H., Reshetnikova, L., Reiser, e.O., Schirmer, N.K, Sprinzl, M., and Hilgenfeld, R.
(1993). Crystal structure of active elongation factor Tu reveals major domain rearrangements.
Nature 365, 126-132.

7.

8.

Kjeldgaard, M., Nissen, P., Thirup, S., and Nyborg, J. (1993). The crystal structure of
elongation factor EF-Tu from Thermus aquaticus in the GTP conformation. Structure 1,3550.

9.

Pai, E.F., Kabsch, W., Krengel, U., Holmes, KC., John, J., and Wittinghofer, A. (1989).
Structure of the guanine-nucleotide-binding domain of the Ha-ras oncogene product p21 in the
triphosphate conformation. Nature 341, 209-214.
Pai, E.F., Krengel, U., Petsko, G.A., Goody, R.S., Kabsch, W., and Wittinghofer, A. (1990).
Refined crystal structure of the triphosphate conformation of H-ras p21 at 1.35 A resolution:
implications for the mechanism ofGTP hydrolysis. Embo J 9, 2351-2359.

10.

11.

12.

13.

14.

15.
16.

17.

Milburn, M.V., Tong, L., deVos, A.M., Brunger, A., Yamaizumi, Z., Nishimura, S., and Kim,
S.H. (1990). Molecular switch for signal transduction: structural differences between active
and inactive forms ofprotooncogenic ras proteins. Science 247,939-945.
Prive, O.G., Milbum, M.V., Tong, L., de Vos, A.M., Yamaizumi, Z., Nishimura, S., and Kim,
S.H. (1992). X-ray crystal structures of transforming p21 ras mutants suggest a transition-state
stabilization mechanism for GTP hydrolysis. Proc Natl Acad Sci USA 89, 3649-3653.
Yamasaki, K, Kawai, G., Ito, Y., Muto, Y., Fujita, J., Miyazawa, T., Nishimura, S., and
Yokoyama, S. (1989). Conformation change of effector-region residues in antiparallel betasheet of human c-Ha-ras protein on GDP----GTP gamma S exchange: a two~dimensional
NMR study. Biochem Biophys Res Commun 162, 1054-1062.
Kraulis, P.J., Domaille, P.J., Campbell-Burk, S.L., Van Aken, T., and Laue, E.D. (1994).
Solution structure and dynamics of ras p21.GDP determined by heteronuclear three- and fourdimensional NMR spectroscopy. Biochemistry 33, 3515-3531.
Amor, J.C., Harrison, D.H., Kahn, R.A., and Ringe, D. (1994). Structure ofthe human ADPribosylation factor 1 complexed with GDP. Nature 372, 704-708.
Rensland, H., John, J., Linke, R., Simon, 1., Schlichting, 1., Wittinghofer, A., and Goody, R.S.
(1995). Substrate and product structural requirements for binding of nucleotides to H-ras p21:
the mechanism of discrimination between guanosine and adenosine nucleotides. Biochemistry
34,593-599.
Paduch, M., Jelen, F., and Otlewski, J. (2001). Structure of small G proteins and their
regulators. Acta Biochim Pol 48, 829-850.

- 151 -

STRUCTURAL AND BIOCHEMICAL ANALVSIS OF THE HUMAN OSG-L1KE ATPASE 1

18.

Tong, L., Milbum, M.V., de Vos, A.M., and Kim, S.H. (1989). Structure of ras proteins.
Science 245, 244.

19.

Grand, RJ., and Owen, D. (1991). The biochemistry ofras p21. Biochem J 279 (Pt 3),609631.
John, J., Rensland, H., Schlichting, I., Vetter, I., Borasio, G.D., Goody, R.S., and
Wittinghofer, A. (1993). Kinetic and structural analysis of the Mg(2+)-binding site of the
guanine nucleotide-binding protein p21H-ras. J Bioi Chem 268, 923-929.
Famsworth, c.L., and Feig, L.A. (1991). Dominant inhibitory mutations in the Mg(2+)binding site of RasH prevent its activation by GTP. Mol Cell Bioi 11, 4822-4829.

20.

21.
22.

Wei, Y., Zhang, Y., Derewenda, U., Uu, X., Minor, W., Nakamoto, RK., Somlyo, A.V.,
Somlyo, A.P., and Derewenda, Z.S. (1997). Crystal structure of RhoA-GDP and its functional
implications. Nat Struct Bioi 4, 699-703.

23.

Wittinghofer, A., and Pai, E.F. (1991). The structure ofRas protein: a model for a universal
molecular switch. Trends Biochem Sci 16, 382-387.
Wittinghofer, A. (2000). The functioning of molecular switches in three dimensions. Tn
GTPases, A. Hall, ed. (Oxford University Press), pp. 244-310.
Denker, B.M., Boutin, P.M., and Neer, E.J. (1995). Interactions between the amino- and
carboxyl-terminal regions of G alpha subunits: analysis of mutated G alpha o/G alpha i2
chimeras. Biochemistry 34, 5544-5553.

24.
25.

26.

27.

28.

29.

30.

Schmidt, G., Lenzen, c., Simon, I., Deuter, R, Cool, R.H., Goody, R.S., and Wittinghofer, A.
(1996). Biochemical and biological consequences of changing the specificity of p21ras from
guanosine to xanthosine nucleotides. Oncogene 12,87-96.
Reinstein, J., Schlichting, I., Frech, M., Goody, R.S., and Wittinghofer, A. (1991). p21 with a
phenylalanine 28----1eucine mutation reacts normally with the GTPase activating protein GAP
but nevertheless has transforming properties. J BioI Chem 266, 17700-17706.
Schlichting, I., John, J., Frech, M., Chardin, P., Wittinghofer, A., Zimmermann, H., and
Rosch, P. (1990). Proton NMR studies of transforming and nontransforming H-ras p21
mutants. Biochemistry 29,504-511.
John, J., Sohmen, R, Feuerstein, J., Linke, R, Wittinghofer, A., and Goody, RS. (1990).
Kinetics of interaction of nucleotides with nucleotide-free H-ras p21. Biochemistry 29, 60586065.
Neal, S.E., Eccleston, IF., and Webb, M.R (1990). Hydrolysis of GTP by p21NRAS, the
NRAS protooncogene product, is accompanied by a conformational change in the wild-type
protein: use of a single fluorescent probe at the catalytic site. Proc NatI Acad Sci USA 87,
3562-3565.

31.

Wagner, A., Simon, 1., Sprinzl, M., and Goody, RS. (1995). Interaction of guanosine
nucleotides and their analogs with elongation factor Tu from Thermus thermophilus.
Biochemistry 34, 12535-12542.

32.

Zhong, J.M., Chen-Hwang, M.C., and Hwang, Y.W. (1995). Switching nucleotide specificity
of Ha-Ras p21 by a single amino acid substitution at aspartate 119. J Bioi Chem 270, 1000210007.
Hwang, Y.W., and Miller, 0.1. (1987). A mutation that alters the nucleotide specificity of
elongation factor Tu, a GTP regulatory protein. J BioI Chem 262, 13081-13085.

33.
34.

Weijland, A., Parlato, G., and Parmeggiani, A. (1994). Elongation factor Tu D138N, a mutant
with modified substrate specifi city, as a tool to study energy consumption in protein
biosynthesis. Biochemistry 33, 10711-10717.

35.

LaRonde-LeBlanc, N., and Wlodawer, A. (2004). Crystal structure of A. fulgidus Ri02 defines
a new family of serine protein kinases. Structure 12, 1585-1594.
Eccleston, J.F., Moore, KJ., Morgan, 1., Skinner, R.B., and Lowe, P.N. (1993). Kinetics of
interaction between normal and proline 12 Ras and the GTPase-activating proteins, pI20-GAP
and neurofibromin. The significance of the intrinsic GTPase rate in determining the
transforming ability of ras. J BioI Chem 268, 27012-27019.

36.

- 152-

5

REFERENCES

37.

Sigal, I.S., Gibbs, J.B., D'Alonzo, J.S., Temeles, G.L., Wolanski, B.S., Socher, S.H., and
Scolnick, KM. (1986). Mutant ras-encoded proteins with altered nucleotide binding exert
dominant biological effects. Proc Natl Acad Sci USA 83, 952-956.

38.

Kalbitzer, H.R., Goody, R.S., and Wittinghofer, A. (1984). Electron-paramagnetic-resonance
studies of manganese(IJ) complexes with elongation factor Tu from Bacillus
stearothermophilus. Observation of a GTP hydrolysis intermediate state complex. Eur J
Biochem 141, 591-597.

39.

Parmeggiani, A., Swart, G.W., Mortensen, K.K., Jensen, M., Clark, B.F., Dente, L., and
Cortese, R. (1987). Properties of a genetically engineered G domain of elongation factor Tu.
Proc Natl Acad Sci USA 84,3141-3145.
Martemyanov, K.A., and Gudkov, A.T. (2000). Domain III of elongation factor G from
Thermus thermophilus is essential for induction of GTP hydrolysis on the ribosome. J BioI
Chem 275, 35820-35824.

40.

41.

Tomsic, J., Vitali, L.A., Daviter, T., Savelsbergh, A., Spurio, R., Striebeck, P., Wintermeyer,
W., Rodnina, M.V., and Gualerzi, C.O. (2000). Late events of translation initiation in bacteria:
a kinetic analysis. Embo J 19,2127-2136.

42.

Severini, M., Spurio, R, La Teana, A., Pon, c.L., and Gualerzi, C.O. (1991). Ribosomeindependent GTPase activity of translation initiation factor IF2 and of its G-domain. J BioI
Chem 266, 22800-22802.
Farmery, M., Macao, B., Larsson, T., and Samuelsson, T. (1998). Binding ofGTP and GDP
induces a significant conformational change in the GTPase domain of Ffh, a bacterial
homologue ofthe SRP 54 kDa subunit. Biochim Biophys Acta 1385, 61-68.
Peluso, P., Shan, S.O., Nock, S., Herschlag, D., and Waiter, P. (2001). Role of SRP RNA in
the GTPase cycles ofFfh and FtsY. Biochemistry 40, 15224-15233.

43.

44.
45.

Jagath, J.R., Rodnina, M.V., and Wintermeyer, W. (2000). Conformational changes in the
bacterial SRP receptor FtsY upon binding of guanine nucleotides and SRP. J Mol BioI 295,
745-753.

46.

Karbstein, K., and Doudna, J.A. (2006). GTP-dependent formation of a ribonucleoprotein
subcomplex required for ribosome biogenesis. J Mol Bioi 356, 432-443.

47.

Karbstein, K., Jonas, S., and Doudna, J.A. (2005). An essential GTPase promotes assembly of
preribosomal RNA processing complexes. Mol Cell 20, 633-643.

48.

Der, C.J., Finkel, T., and Cooper, G.M. (1986). Biological and biochemical properties of
human rasH genes mutated at codon 61. Cell 44, 167-176.
Vogel, U.S., Dixon, R.A., Schaber, M.D., Diehl, RE., Marshall, M.S., Scolnick, E.M., Sigal,
1.5., and Gibbs, J.B. (1988). Cloning of bovine GAP and its interaction with oncogenic ras
p21. Nature 335, 90-93.

49.

50.

Langen, R., Schweins, T., and Warshel, A. (1992). On the mechanism of guanosine
triphosphate hydrolysis in ras p21 proteins. Biochemistry 31,8691-8696.

51.

Chung, H.H., Benson, D.R., and Schultz, P.G. (1993). Probing the structure and mechanism of
Ras protein with an expanded genetic code. Science 259,806-809.
Schweins, T., Geyer, M., Scheffzek, K., Warshel, A., Kalbitzer, H.R, and Wittinghofer, A.
(1995). Substrate-assisted catalysis as a mechanism for GTP hydrolysis of p21 ras and other
GTP-binding proteins. Nat Struct BioI 2, 36-44.
Noel, J.P., Hamm, H.E., and Sigler, P.B. (1993). The 2.2 A crystal structure of transducinalpha complexed with GTP gamma S. Nature 366, 654-663.

52.

53.
54.

55.

Coleman, D.E., Berghuis, A.M., Lee, E., Linder, M.E., Gilman, A.G., and Sprang, S.R.
(1994). Structures of active conformations of Gi alpha 1 and the mechanism of GTP
hydrolysis. Science 265, 1405-1412.
Van Dop, C., Tsubokawa, M., Bourne, H.R., and Ramachandran, J. (1984). Amino acid
sequence of retinal transducin at the site ADP-ribosylated by cholera toxin. J BioI Chem 259,
696-698.

- 153-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE

1

56.

Freissmuth, M., and Gilman, A.G. (1989). Mutations of GS alpha designed to alter the
reactivity of the protein with bacterial toxins. Substitutions at ARG187 result in loss of
GTPase activity. J Bioi Chem 264, 21907-21914.

57.

Cassel, D., and SeIinger, Z. (1977). Mechanism of adenylate cyclase activation by cholera
toxin: inhibition ofGTP hydrolysis at the regulatory site. Proc NatI Acad Sci USA 74,3307331 I.

58.

Landis, C.A., Masters, S.B., Spada, A., Pace, A.M., Boume, H.R, and ValIar, L. (1989).
GTPase inhibiting mutations activate the alpha chain of Gs and stimulate adenylyl cyclase in
human pituitary tumours. Nature 340,692-696.

59.

Resat, H., Straatsma, T.P., Dixon, D.A., and Miller, l.H. (2001). The arginine finger of
RasGAP helps Gln-61 align the nucleophilic water in GAP-stimulated hydrolysis of GTP.
Proc NatI Acad Sci USA 98, 6033-6038.

60.

Cool, RH., and Parmeggiani, A. (1991). Substitution of histidine-84 and the GTPase
mechanism of elongation factor Tu. Biochemistry 30, 362-366.

61.

Berghuis, A.M., Lee, E., Raw, A.S., Gilman, A.G., and Sprang, S.R (1996). Structure of the
GDP-Pi complex of Gly203-->Ala gialphal: a mimic of the ternary product complex of
galpha-catalyzed GTP hydrolysis. Structure 4,1277-1290.

62.

Scheffzek, K., Ahmadian, M.R, Kabsch, W., Wiesmuller, L., Lautwein, A., Schmitz, F., and
Wittinghofer, A. (1997). The Ras-RasGAP complex: structural basis for GTPase activation
and its loss in oncogenic Ras mutants. Science 277,333-338.

63.

Rittinger, K., Walker, P.A., Eccleston, J.F., Nurmahomed, K., Owen, D., Laue, E., Gamblin,
S.J., and Smerdon, SJ. (1997). Crystal structure of a small G protein in complex with the
GTPase-activating protein rhoGAP. Nature 388, 693-697.

64.

Scheffzek, K., Lautwein, A., Kabsch, W., Ahmadian, M.R., and Wittinghofer, A. (1996).
Crystal structure of the GTPase-activating domain of human p 120GAP and implications for
the interaction with Ras. Nature 384, 591-596.

65.

Rittinger, K., Walker, P.A., Ecc1eston, J.F., Smerdon, S.J., and Gamblin, SJ. (1997). Structure
at 1.65 A of RhoA and its GTPase-activating protein in complex with a transition-state
analogue. Nature 389, 758-762.

66.

Markby, D.W., Onrust, R., and Bourne, H.R. (1993). Separate GTP binding and GTPase
activating domains ofa G alpha subunit. Science 262, 1895-1901.

67.

Mittal, R, Ahmadian, M.R., Goody, R.S., and Wittinghofer, A. (1996). Formation of a
transition-state analog of the Ras GTPase reaction by Ras-GDP, tetrafluoroaluminate, and
GTPase-activating proteins. Science 273, 115-117.

68.

Zhang, B., Zhang, Y., Wang, Z., and Zheng, Y. (2000). The role of Mg2+ cofactor in the
guanine nucleotide exchange and GTP hydrolysis reactions of Rho family GTP-binding
proteins. 1 BioI Chem 275, 25299-25307.

69.

Cherfils, l., and Chardin, P. (1999). GEFs: structural basis for their activation of small GTPbinding proteins. Trends Biochem Sci 24,306-311.

70.

Lenzen, C., Cool, R.H., Prinz, H., Kuhlmann, J., and Wittinghofer, A. (1998). Kinetic analysis
by fluorescence of the interaction between Ras and the catalytic domain of the guanine
nucleotide exchange factor Cdc25Mm. Biochemistry 37, 7420-7430.

71.

Klebe, c., Bischoff, F.R, Ponstingl, H., and Wittinghofer, A. (1995). Interaction of the
nuclear GTP-binding protein Ran with its regulatory proteins RCCI and RanGAPI.
Biochemistry 34, 639-647.

72.

Klebe, C, Prinz, H., Wittinghofer, A., and Goody, R.S. (1995). The kinetic mechanism of
Ran--nucleotide exchange catalyzed by RCCI. Biochemistry 34,12543-12552.

73.

Gosser, Y.Q., Nomanbhoy, T.K., Aghazadeh, B., Manor, D., Combs, C, Cerione, RA., and
Rosen, M.K. (1997). C-terminal binding domain of Rho GDP-dissociation inhibitor directs Nterminal inhibitory peptide to GTPases. Nature 387, 814-819.

- 154-

5 REFERENCES
74.

Scheffzek, K., Stephan, 1., Jensen, O.N., Illenberger, D., and Gierschik, P. (2000). The RacRhoGDI complex and the structural basis for the regulation of Rho proteins by RhoGDL Nat
Struct BioI 7, 122-126.

75.

Bourne, RR, Sanders, D.A., and McConnick, F. (1990). The GTPase superfamily: a
conserved switch for diverse cell functions. Nature 348, 125-132.

76.

Bourne, H.R. (1995). GTPases: a family of molecular switches and clocks. Philos Trans R Soc
Lond B BioI Sci 349,283-289.
Exton, J.H. (1998). Small GTPases minireview series. J BioI Chem 273, 19923.

77.
78.

Pandit, S.B., and Srinivasan, N. (2003). Survey for g-proteins in the prokaryotic genomes:
prediction of functional roles based on classification. Proteins 52, 585-597.

79.
80.

March, P.E. (1992). Membrane-associated GTPases in bacteria. Mol Microbiol6, 1253-1257.
Fraser, C.M., Gocayne, 1.0., White, 0., Adams, M.D., Clayton, R.A., Fleischmann, RD.,
Bult, CJ., Kerlavage, A.R, Sutton, G., Kelley, J.M., Fritchman, R.D., Weidman, J.F., Small,
K.V., Sandusky, M., Fuhrmann, J., Nguyen, D., Utterback, T.R., Saudek, O.M., Phillips, C.A.,
Merrick, 1.M., Tomb, J.F., Oougherty, RA., Bott, K.F., Hu, P.C., Lucier, T.S., Peterson, S.N.,
Smith, H.G., Hutchison, C.A., 3rd, and Venter, lC. (1995). The minimal gene complement of
Mycoplasma genitalium. Science 270, 397~403.

81.

Caldon, C.E., and March, P.E. (2003). Function of the universally conserved bacterial
GTPases. Curr Opin Microbiol6, 135-139.

82.

Caldon, C.E., Yoong, P., and March, P.E. (2001). Evolution ofa molecular switch: universal
bacterial GTPases regulate ribosome function. Mol Microbiol41, 289-297.
Hamm, RE. (1998). The many faces ofG protein signaling. J BioI Chem 273, 669-672.

83.
84.

Hartzell, P.L. (1997). Complementation of sporulation and motility defects in a prokaryote by
a eukaryotic GTPase. Proc Natl Acad Sci USA 94, 9881-9886.

85.

Thomasson, B., Link, J., Stassinopoulos, A.G., Burke, N., Plamann, L., and Hartzell, P.L.
(2002). MgIA, a small GTPase, interacts with a tyrosine kinase to control type IV pilimediated motility and development of Myxococcus xanthus. Mol Microbiol 46, 1399-1413.
Teplyakov, A., Obmolova, G., Chu, S.Y., Toedt, J., Eisenstein, K, Howard, A.J., and
Gilliland, G.L. (2003). Crystal structure of the YchF protein reveals binding sites for GTP and
nucleic acid. J Bacteriol185, 4031-4037.

86.

87.

Buglino, J., Shen, V., Hakimian, P., and Lima, C.D. (2002). Structural and biochemical
analysis of the Obg GTP binding protein. Structure 10, 1581-1592.

88.

Anantharaman, V., Koonin, E.V., and Aravind, L. (2002). Comparative genomics and
evolution of proteins involved in RNA metabolism. Nucleic Acids Res 30,1427-1464.

89.

Oatta, K., Fuentes, J.L., and Maddock, J.R (2005). The yeast GTPase Mtg2p is required for
mitochondrial translation and partially suppresses an rRNA methyltransferase mutant, mnn2.
Mol BioI Cell 16, 954-963.

90.

Marton, MJ., Crouch, D., and Hinnebusch, A.G. (1993). GCN1, a translational activator of
GCN4 in Saccharomyces cerevisiae, is required for phosphorylation of eukaryotic translation
initiation factor 2 by protein kinase GCN2. Mol Cell Bioi 13, 3541~3556.

91.

Park, J.H., lensen, B.C., Kifer, C.T., and Parsons, M. (2001). A novel nucleolar G~protein
conserved in eukaryotes. J Cell Sci 114, 173~185.
Kallstrom, G., Hedges, J., and Johnson, A. (2003). The putative GTPases Nog1p and Lsg1p
are required for 60S ribosomal subunit biogenesis and are localized to the nucleus and
cytoplasm, respectively. Mol Cell BioI 23, 4344-4355.

92.

93.

Jensen, RC., Wang, Q., Kifer, C.T., and Parsons, M. (2003). The NOGl GTP-binding protein
is required for biogenesis of the 60 S ribosomal subunit. J BioI Chem 278, 32204-32211.

94.

Trach, K., and Hoch, 1.A. (1989). The Bacillus subtilis spoOB stage 0 sporulation operon
encodes an essential GTP-binding protein. 1 Bacterioll71, 1362-1371.
Welsh, K.M., Trach, K.A., Folger, C., and Hoch, J.A. (1994). Biochemical characterization of
the essential GTP-binding protein Obg of Bacillus subtilis. J Bacteriol176, 7161-7168.

95.

- 155-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE

1

96.

Sonenshein, A.L. (2000). Control of sporulation initiation in Bacillus subtilis. Curr Opin
Microbiol 3, 561-566.

97.

Lin, 8., Covalle, K.L., and Maddock, J.R. (1999). The Cau10bacter crescentus CgtA protein
displays unusual guanine nucleotide binding and exchange properties. J Bacterio1 181, 5825~
5832.

98.

Lin, 8., Skidmore, J.M., Bhatt, A., Pfeffer, S.M., Paw10ski, L., and Maddock, J.R. (2001).
Alanine scan mutagenesis of the switch I domain of the Caulobacter crescentus CgtA protein
reveals critical amino acids required for in vivo function. Mol Microbiol 39, 924~934.

99.

Okamoto, S., !toh, M., and Ochi, K. (1997). Molecular cloning and characterization of the obg
gene of Streptomyces griseus in relation to the onset of morphological differentiation. J
Bacteriol179, 170~179.

100.

Okamoto, S., and Ochi, K. (1998). An essential GTP~binding protein functions as a regulator
for differentiation in Streptomyces coelicolor. Mol Microbiol 30, 107~ 119.
Vidwans, S.J., !reton, K., and Grossman, A.D. (1995). Possible role for the essential GTPbinding protein Obg in regulating the initiation of sporulation in Bacillus subtilis. J Bacteriol
177, 3308-3311.

101.

102.

Wout, P., Pu, K., Sullivan, S.M., Reese, V., Zhou, S., Lin, B., and Maddock, J.R. (2004). The
Escherichia coli GTPase CgtAE cofractionates with the 50S ribosomal subunit and interacts
with SpoT, a ppGpp synthetaselhydrolase. J Bacteriol 186, 5249~5257.

103.

Jain, V., Kumar, M., and Chatterji, D. (2006). ppGpp: stringent response and survival. J
Microbiol 44, 1-10.

104.

Scott, J.M., and Haldenwang, W.G. (1999). Obg, an essential GTP binding protein of Bacillus
subtilis, is necessary for stress activation of transcription factor sigma(B). J Bacteriol 181,
4653-4660.

105.

Scott, J.M., Ju, l., Mitchell, T., and Haldenwang, W.G. (2000). The Bacillus subtilis GTP
binding protein obg and regulators of the sigma(B) stress response transcription factor
cofractionate with ribosomes. J Bacteriol182, 2771~2777.

106.

Tan, J., Jakob, u., and Bardwell, J.C. (2002). Overexpression of two different GTPases
rescues a null mutation in a heat-induced rRNA methyltransferase. J Bacteriol 184, 26922698.

107.

Caldas, T., Binet, E., Bouloc, P., Costa, A., Desgres, l., and Richarme, G. (2000). The
FtsJ/RrmJ heat shock protein of Escherichia coli is a 23 S ribosomal RNA methyltransferase. 1
BioI Chem 275, 16414-16419.

108.

Lin, B., Thayer, D.A., and Maddock, J.R. (2004). The Caulobacter crescentus CgtAC protein
cosediments with the free 50S ribosomal subunit. 1 Bacteriol 186, 481 ~489.

109.

Sato, A., Kobayashi, G., Hayashi, H., Yoshida, H., Wada, A., Maeda, M., Hiraga, S.,
Takeyasu, K., and Wada, C. (2005). The GTP binding protein Obg homolog ObgE is involved
in ribosome maturation. Genes Cells 10, 393-408.

110.

Charollais, J., Pflieger, D., Vinh, J., Dreyfus, M., and lost, I. (2003). The DEAD~box RNA
helicase SrmB is involved in the assembly of 50S ribosomal subunits in Escherichia coli. Mol
Microbiol48, l253~1265.

Ill.

Ofengand, 1., Malhotra, A., Remme, J., Gutgsell, N.S., Del Campo, M., Jean~Charles, S., Peil,
L., and Kaya, Y. (2001). Pseudouridines and pseudouridine synthases of the ribosome. Cold
Spring Harb Symp Quant Bioi 66, 147-159.

112.

Cruz~Vera, L.R., Galindo, J.M., and Guarneros, G. (2002). Transcriptional analysis of the
gene encoding peptidyl-tRNA hydrolase in Escherichia coli. Microbiology 148, 3457~3466.

113.

Menninger, 1.R. (1976). Peptidyl transfer RNA dissociates during protein synthesis from
ribosomes of Escherichia coli. J BioI Chem 251, 3392-3398.
Danese, I., Haine, V., Delrue, R.M., Tibor, A., Lestrate, P., Stevaux, 0., Mertens, P., Paquet,
J.Y., Godfroid, J., De Bolle, X., and Letesson, 1.1. (2004). The Ton system, an ABC
transporter, and a universally conserved GTPase are involved in iron utilization by Brucella
melitensis 16M. Infect Immun 72, 5783-5790.

114.

- 156-

5

REFERENCES

115.

Gavin, A.e., Bosche, M., Krause, R., Grandi, P., Marzioch, M., Bauer, A., Schultz, l., Rick,
J.M., Michon, A.M., Cruciat, C.M., Remor, M., Hofert, C., Schelder, M., Brajenovic, M.,
Ruffner, H., Merino, A., Klein, K., Hudak, M., Dickson, D., Rudi, T., Gnau, V., Bauch, A.,
Bastuck, S., Huhse, B., Leutwein, C., Heurtier, M.A., Copley, R.R., Edelmann, A., Querfurth,
E., Rybin, V., Drewes, G., Raida, M., Bouwmeester, T., Bork, P., Seraphin, B., Kuster, B.,
Neubauer, G., and Superti-Furga, G. (2002). Functional organization of the yeast proteome by
systematic analysis of protein complexes. Nature 415, 141-147.

116.

Ho, Y., Gruhler, A., Heilbut, A., Bader, G.D., Moore, L., Adams, S.L., MilIar, A., Taylor, P.,
Bennett, K., Boutilier, K., Yang, L., WoIting, C., Dona1dson, 1., Schandorff, S., Shewnarane,
J., Vo, M., Taggart, J., GoudreauIt, M., Muskat, 8., A1farano, e., Dewar, D., Lin, Z.,
Michalickova, K., Willems, A.R., Sassi, H., Nielsen, P.A., Rasmussen, K.J., Andersen, J.R.,
Johansen, L.E., Hansen, L.H., Jespersen, H., Podte1ejnikov, A., Nielsen, E., Crawford, J.,
Pou1sen, V., Sorensen, B.D., Matthiesen, J., Hendrickson, R.C., Gleeson, F., Pawson, T.,
Moran, M.F., Durocher, D., Mann, M., Hogue, C.W., Figeys, D., and Tyers, M. (2002).
Systematic identification of protein complexes in Saccharomyces cerevisiae by mass
spectrometry. Nature 415,180-183.

117.

Ito, T., Chiba, T., Ozawa, R., Yoshida, M., Hattori, M., and Sakaki, Y. (2001). A
comprehensive two-hybrid analysis to explore the yeast protein interactome. Proc Natl Acad
Sci USA 98, 4569-4574.
Huang, J., Zhu, H., Haggarty, S.J., Spring, D.R., Hwang, H., Jin, F., Snyder, M., and
Schreiber, S.L. (2004). Finding new components of the target of rapamycin (TOR) signaling
network through chemical genetics and proteome chips. Proc Natl Acad Sci USA 101,
16594-16599.
Travers, K.J., Patil, C.K., Wodicka, L., Lockhart, D.J., Weissman, J.S., and WaIter, P. (2000).
Functional and genomic analyses reveal an essential coordination between the unfolded
protein response and ER-associated degradation. Cell 101, 249-258.

118.

119.

120.

121.

Wyrick, U., Holstege, F.e., Jennings, E.G., Causton, RC., Shore, D., Grunstein, M., Lander,
E.S., and Young, R.A. (1999). Chromosomal landscape of nucleosome-dependent gene
expression and silencing in yeast. Nature 402, 418-421.
Kniewel, R.K., Buglino, l.A., and Lima, C.D. (to be published). Structure of the
Schizosaccharomyces pombe YchF GTPase.

122.

Murzin, A.G., Brenner, S.E., Hubbard, T., and Chothia, C. (1995). SCOP: a structural
classification of proteins database for the investigation of sequences and structures. J Mol Bioi
247, 536-540.

123.

Paul, B.J., Barker, M.M., Ross, W., Schneider, D.A., Webb, C., Foster, J.W., and Gourse, R.L.
(2004). DksA: a critical component of the transcription initiation machinery that potentiates
the regulation of rRNA promoters by ppGpp and the initiating NTP. Ce11118, 311-322.
Laptenko, 0., Lee, J., Lomakin, I., and Borukhov, S. (2003). Transcript cleavage factors GreA
and GreB act as transient catalytic components of RNA polymerase. Embo J 22, 6322-6334.

124.
125.

126.
127.

128.

129.

Toulme, F., Mosrin-Huaman, C., Sparkowski, J., Das, A., Leng, M., and Rahmouni, A.R.
(2000). GreA and GreB proteins revive backtracked RNA polymerase in vivo by promoting
transcript trimming. Embo J 19, 6853-6859.
Nickels, B.E., and Hochschild, A. (2004). Regulation of RNA polymerase through the
secondary channel. Ce11118, 281-284.
Perederina, A., Svetlov, V., Vassylyeva, M.N., Tahirov, T.H., Yokoyama, S., Artsimovitch, 1.,
and Vassylyev, D.G. (2004). Regulation through the secondary channel--structural framework
for ppGpp-DksA synergism during transcription. Ce11118, 297-309.
Opalka, N., Chlenov, M., Chacon, P., Rice, W.J., Wriggers, W., and Darst, S.A. (2003).
Structure and function of the transcription elongation factor GreB bound to bacterial RNA
polymerase. Cell 114, 335-345.
Stebbins, C.E., Borukhov, S., Orlova, M., Polyakov, A., Goldfarb, A., and Darst, S.A. (1995).
Crystal structure of the GreA transcript cleavage factor from Escherichia coli. Nature 373,
636-640.

- 157-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE

1

130.

Biou, v., Yaremchuk, A., Tukalo, M., and Cusack, S. (1994). The 2.9 A ctystal structure ofT.
thermophilus setyl-tRNA synthetase complexed with tRNA(Ser). Science 263, 1404-1410.

131.

Cusack, S., Yaremchuk, A., and Tukalo, M. (1996). The ctystal structure of the ternary
complex of T.thermophilus setyl-tRNA synthetase with tRNA(Ser) and a seryl-adenylate
analogue reveals a conformational switch in the active site. Embo J 15, 2834~2842.

132.

Aravind, L., and Koonin, E.V. (1999). G-patch: a new conserved domain in eukaryotic RNAprocessing proteins and type D retroviral polyproteins. Trends Biochem Sci 24, 342~344.

133.

Melese, T., and Xue, Z. (1995). The nucleolus: an organelle formed by the act of building a
ribosome. CUIT Opin Cell BioI 7, 319-324.

134.

Scheer, D., and Hock, R. (1999). Structure and function of the nucleolus. Curr Opin Cell BioI
11, 385~390.

135.

Kressler, D., Under, P., and de La Cruz, J. (1999). Protein trans-acting factors involved in
ribosome biogenesis in Saccharomyces cerevisiae. Mol Cell Bioi 19, 7897-7912.

136.

Allmang, C., and Tollervey, D. (1998). The role of the 3' external transcribed spacer in yeast
pre-rRNA processing. J Mol Bioi 278, 67-78.

137.

van Nues, RW., Venema, l., Rientjes, l.M., Dirks-Mulder, A., and Raue, H.A. (1995).
Processing of eukatyotic pre-rRNA: the role of the transcribed spacers. Biochem Cell BioI 73,
789-801.

138.

Lafontaine, D., Vandenhaute, J., and Tollervey, D. (1995). The 18S rRNA dimethylase Dimlp
is required for pre-ribosomal RNA processing in yeast. Genes Dev 9, 2470-2481.

139.

Venema, J., and Tollervey, D. (1996). RRP5 is required for formation of both 18S and 5.8S
rRNA in yeast. Embo J 15, 5701-5714.

140.

Venema, J., and Tollervey, D. (1995). Processing of pre-ribosomal RNA in Saccharomyces
cerevisiae. Yeast 11, 1629-1650.

141.

Tollervey, D. (1996). Trans-acting factors in ribosome synthesis. Exp Cell Res 229, 226-232.

142.

Tschochner, H., and Hurt, E. (2003). Pre-ribosomes on the road from the nucleolus to the
cytoplasm. Trends Cell Bioi 13, 255-263.

143.

Fromont-Racine, M., Senger, B., Saveanu, C., and Fasiolo, F. (2003). Ribosome assembly in
eukaryotes. Gene 313,17-42.

144.

Fatica, A., and Tollervey, D. (2002). Making ribosomes. Curr Opin Cell Bioi 14, 313-318.

145.

Decatur, W.A., and Fournier, MJ. (2003). RNA-guided nucleotide modification of ribosomal
and other RNAs. J BioI Chem 278, 695~698.

146.

Woolford, J.L., and Warner, J.R. (1991). The ribosome and its synthesis, molecular and
cellular biology of the yeast Saccharomyces: genome dynamics, protein synthesis, and
energetics, Volume 1 (Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratoty Press).

147.

Veldman, G.M., Klootwijk, J., de Jonge, P., Leer, RJ., and Planta, RJ. (1980). The
transcription termination site of the ribosomal RNA operon in yeast. Nucleic Acids Res 8,
5179-5192.

148.

van der Sande, C.A., Kulkens, T., Kramer, A.B., de Wijs, I.J., van Heerikhuizen, H.,
Klootwijk, J., and Planta, RJ. (1989). Termination of transcription by yeast RNA polymerase
I. Nucleic Acids Res 17,9127-9146.

149.

Kempers-Veenstra, A.E., Oliemans, J., Offenberg, H., Dekker, A.F., Piper, P.W., Planta, RJ.,
and Klootwijk, J. (1986). 3'-End formation of transcripts from the yeast rRNA operon. Embo J
5,2703-2710.

150.

Lafontaine, D., and Tollervey, D. (1995). Trans-acting factors in yeast pre-rRNA and presnoRNA processing. Biochem Cell Bioi 73,803-812.

151.

Tollervey, D. (1987). A yeast small nuclear RNA is required for normal processing of preribosomal RNA. Embo J 6,4169-4175.

- 158-

5 REFERENCES
152.

Piper, P.W., Bellatin, 1.A., and Lockheart, A. (1983). Altered maturation of sequences at the 3'
terminus of 5S gene transcripts in a Saccharomyces cerevisiae mutant that lacks a RNA
processing endonuclease. Embo 1 2, 353-359.

153.

Raue, H.A., and Planta, R.J. (1991). Ribosome biogenesis in yeast. Prog Nucleic Acid Res
Mol Biol4l, 89-129.

154.

Lee, Y., and Nazar, R.N. (1997). Ribosomal 5 S rRNA maturation in Saccharomyces
cerevisiae. 1 BioI Chem 272,15206-15212.

155.

Deshmukh, M., Tsay, Y.F., Paulovich, A.G., and Woolford, 1.L.,.Tr. (1993). Yeast ribosomal
protein Lt is required for the stability of newly synthesized 5S rRNA and the assembly of 60S
ribosomal subunits. Mol Cell Bioll3, 2835-2845.

156.

Brand, R.C., Klootwijk, .T., Van Steenbergen, T.J., De Kok, A.J., and Planta, R.J. (1977).
Secondary methylation of yeast ribosomal precursor RNA. Eur 1 Biochem 75,311-318.

157.

Klootwijk, .T., and Planta, R.J. (1973). Analysis of the methylation sites in yeast ribosomal
RNA. Eur .T Biochem 39, 325-333.
MOOen, RE., and Hughes, J.M. (1997). Eukaryotic ribosomal RNA: the recent excitement in
the nucleotide modification problem. Chromosoma 105, 391-400.

158.
159.

Ofengand, .T., and Fournier, M.J. (1998). The pseudouridine residues of rRNA: number,
location, biosynthesis, and function (Washington, D.C.: ASM Press).

160.

Maden, B.E. (1990). The numerous modified nucleotides in eukaryotic ribosomal RNA. Prog
Nucleic Acid Res Mol Bioi 39, 241~303.

161.

Rozenski, J., Crain, P.F., and McCloskey, l.A. (1999). The RNA Modification Database: 1999
update. Nucleic Acids Res 27,196-197.
Kowalak, l.A., Bruenger, E., and McCloskey, J.A. (1995). Posttranscriptional modification of
the central loop of domain V in Escherichia coli 23 S ribosomal RNA. J BioI Chem 270,
17758-17764.

162.

163.

164.

Green, R., and Noller, H.F. (1996). In vitro complementation analysis localizes 23S rRNA
posttranscriptional modifications that are required for Escherichia coli 50S ribosomal subunit
assembly and function. Rna 2,1011-1021.
Nissen, P., Hansen, 1., Ban, N., Moore, P.B., and Steitz, T.A. (2000). The structural basis of
ribosome activity in peptide bond synthesis. Science 289,920-930.

165.

Decatur, W.A., and Foumier, M.J. (2002). rRNA modifications and ribosome function. Trends
Biochem Sci 27, 344-351.

166.

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

167.

Kiss, T. (2001). Small nUcleolar RNA-guided post-transcriptional modification of cellular
RNAs. Embo J 20, 3617~3622.

168.

Ni, l., Tien, A.L., and Fournier, M.J. (1997). Small nucleolar RNAs direct site-specific
synthesis of pseudouridine in ribosomal RNA. Cell 89, 565-573.

169.

Ganot, P., Bortolin, M.L., and Kiss, T. (1997). Site-specific pseudouridine formation in
preribosomal RNA is guided by small nucleolar RNAs. Cell 89, 799-809.
Henras, A., Henry, Y., Bousquet-Antonelli, C., Noaillac-Depeyre, l., Gelugne, J.P., and
Caizergues-Ferrer, M. (1998). Nhp2p and NoplOp are essential for the function of HlACA
snoRNPs. Embo J 17, 7078-7090.

170.

171.

Watkins, N.J., Gottschalk, A., Neubauer, G., Kastner, B., Fabrizio, P., Mann, M., and
Luhrmann, R. (1998). Cbf5p, a potential pseudouridine synthase, and Nhp2p, a putative RNAbinding protein, are present together with Gar1p in all H BOX/ACA-motif snoRNPs and
constitute a common bipartite structure. Rna 4, 1549-1568.

172.

Koonin, E.V. (1996). Pseudouridine synthases: four families of enzymes containing a putative
uridine-binding motif also conserved in dUTPases and dCTP deaminases. Nucleic Acids Res
24,2411-2415.

- 159-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OBG-L1KE ATPASE 1

173.

Lafontaine, D.L., Bousquet-Antonelli, c., Henry, Y., Caizergues-Ferrer, M., and Tollervey, D.
(1998). The box H + ACA snoRNAs carry Cbf5p, the putative rRNA pseudouridine synthase.
Genes Dev 12, 527-537.

174.

Kiss-Laszlo, Z., Henry, Y., Bachellerie, J.P., Caizergues-Ferrer, M., and Kiss, T. (1996). Sitespecific ribose methylation ofpreribosomal RNA: a novel function for small nucleolar RNAs.
Cell 85, 1077-1088.

175.

Tollervey, D., and Kiss, T. (1997). Function and synthesis of small nucleolar RNAs. Curr
Opin Cell BioI 9,337-342.
Kiss-Laszlo, Z., Henry, Y., and Kiss, T. (1998). Sequence and structural elements of
methylation guide snoRNAs essential for site-specific ribose methylation ofpre-rRNA. Embo
J 17,797-807.
Ganot, P., Caizergues-Ferrer, M., and Kiss, T. (1997). The family of box ACA small nucleolar
RNAs is defined by an evolutionarily conserved secondary structure and ubiquitous sequence
elements essential for RNA accumulation. Genes Dev 11,941-956.

176.

177.

178.

Gautier, T., Berges, T., Tollervey, D., and Hurt, E. (1997). Nucleolar KKE/D repeat proteins
Nop56p and Nop58p interact with Noplp and are required for ribosome biogenesis. Mol Cell
Bioi 17, 7088-7098.

179.

Lafontaine, D.L., and Tollervey, D. (1999). Nop58p is a common component of the box C+D
snoRNPs that is required for snoRNA stability. Rna 5, 455-467.
Wu, P., Brockenbrough, J.S., Metcalfe, A.c., Chen, S., and Aris, l.P. (1998). Nop5p is a small
nucleolar ribonucleoprotein component required for pre-18 S rRNA processing in yeast. J BioI
Chem 273, 16453-16463.

180.

181.

182.
183.

184.
185.
186.
187.
188.

Wang, H., Boisvert, D., Kim, K.K., Kim, R., and Kim, S.H. (2000). Crystal structure of a
fibrillarin homologue from Methanococcus jannaschii, a hyperthermophile, at 1.6 A
resolution. Embo J 19,317-323.
Hong, 8., Brockenbrough, J.S., Wu, P., and Aris, J.P. (1997). Nop2p is required for pre-rRNA
processing and 60S ribosome subunit synthesis in yeast. Mol Cell BioI 17,378-388.
Kressler, D., Rojo, M., Linder, P., and Cruz, J. (1999). Spblp is a putative methyltransferase
required for 60S ribosomal subunit biogenesis in Saccharomyces cerevisiae. Nucleic Acids
Res 27, 4598-4608.
Wu, P., Brockenbrough, J.S., Paddy, M.R., and Aris, J.P. (1998). NCLl, a novel gene for a
non-essential nuclear protein in Saccharomyces cerevisiae. Gene 220, 109-117.
Samarsky, D.A., and Fournier, M.J. (1999). A comprehensive database for the small nucleolar
RNAs from Saccharomyces cerevisiae. Nucleic Acids Res 27,161-164.
Elela, S.A., Igel, H., and Ares, M., Jr. (1996). RNase III cleaves eukaryotic preribosomal
RNA at a 03 snoRNP-dependent site. Cell 85, 115-124.
Kufe1, J., Dichtl, 8., and Tollervey, D. (1999). Yeast Rntlp is required for cleavage ofthe preribosomal RNA in the 3' ETS but not the 5' ETS. Rna 5,909-917.
Beltrame, M., Henry, Y., and Tollervey, D. (1994). Mutational analysis of an essential binding
site for the 03 snoRNA in the 5' external transcribed spacer of yeast pre-rRNA. Nucleic Acids
Res 22,5139-5147.

189.

Hughes, l.M., and Ares, M., Jr. (1991). Depletion of 03 small nucleolar RNA inhibits
cleavage in the 5' external transcribed spacer of yeast pre-ribosomal RNA and impairs
formation of 18S ribosomal RNA. Embo J 10,4231-4239.

190.

Abou Elela, S., and Ares, M., Jr. (1998). Depletion of yeast RNase III blocks correct 02 3' end
formation and results in polyadenylated but functional 02 snRNA. Embo J 17, 3738-3746.

191.

Chanfreau, G., Elela, S.A., Ares, M., Jr., and Guthrie, C. (1997). Alternative 3'-end processing
of 05 snRNA by RNase Ill. Genes Dev 11, 2741-2751.

192.

Chanfreau, G., Rotondo, G., Legrain, P., and Jacquier, A. (1998). Processing of a dicistronic
small nucleolar RNA precursor by the RNA endonuclease Rntl. Embo J 17, 3726-3737.

- 160-

5

REFERENCES

193.

Schmitt, M.E., and Clayton, D.A. (1993). Nuclear RNase MRP is required for correct
processing ofpre-5.8S rRNA in Saccharomyces cerevisiae. Mol Cell BioI 13, 7935-7941.

194.

Lygerou, Z., Allmang, C., Tollervey, D., and Seraphin, B. (1996). Accurate processing of a
eukaryotic precursor ribosomal RNA by ribonuclease MRP in vitro. Science 272, 268-270.

195.

Chu, S., Archer, R.H., Zengel, J.M., and Lindahl, L. (1994). The RNA of RNase MRP is
required for normal processing of ribosomal RNA. Proc Natl Acad Sci USA 91,659-663.

196.

Amberg, D.C., Goldstein, AL., and Cole, C.N. (1992). Isolation and characterization of
RATI : an essential gene of Saccharomyces cerevisiae required for the efficient
nucleocytoplasmic trafficking of mRNA. Genes Dev 6, 1173-1189.

197.

Henry, Y., Wood, H., Morrissey, J.P., Petfalski, E., Kearsey, S., and Tollervey, D. (1994). The
5' end of yeast 5.8S rRNA is generated by exonucleases from an upstream cleavage site. Embo
J 13,2452-2463.

198.

Mitchell, P., Petfalski, E., Shevchenko, A., Mann, M., and ToIlervey, D. (1997). The
exosome: a conserved eukaryotic RNA processing complex containing multiple 3'-->5'
exoribonucleases. Cell 91 ,457-466.

199.

Mitchell, P., Petfalski, E., and Tollervey, D. (1996). The 3' end of yeast 5.8S rRNA
generated by an exonuclease processing mechanism. Genes Dev 10,502-513.

200.

Bassler, J., Grandi, P., Gadal, 0., Lessmann, T., Petfalski, E., Tollervey, D., Lechner, J., and
Hurt, E. (2001). Identification of a 60S preribosomal particle that is closely linked to nuclear
export. Mol Cell 8, 517-529.

201.

Hampicharnchai, P., Jakovljevic, J., Horsey, E., Miles, T., Roman, J., Rout, M., Meagher, D.,
Tmai, B., Guo, Y., Brame, C.J., Shabanowitz, J., Hunt, D.F., and Woolford, J.L., Jr. (2001).
Composition and functional characterization of yeast 66S ribosome assembly intermediates.
Mol Cell 8, 505-515.

202.

Saveanu, c., Bienvenu, D., Namane, A., Gleizes, P.E., Gas, N., Jacquier, A., and FromontRacine, M. (2001). Nog2p, a putative GTPase associated with pre-60S subunits and required
for late 60S maturation steps. Embo J 20, 6475-6484.

203.

Dragon, F., Gallagher, J.E., Compagnone-Post, P.A., Mitchell, B.M., Porwancher, K.A.,
Wehner, K.A., Wormsley, S., Settlage, R.E., Shabanowitz, J., Osheim, Y., Beyer, A.L., Hunt,
D.F., and Baserga, S.J. (2002). A large nucleolar U3 ribonucleoprotein required for 18S
ribosomal RNA biogenesis. Nature 417,967-970.

204.

Grandi, P., Rybin, V., Bassler, J., Petfalski, E., Strauss, D., Marzioch, M., Schafer, T., Kuster,
B., Tschochner, H., Tollervey, D., Gavin, A.C., and Hurt, E. (2002). 90S pre-ribosomes
include the 35S pre-rRNA, the U3 snoRNP, and 40S subunit processing factors but
predominantly lack 60S synthesis factors. Mol Cell 10, 105-115.

205.

Nissan, T.A., Bassler, J., Petfalski, E., Tollervey, D., and Hurt, E. (2002). 60S pre-ribosome
formation viewed from assembly in the nucleolus until export to the cytoplasm. Embo J 21,
5539-5547.

206.

Fatica, A., Cronshaw, A.D., Dlakic, M., and Tollervey, D. (2002). Ssflp prevents premature
processing of an early pre-60S ribosomal particle. Mol Ce119, 341-351.

207.

Miller, O.L., Jr., and Beatty, B.R. (1969). Visualization ofnucleolar genes. Science 164, 955957.

208.

Mougey, RB., O'Reilly, M., Osheim, Y., Miller, O.L., Jr., Beyer, A., and Sollner-Webb, B.
(1993). The terminal balls characteristic of eukaryotic rRNA transcription units in chromatin
spreads are rRNA processing complexes. Genes Dev 7, 1609-1619.

209.

Venema, J., and Tollervey, D. (1999). Ribosome synthesis in Saccharomyces cerevisiae. Annu
Rev Genet 33, 261-311.

210.

Lafontaine, D., Delcour, J., Glasser, A.L., Desgres, J., and Vandenhaute, J. (1994). The DIM1
gene responsible for the conserved m6(2)Am6(2)A dimethylation in the 3'-terminalloop of 18
S rRNA is essential in yeast. J Mol Bioi 241, 492-497.

- 161 -

IS

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE 1
211.

Vanrobays, E., Gelugne, J.P., Gleizes, P.E., and Caizergues-Ferrer, M. (2003). Late
cytoplasmic maturation of the small ribosomal subunit requires RIO proteins in
Saccharomyces cerevisiae. Mol Cell Bioi 23, 2083-2095.

212.

Vanrobays, E., Gleizes, P.E., Bousquet-Antonelli, c., Noaillac-Depeyre, J., Caizergues-Ferrer,
M., and Gelugne, J.P. (2001). Processing of 20S pre-rRNA to 18S ribosomal RNA in yeast
requires Rrp lOp, an essential non-ribosomal cytoplasmic protein. Embo J 20,4204-4213.

213.

Milkereit, P., Gadal, 0., Podtelejnikov, A., Trumtel, S., Gas, N., Petfalski, E., Tollervey, D.,
Mann, M., Hurt, E., and Tschochner, H. (2001). Maturation and intranuclear transport of preribosomes requires Noc proteins. CelI 105,499-509.

214.

Vale, R.D. (2000). AAA proteins. Lords of the ring. J Cell BioI J 50, F 13-19.

215.

Gadal, 0., Strauss, D., Braspenning, J., HoepfUer, D., Petfalski, E., Philippsen, P., Tollervey,
D., and Hurt, E. (2001). A nuclear AAA-type ATPase (Rix7p) is required for biogenesis and
nuclear export of 60S ribosomal subunits. Embo J 20, 3695-3704.

216.

Billy, E., Wegierski, T., Nasr, F., and Filipowicz, W. (2000). Rcllp, the yeast protein similar
to the RNA 3'-phosphate cyclase, associates with U3 snoRNP and is required for 18S rRNA
biogenesis. Embo J 19,2115-2126.

217.

Johnson, A.W., Ho, J.H., Kallstrom, G., Trotta, c., Lund, E., Kahan, L., Dahlberg, J., and
Hedges, J. (2001). Nuclear export of the large ribosomal subunit. Cold Spring Harb Symp
Quant Bioi 66, 599-605.

218.

Stage-Zimmermann, T., Schmidt, D., and Silver, P.A. (2000). Factors affecting nuclear export
of the 60S ribosomal subunit in vivo. Mol Bioi Cell JJ, 3777-3789.

219.

Moy, T.L, and Silver, P.A. (1999). Nuclear export of the small ribosomal subunit requires the
ran-GTPase cycle and certain nucleoporins. Genes Dev 13,2118-2133.

220.

Hurt, E., Hannus, S., Schmelzl, B., Lau, D., Tollervey, D., and Simos, G. (1999). A novel in
vivo assay reveals inhibition of ribosomal nuclear export in ran-cycle and nucleoporin
mutants. J Cell Biol 144, 389-401.

221.

Moy, T.L, and Silver, P.A. (2002). Requirements for the nuclear export of the small ribosomal
subunit. J Cell Sci 115,2985-2995.

222.

Johnson, A.W., Lund, E., and Dahlberg, J. (2002). Nuclear export of ribosomal subunits.
Trends Biochem Sci 27, 580-585.

223.

Fried, H., and Kutay, U. (2003). Nucleocytoplasmic transport: taking an inventory. Cell Mol
Life Sci 60, 1659-1688.

224.

Mattaj, LW., and Englmeier, L. (1998). Nucleocytoplasmic transport: the soluble phase. Annu
Rev Biochem 67, 265-306.

225.

Nakielny, S., and Dreyfuss, G. (1999). Transport of proteins and RNAs in and out of the
nucleus. Cell 99, 677-690.

226.

Pemberton, L.F., Blobel, G., and Rosenblum, J.S. (1998). Transport routes through the nuclear
pore complex. Curr Opin Cell BiollO, 392-399.

227.

Weis, K. (2002). Nucleocytoplasmic transport: cargo trafficking across the border. CUff Opin
Cell BioI 14,328-335.

228.

Gorlich, D., and Kutay, U. (1999). Transport between the cell nucleus and the cytoplasm.
Annu Rev Cell Dev Biol15, 607-660.

229.

Gadal, 0., Strauss, D., Kessl, J., Trumpower, B., Tollervey, D., and Hurt, E. (20ot). Nuclear
export of 60s ribosomal subunits depends on Xpo 1p and requires a nuclear export sequencecontaining factor, Nmd3p, that associates with the large subunit protein Rpll Op. Mol Cell Bioi
21,3405-3415.

230.

Ho, J.H., Kallstrom, G., and Johnson, A.W. (2000). Nmd3p is a Crmlp-dependent adapter
protein for nuclear export of the large ribosomal subunit. J Cell Bioi J 5 J, 1057-1066.

231.

Thomas, F., and Kutay, U. (2003). Biogenesis and nuclear export of ribosomal subunits in
higher eukaryotes depend on the CRM1 export pathway. J Cell Sci 116, 2409-2419.

- 162-

5

REFERENCES

232.

Trotta, C.R., Lund, B., Kahan, L., Johnson, A.W., and Dahlberg, J.B. (2003). Coordinated
nuclear export of 60S ribosomal subunits and NMD3 in vertebrates. Embo J 22, 2841-2851.

233.

Seiser, RM., Sundberg, A.E., Wollam, RJ., Zobel-Thropp, P., Baldwin, K., Spector, M.D.,
and Lycan, D.E. (2006). Ltvl Is Required for Efficient Nuclear Export of the Ribosomal
Small Subunit in Saccharomyces cerevisiae. Genetics 174,679-691.

234.

Hedges, J., West, M., and Johnson, A.W. (2005). Release of the export adapter, Nmd3p, from
the 60S ribosomal subunit requires RpllOp and the cytoplasmic GTPase Lsglp. Embo J 24,
567-579.

235.

Craig, N., Kass, S., and SollnerwWebb, R (1987). Nucleotide sequence determining the first
cleavage site in the processing of mouse precursor rRNA. Proc Natl Acad Sci USA 84, 629633.

236.

Tiollais, P., Galibert, F., and Boiron, M. (1971). Evidence for the existence of several
molecular species in the "45S fraction" of mammalian ribosomal precursor RNA. Proc Natl
Acad Sci USA 68, 11l7w1120.

237.

Scherrer, K., Latham, H., and Darnell, J.E. (1963). Demonstration of an unstable RNA and of
a precursor to ribosomal RNA in HeLa cells. Proc Natl Acad Sci USA 49, 240-248.
Craig, N., Kass, S., and Sollner-Webb, R (1991). Sequence organization and RNA structural
motifs directing the mouse primary rRNA-processing event. Mol Cell Bioi 11, 458A67.
Kass, S., Craig, N., and Sollner-Webb, B. (1987). Primary processing of mammalian rRNA
involves two adjacent cleavages and is not species specific. Mol Cell BioI 7,2891-2898.

238.
239.
240.

241.

Kass, S., Tyc, K., Steitz, I.A., and Sollner-Webb, R (1990). The U3 small nucleolar
ribonucleoprotein functions in the first step of preribosomal RNA processing. Cell 60, 897908.
Kass, S., and Sollner-Webb, R (1990). The first pre-rRNA-processing event occurs in a large
complex: analysis by gel retardation, sedimentation, and UV cross-linking. Mol Cell BioI 10,
4920-4931.

242.

Hadjiolova, K.V., Nicoloso, M., Mazan, S., Hadjiolov, A.A., and Bachellerie, J.P. (1993).
Alternative pre-rRNA processing pathways in human cells and their alteration by
cycloheximide inhibition of protein synthesis. Eur J Biochem 212, 211-215.

243.

Hannon, G.J., Maroney, P.A., Branch, A., Benenfield, B.1., Robertson, H.D., and Nilsen, T.W.
(1989). Accurate processing of human prewrRNA in vitro. Mol Cell Bioi 9, 4422-4431.
Vu, Y.T., and Nilsen, T.W. (1992). Sequence requirements for maturation of the 5' terminus
of human 18 S rRNA in vitro. J BioI Chem 267, 9264w9268.

244.
245.

Rouquette, J., Choesmel, V., and Gleizes, P.E. (2005). Nuclear export and cytoplasmic
processing of precursors to the 40S ribosomal subunits in mammalian cells. Embo J 24, 2862w
2872.

246.

Savino, T.M., Bastos, R., Jansen, E., and Hernandez-Verdun, D. (1999). The nucleolar antigen
Nop52, the human homologue of the yeast ribosomal RNA processing RRP1, is recruited at
late stages of nucleologenesis. J Cell Sci 112 ( Pt 12), 1889w 1900.
Savkur, R.S., and Olson, M.O. (1998). Preferential cleavage in pre-ribosomal RNA byprotein
B23 endoribonuclease. Nucleic Acids Res 26, 4508w4515 .

247.
248.

Strezoska, Z., Pestov, D.G., and Lau, L.F. (2000). Bopl is a mouse WD40 repeat nucleolar
protein involved in 28S and 5. 8S RRNA processing and 60S ribosome biogenesis. Mol Cell
BioI 20, 5516-5528.

249.

Strezoska, Z., Pestov, D.G., and Lau, L.F. (2002). Functional inactivation of the mouse
nucleolar protein Bopl inhibits multiple steps in prewrRNA processing and blocks cell cycle
progression. J BioI Chem 277, 29617-29625.
Pestov, D.G., Strezoska, Z., and Lau, L.F. (2001). Evidence of p53-dependent cross-talk
between ribosome biogenesis and the cell cycle: effects of nucleolar protein Bop 1 on G(1 )/S
transition. Mol Cell BioI 21, 4246-4255.

250.

251.

Lapik, Y.R, Fernandes, C,J., Lau, L.F., and Pestov, D.G. (2004). Physical and functional
interaction between Pes 1 and Bop 1 in mammalian ribosome biogenesis. Mol Cell 15, 17-29.

- 163-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OBG-L1KE ATPASE 1

252.

Holzel, M., Rohrmoser, M., Schlee, M., Grimm, T., Harasim, T., Malamoussi, A., GruberEber, A., Kremmer, E., Hiddemann, W., Bornkamm, G.W., and Eick, O. (2005). Mammalian
WOR12 is a novel member of the Pesl-Bopl complex and is required for ribosome biogenesis
and cell proliferation. J Cell BioI 170,367-378.

253.

Gasch, A.P., Spellman, P.T., Kao, C.M., Carmel-Harel, 0., Eisen, M.B., Storz, G., Botstein,
D., and Brown, P.O. (2000). Genomic expression programs in the response of yeast cells to
environmental changes. Mol BioI Cell]] , 4241-4257.

254.

Sudarsanam, P., lyer, V.R., Brown, P.O., and Winston, F. (2000). Whole-genome expression
analysis of snf/swi mutants of Saccharomyces cerevisiae. Proc Natl Acad Sci USA 97, 33643369.
Haugen, A.C., Kelley, R., Collins, J.B., Tucker, CJ., Deng, C., Afshari, C.A., Brown, J.M.,
Ideker, T., and Van Houten, B. (2004). Integrating phenotypic and expression profiles to map
arsenic-response networks. Genome Bioi 5, R95.

255.

256.

Dignam, 1.0., Lebovitz, R.M., and Roeder, R.G. (I983). Accurate transcription initiation by
RNA polymerase Il in a soluble extract from isolated mammalian nuclei. Nucleic Acids Res
]],1475-1489.

257.

Rudolph, M.G., Linnemann, T., Grunewald, P., Wittinghofer, A., Vetter, I.R., and Herrmann,
C. (2001). Thermodynamics of Ras/effector and Cdc42/effector interactions probed by
isothermal titration calorimetry. J BioI Chem 276, 23914-23921.
Wiseman, T., Williston, S., Brandts, 1.F., and Lin, L.N. (1989). Rapid measurement of binding
constants and heats of binding using a new titration calorimeter. Anal Biochem /79, 131-137.
Herrmann, C., and Nassar, N. (I996). Ras and its effectors. Prog Biophys Mol Bioi 66, 1-41.

258.
259.
260.

Herrmann, c., Martin, G.A., and Wittinghofer, A. {I 995). Quantitative analysis of the
complex between p2lras and the Ras-binding domain of the human Raf-l protein kinase. 1
BioI Chem 270, 2901-2905.

261.

Sikora, A.E., Oatta, K., and Maddock, 1.R. (2006). Biochemical properties of the Vibrio
harveyi CgtAV GTPase. Biochem Biophys Res Commun 339, 1165-1170.

262.

Loar, J.W., Seiser, R.M., Sundberg, A.E., Sagerson, HJ., llias, N., Zobel-Thropp, P., Craig,
B.A., and Lycan, D.E. (2004). Genetic and biochemical interactions among Yarl, Ltvl and
Rps3 define novel links between environmental stress and ribosome biogenesis in
Saccharomyces cerevisiae. Genetics /68, 1877-1889.

263.

Tong, A.H., Evangelista, M., Parsons, A.B., Xu, H., Bader, G.D., Page, N., Robinson, M.,
Raghibizadeh, S., Hogue, C.W., Bussey, H., Andrews, B., Tyers, M., and Boone, C. (2001).
Systematic genetic analysis with ordered arrays of yeast deletion mutants. Science 294, 23642368.
Vetter, I.R., and Wittinghofer, A. (2001). The guanine nucleotide-binding switch in three
dimensions. Science 294, 1299-1304.

264.
265.

Nur, E.K.M.S., and Maruta, H. {I 992). The role of Gln61 and Glu63 of Ras GTPases in their
activation by NFl and Ras GAP. Mol BioI Cell 3, 1437-1442.

266.

Bateman, A., Bimey, E., Durbin, R., Eddy, S.R., Howe, K.L., and Sonnhammer, E.L. (2000).
The Pfam protein families database. Nucleic Acids Res 28,263-266.
Gavin, A.C., Aloy, P., Grandi, P., Krause, R., Boesche, M., Marzioch, M., Rau, c., Jensen,
LJ., Bastuck, S., Dumpelfeld, B., Edelmann, A., Heurtier, M.A., Hoffman, V., Hoefert, C.,
Klein, K., Hudak, M., Michon, A.M., Schelder, M., Schirle, M., Remor, M., Rudi, T., Hooper,
S., Bauer, A., Bouwmeester, T., Casari, G., Drewes, G., Neubauer, G., Rick, J.M., Kuster, B.,
Bork, P., Russell, R.B., and Superti-Furga, G. (2006). Proteome survey reveals modularity of
the yeast cell machinery. Nature 440,631-636.

267.

268.

Krogan, NJ., Cagney, G., Yu, H., Zhong, G., Guo, x., 19natchenko, A., Li, 1., Pu, S., Oatta,
N., Tikuisis, A.P., Punna, T., Peregrin-Alvarez, 1.M., Shales, M., Zhang, X., Davey, M.,
Robinson, M.D., Paccanaro, A., Bray, 1.B., Sheung, A., Beattie, B., Richards, D.P., Canadien,
V., Lalev, A., Mena, F., Wong, P., Starostine, A., Canete, M.M., Vlasblom, 1., Wu, S., Orsi,
C., Collins, S.R., Chandran, S., Haw, R., Rilstone, U., Gandi, K., Thompson, NJ., Musso, G.,

- 164-

5

REFERENCES

St Onge, P., Ghanny, S., Lam, M.H., Butland, G., Altaf-Ul, A.M., Kanaya, S., Shilatifard, A.,
O'Shea, E., Weissman, J.S., Ingles, C.J., Hughes, T.R., Parkinson, J., Gerstein, M., Wodak,
S.1., Emili, A., and Greenblatt, J.F. (2006). Global landscape of protein complexes in the yeast
Saccharomyces cerevisiae. Nature 440, 637-643.
269.

Voloshin, O.N., Ramirez, B.E., Bax, A., and Camerini-Otero, R.D. (2001). A model for the
abrogation of the SOS response by an SOS protein: a negatively charged helix in Dinl mimics
DNA in its interaction with RecA. Genes Dev 15,415-427.

270.

Rout, M.P., Aitchison, J.D., Suprapto, A., Hjertaas, K., Zhao, Y., and Chait, B.T. (2000). The
yeast nuclear pore complex: composition, architecture, and transport mechanism. J Cell BioI
148,635-651.

271.

Nilsson, J., Sengupta, J., Frank, J., and Nissen, P. (2004). Regulation of eukaryotic translation
by the RACKl protein: a platform for signalling molecules on the ribosome. EMBO Rep 5,
1137-1141.

272.

Chantrel, Y., Gaisne, M., Lions, C., and Verdiere, J. (1998). The transcriptional regulator
Haplp (Cyplp) is essential for anaerobic or heme-deficient growth of Saccharomyces
cerevisiae: Genetic and molecular characterization of an extragenic suppressor that encodes a
WD repeat protein. Genetics 148, 559-569.

273.

Hoffmann, B., Mosch, H.D., Sattlegger, E., Barthelmess, I.B., Hinnebusch, A., and Braus,
G.H. (1999). The WD protein Cpc2p is required for repression of Gcn4 protein activity in
yeast in the absence of amino-acid starvation. Mol Microbio131, 807-822.

274.

Hinnebusch, A.G. (2006). e1F3: a versatile scaffold for translation initiation complexes.
Trends Biochem Sci 31,553-562.

275.

Valasek, L., Hasek, J., Nielsen, K.H., and Hinnebusch, A.G. (2001). Dual function of
elF3j/Hcrl p in processing 20 S pre-rRNA and translation initiation. J BioI Chem 276, 4335143360.

276.

Valasek, L., Hasek, J., Trachsel, H., Imre, KM., and Ruis, H. (1999). The Saccharomyces
cerevisiae HCRl gene encoding a homologue of the p35 subunit of human translation
initiation factor 3 (eIF3) is a high copy suppressor of a temperature-sensitive mutation in the
Rpglp subunit of yeast e1F3. J Bioi Chem 274,27567-27572.

277.

Valasek, L., Phan, L., Schoenfeld, L.W., Valaskova, V., and Hinnebusch, A.G. (2001).
Related elF3 subunits TIF32 and HCRl interact with an RNA recognition motif in PRTl
required for elF3 integrity and ribosome binding. Embo J 20,891-904.

278.

Nielsen, K.H., Valasek, L., Sykes, c., Jivotovskaya, A., and Hinnebusch, A.G. (2006).
Interaction of the RNPl motif in PRTl with HCRl promotes 40S binding of eukaryotic
initiation factor 3 in yeast. Mol Cell Bioi 26, 2984-2998.

279.

Pestova, T.V., and Kolupaeva, V.G. (2002). The roles of individual eukaryotic translation
initiation factors in ribosomal scanning and initiation codon selection. Genes Dev 16, 29062922.

280.

Holz, M.K., Ballif, B.A., Gygi, S.P., and Blenis, J. (2005). mTOR and S6Kl mediate
assembly of the translation preinitiation complex through dynamic protein interchange and
ordered phosphorylation events. Celll23, 569-580.

281.

Hay, N., and Sonenberg, N. (2004). Upstream and downstream of mTOR. Genes Dev 18,
1926-1945.

282.

Park, LH., Bachmann, R., Shirazi, H., and Chen, J. (2002). Regulation of ribosomal S6 kinase
2 by mammalian target ofrapamycin. J BioI Chem 277,31423-31429.

283.

Koh, H., Jee, K., Lee, B., Kim, J., Kim, D., Yun, Y.H., Kim, J.W., Choi, H.S., and Chung, J.
(1999). Cloning and characterization of a nuclear S6 kinase, S6 kinase-related kinase (SRK); a
novel nuclear target of Akt. Oncogene 18, 5115-5119.

284.

Shima, H., Pende, M., Chen, Y., Fumagalli, S., Thomas, G., and Kozma, S.C. (1998).
Disruption of the p70(s6k)/p85(s6k) gene reveals a small mouse phenotype and a new
functional S6 kinase. Embo J 17, 6649-6659.

- 165-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE

285.

286.

1

Gout, I., Minami, T., Ham, K., Tsujishita, Y., Filonenko, V., Waterfield, M.D., and
Yonezawa, K (1998). Molecular cloning and characterization of a novel p70 S6 kinase, p70
S6 kinase beta containing a proline-rich region. J BioI Chem 273, 30061-30064.
Lee-Fruman, K.K, Kuo, C.1., Lippincott, J., Terada, N., and Blenis, J. (1999).
Characterization ofS6K2, a novel kinase homologous to S6K1. Oncogene 18,5108-5114.

287.

Saitoh, M., ten Dijke, P., Miyazono, K., and Ichijo, H. (1998). Cloning and characterization of
p70(S6K beta) defines a novel family ofp70 S6 kinases. Biochem Biophys Res Commun 253,
470-476.

288.

Martin, K.A., Schalm, S.S., Richardson, C., Romanelli, A., Keon, KL., and Blenis, J. (2001).
Regulation of ribosomal S6 kinase 2 by effectors of the phosphoinositide 3-kinase pathway. J
Bioi Chem 276, 7884~7891.

289.

Peterson, T.R, and Sabatini, n.M. (2005). eIF3: a connecTOR of S6Kl to the translation
preinitiation complex. Mol Cell 20, 655-657.

290.

Yang, X.L., Skene, RJ., McRee, D.E., and Schimmel, P. (2002). Crystal structure ofahuman
aminoacyl~tRNAsynthetase cytokine. Proc Natl Acad Sci USA 99, 15369-15374.

291.

Yang, D.e., Garcia, J.V., Johnson, Y.D., and Wahab, S. (1985). Multienzyme complexes of
mammalian aminoacyl-tRNA synthetases. CUIT Top Cell Regu126, 325-335.

292.

Geslain, R, and Ribas de Pouplana, L. (2004). Regulation of RNA function by
aminoacylation and editing? Trends Genet 20, 604~6l0.

293.

Simos, G., Sauer, A., Fasiolo, F., and Hurt, E.C. (1998). A conserved domain within Arclp
delivers tRNA to aminoacyl~tRNA synthetases. Mol Celll, 235-242.

294.

Sang Lee, J., Gyu Park, S., Park, H., Seol, W., Lee, S., and Kim, S. (2002). Interaction
network of human aminoacyl~tRNA synthetases and subunits of elongation factor 1 complex.
Biochem Biophys Res Commun 291,158-164.

295.

Han, J.M., Kim, J.Y., and Kim, S. (2003). Molecular network and functional implications of
macromolecular tRNA synthetase complex. Biochem Biophys Res Commun 303, 985-993.

296.

Park, S.G., Ewalt, K.L., and Kim, S. (2005). Functional expansion of aminoacyl-tRNA
synthetases and their interacting factors: new perspectives on housekeepers. Trends Biochem
Sci 30, 569-574.

297.

Park, B.1., Kang, J.W., Lee, S.W., Choi, S.1., Shin, Y.K, Ahn, Y.H., Choi, Y.H., Choi, D.,
Lee, KS., and Kim, S. (2005). The haploinsufficient tumor suppressor p18 upregulates p53
via interactions with ATMlATR. Celll20, 209-221.

298.

Sampath, P., Mazumder, B., Seshadri, V., Gerber, C.A., Chavatte, L., Kinter, M., Ting, S.M.,
Dignam, 1.0., Kim, S., Driscoll, n.M., and Fox, PL (2004). Noncanonical function of
glutamyl-prolyl-tRNA synthetase: gene-specific silencing oftranslation. Cell 119, 195-208.

299.

Li, G.Y., Becam, A.M., Slonimski, P.P., and Herbert, C.1. (1996). In vitro mutagenesis of the
mitochondrialleucyl tRNA synthetase of Saccharomyces cerevisiae shows that the suppressor
activity of the mutant proteins is related to the splicing function of the wild-type protein. Mol
Gen Genet 252, 667-675.

300.

Herbert, C.1., Labouesse, M., Dujardin, G., and Slonimski, P.P. (1988). The NAM2 proteins
from S. cerevisiae and S. douglasii are mitochondrial leucyl-tRNA synthetases, and are
involved in mRNA splicing. Embo J 7,473-483.

301.

Rho, S.B., Lincecum, T.L., Jr., and Martinis, S.A. (2002). An inserted region of leucyl-tRNA
synthetase plays a critical role in group I intron splicing. Embo J 21, 6874-6881.

302.

Hou, Y.M., Shiba, K., Mottes, C., and Schimmel, P. (1991). Sequence determination and
modeling of structural motifs for the smallest monomeric aminoacyl-tRNA synthetase. Proc
Natl Acad Sci USA 88, 976-980.
Wilson, W.A., Wang, Z., and Roach, P.J. (2002). Systematic identification of the genes
affecting glycogen storage in the yeast Saccharomyces cerevisiae: implication of the vacuole
as a determinant of glycogen level. Mol Cell Proteomics l, 232-242.

303.

- 166-

5
304.

305.

REFERENCES

Kispal, G., Sipos, K., Lange, H., Fekete, Z., Bedekovics, T., Janaky, T., Bassler, 1., Aguilar
Netz, D.l., Balk, 1., Rotte, C., and Lill, R. (2005). Biogenesis of cytosolic ribosomes requires
the essential iron-sulphur protein Rlil p and mitochondria. Embo J 24, 589-598.
Lil1, R., and Kispal, G. (2000). Maturation of cellular Fe-S proteins: an essential function of
mitochondria. Trends Biochem Sci 25, 352-356.

306.

Craig, E.A., and Marszalek, 1. (2002). A specialized mitochondrial molecular chaperone
system: a role in formation ofFe/S centers. Cell Mol Life Sci 59, 1658-1665.

307.

Balk, J., and Lill, R. (2004). The cell's cookbook for iron--sulfur clusters: recipes for fool's
gold? Chembiochem 5, 1044-1049.
Yarunin, A., Panse, V.G., Petfalski, E., Dez, C., Tollervey, D., and Hurt, E.C. (2005).
Functional link between ribosome formation and biogenesis of iron-sulfur proteins. Embo 1
24,580-588.

308.

309.

Hayano, T., Yanagida, M., Yamauchi, Y., Shinkawa, T., Isobe, T., and Takahashi, N. (2003).
Proteomic analysis of human Nop56p-associated pre-ribosomal ribonucleoprotein complexes.
Possible link between Nop56p and the nucleolar protein treacle responsible for Treacher
Collins syndrome. J BioI Chem 278,34309-34319.

310.

Fujiyama, S., Yanagida, M., Hayano, T., Miura, Y., Isobe, T., Fujimori, F., Uchida, T., and
Takahashi, N. (2002). Isolation and proteomic characterization of human Parvulin-associating
preribosomal ribonucleoprotein complexes. J BioI Chem 277,23773-23780.

311.

Shaw, P.J., and Jordan, E.G. (1995). The nucleolus. Annu Rev Cell Dev Bioi 11,93-121.

312.

Ginisty, H., Amalric, F., and Bouvet, P. (1998). Nucleolin functions in the first step of
ribosomal RNA processing. Embo 117, 1476-1486.
Ghisolfi-Nieto, L., Joseph, G., Puvion-Dutilleul, F., Amalric, F., and Bouvet, P. (1996).
Nucleolin is a sequence-specific RNA-binding protein: characterization of targets on preribosomal RNA. J Mol Bioi 260, 34-53.

313.

314.

Russell, I.D., and Tollervey, D. (1992). NOP3 is an essential yeast protein which is required
for pre-rRNA processing. J Cell Bioi 119, 737-747.

315.

Morimoto, T., Loh, P.c., Hirai, T., Asai, K., Kobayashi, K., Moriya, S., and Ogasawara, N.
(2002). Six GTP-binding proteins of the Era/Obg family are essential for cell growth in
Bacillus subtilis. Microbiology 148, 3539-3552.
Hemandez, V.l., and Bremer, H. (1991). Escherichia coli ppGpp synthetase 1I activity
requires spoT. J Bioi Chem 266,5991-5999.

316.
317.

Komili, S., Gilks, N., Roth, F., and Silver, P. (2006). Localized Translation Requires
Specialized Ribosomes and is Controlled by Nuclear Factors. In RNA Meeting.

318.

Vagin, A., and Teplyakov, A. (2000). An approach to multi-copy search in molecular
replacement. Acta Crystallogr D BioI Crystallogr 56, 1622-1624.
McCoy, AJ., Grosse-Kunstleve, R W., Storoni, L.C., and Read, R.J. (2005). Likelihoodenhanced fast translation functions. Acta Crystallogr D BioI Crystallogr 61, 458-464.

319.
320.

Schwarzenbacher, R, Godzik, A., Grzechnik, S.K., and Jaroszewski, L. (2004). The
importance of alignment accuracy for molecular replacement. Acta Crystallogr D BioI
Crystallogr 60, 1229-1236.

321.

Cowtan, K.D., and Main, P. (1996). Phase combination and cross validation in iterated
density-modification calculations. Acta Crystal10gr D BioI Crystallogr 52,43-48.
Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular graphics. Acta
Crystallogr D BioI Crystallogr 60, 2126-2132.

322.
323.

Gerber, P.R, and Muller, K. (1995). MAB, a generally applicable molecular force field for
structure modelling in medicinal chemistry. J Comput Aided Mol Des 9, 251-268.

324.

Krengel, U., Schlichting, L., Scherer, A., Schumann, R., Frech, M., John, J., Kabsch, W., Pai,
E.F., and Wittinghofer, A. (1990). Three-dimensional structures of H-ras p21 mutants:
molecular basis for their inability to function as signal switch molecules. Cell 62, 539-548.

- 167-

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF THE HUMAN OSG-L1KE ATPASE

1

325.

Winn, M.D., Isupov, M.N., and Murshudov, G.N. (2001). Use of TLS parameters to model
anisotropic displacements in macromolecular refinement. Acta Crystallogr D BioI Crystallogr
57, 122-133.

326.

Davis, LW., Murray, L.W., Richardson, l.S., and Richardson, D.e. (2004). MOLPROBTTY:
structure validation and all-atom contact analysis for nucleic acids and their complexes.
Nucleic Acids Res 32, W615-619.

327.

Lovell, S.c., Davis, LW., Arendall, W.B., 3rd, de Bakker, P.L, Word, l.M., Prisant, M.G.,
Richardson, l.S., and Richardson, D.C. (2003). Structure validation by Calpha geometry:
phi,psi and Cbeta deviation. Proteins 50, 437-450.
Page, R.D. (1996). TreeView: an application to display phylogenetic trees on personal
computers. Comput Appl Biosci 12,357-358.

328.

- 168-

ACKNO~EDGEMENTS

ACKNOWLEDGEMENTS
I would like to thank Ulrike Kutay for the opportunity to do my doctoral thesis in her lab,
for her scientific support, and for the opportunity to be involved in such a broad spectrum of
scientific techniques.
I am very grateful for the scientific input of my thesis committee Matthias Peter, Nenad
Ban, and Patrick Linder. A special thank-you also to Matthias Peter for coexamining of my
doctoral thesis.
I also thank all people who were involved in the hOLAI project. I thank Alfred
Wittinghofer and Robert Gail for their support in the characterizing the nucleotide binding
properties of hOLA 1 and Christian Kambach and Dirk Kostrewa for their great help in
structural analysis of hOLAl. A special thank-you to Tobias Marquardt for the marvelous
scientific and personal collaboration on the crystal10graphic hOLA 1 project. Pipetting was
never more fun!
Furthermore, I thank all present and former members of the Kutay lab for the great
working atmosphere and their help whenever needed. A special thank-you to Cristina Stadler
for her engagement in hOLA 1 expression and purification and her important help in tetrade
analysis.
Moreover, I would like to thank the IBC stafI, especially Toni Lehmann for his technical
support, Rolf Moser and Roland Stuber for their help with computer-related problems, and
Monika Lienhard for her daily bright smile.
A special thank-you to my parents and in-laws. You have always supported me, and your
love and care has been a vast encouragement. Ernst, your life is a great example to me and I
am very grateful for the time we had and the privilege to accompany you during your last
weeks. In eternal remembrance I wi11 carry your kindness and love.

S:e4!

Karin, I especially want to thank you. Your love is carrying me. I thank you for your
patience and support - like Aaron and Hur in Rephidim, my ezer at my side. I am so grateful
:i1,~i1~~~ 1;~1

you have chosen to share your life with me.

P:::l,:J ~;~ ~~r? i1W~, K,~~

:'~iii1~ ~i~W~' ~:l" 617~' ~nii175, ~::h nt!l:J i:l< \~~m ~·i17
t···. I i11i1~
I':~:

{"'IA"

I-:-~

:~J7?_lJ,~~

':/T'::".i;··

,-T

"T

('1":

i1rtD '96~~w~, l~:Jt;i :irt~ i1,~~-~::P

CURRICULUM VITAE

CURRICULUM VITAE

ROLAND KOLLER-EICHHORN

Address:

Fellenbergstrasse 188
8047 Zurich

PERSONAL INFORMATION

Date o/birth:
Place ofbirth:
Nationality:
Civil status:

January 11, 1976
St.Gallen, Switzerland
Swiss
Married

EDUCATION

2002 - 2007

PhD thesis at the Institute of Biochemistry, ETH ZUrich
Group of Prof. Dr. U. Kutay

1997 - 2002

Master Studies in Biochemistry, ETH ZUrich

1992 -1997

Kantonsschule am Burggraben, St.Gallen

ADDITIONAL PROFESSIONAL EXPERIENCE

2003 - 2006

Apprentice Instructor - Institute of Biochemistry, ETH ZUrich

2002 - 2004

Assistant Lecturer for Chemistry; Chair of Chemistry Section BBBaden, Professional Baccalaureate, Technical Option, Baden

CONTINUING EDUCATION

1999 - 2004

Courses in Higher Education - ETH ZUrich

PUBLICATIONS

Guttinger, S., MuhI hausser, P., Koller-Eichhorn, R., Brennecke, J. and Kutay, U. (2004)
"Transportin2 functions as importin and mediates nuclear import of HuR."
Proc Natl Acad Sci USA, 101, 2918-2923

Koller-Eichhorn. R., Marquardt, T., Gail, R., Wittinghofer, A., Kutay, U. and Kambach, C.
"Human OLAl defines an ATPase subfamily in the OBG family of GTP-binding
proteins."
J. BioI. Chem., in press

